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ABSTRACT

Fabrication of SnO:/MXene/PVDF based Efficient Flexible Bio
Mechanical Energy Harvesting Device

The escalating global energy demand, compounded by the environmental imperatives
associated with the continued dependence on conventional fossil fuel resources,
necessitates the urgent development and deployment of sustainable energy solutions.
In this context, ambient mechanical energy harvesting technologies have garnered
considerable scientific interest as viable alternatives, offering the capacity to
transduce ubiquitous mechanical stimuli into exploitable electrical power. The present
thesis investigates the potential of piezoelectric and triboelectric nanogenerators
(PENGs and TENGs) as high-efficiency platforms for mechanical-to-electrical energy
transduction, with particular emphasis on their applicability in self-sustaining, battery-
free microelectronic systems. These nanogenerator architectures exploit the
distinctive physicochemical properties of polymeric matrices and polymer-based
nanocomposite materials to recuperate energy dissipated through routine
anthropogenic activities, thereby establishing a renewable and decentralized power
paradigm. Accordingly, this thesis presents a systematic and comprehensive
investigation encompassing the rational design, controlled synthesis, and functional
application of high-performance nanogenerators directed toward sustainable energy

harvesting and environmental remediation.

In the first investigative phase, the influence of hydrothermally synthesized
SnO2/MXene (SNMX) nanocomposite fillers, introduced at low loading levels of
0.25, 0.50, and 0.75 wt%, on the electroactive phase content and dielectric behaviour
of polyvinylidene fluoride (PVDF) was systematically examined. Morphological and
structural characterization revealed a modified spherulitic microstructure indicative of
a substantial phase transformation, with the non-polar « -phase fraction decreasing
from 52% to yield a predominant polar ( 3 + vy ) phase content of 86%. Temperature-

and frequency-dependent dielectric spectroscopy, conducted over 20 Hz to 1 MHz,
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disclosed that at 25°C and 20 Hz, the relative dielectric permittivity of the 0.75 wt%
SNMX/PVDF composite film was elevated approximately 25-fold relative to the
pristine polymer, albeit accompanied by a high loss tangent of 2.2. A monotonic
enhancement of dielectric permittivity with increasing operating temperature was
observed across all composite formulations. The observed dielectric improvements
are mechanistically attributed to: (a) the augmentation of the electroactive phase,
which facilitates molecular dipolar reorientation under applied fields; and (b) the
semiconductive SnQ; interfacial layer on MXene flake surfaces, which suppresses the
formation of percolative conductive pathways while concurrently enhancing
interfacial polarization via the Maxwell-Wagner—Sillars (MWS) mechanism, in
addition to conventional dipolar polarization contributions. A flexible device
fabricated from the 0.75 wt% SNMX/PVDF nanocomposite film demonstrated a
remarkable maximum peak-to-peak output voltage of 105 V, underscoring the
exceptional energy harvesting efficacy of this nanocomposite system and its

significant promise for next-generation self-powered electronic applications.

The second phase of this research is dedicated to the synthesis and physicochemical
optimization of SnO>/MXene/PVDF ternary composite films with the objective of
enhancing their structural, optical, mechanical, dielectric, and electrical
characteristics. Composite films comprising 2 wt% MXene nanosheets and varying
concentrations of SnO» nanoparticles (x = 0.0, 2.0, 4.0, 6.0, and 8.0 wt%) were
fabricated via the solution casting technique and systematically characterized. X-ray
diffraction (XRD) analysis confirmed a phase transformation from the non-polar «
phase to the electroactive polar 5 phase within the PVDF matrix. Fourier-transform
infrared spectroscopy (FTIR) quantified an enhancement in f3 -phase content from
65% in pristine PVDF to 80% in the optimized 6S-MP composite film. Field-emission
scanning electron microscopy (FESEM) corroborated the formation of SnO:
nanoparticles and the characteristic accordion-like morphology of the synthesized
MXene, while also revealing that nanofiller incorporation induced significant
morphological modifications attributable to disruption of matrix uniformity. Tauc plot
analysis demonstrated a systematic reduction in both direct and indirect optical

bandgap energies from 5.36 eV to 4.88 eV and from 5.11 eV to 4.61 eV, respectively,

vi
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as a function of increasing nanofiller concentration. Mechanical characterization
further confirmed improvements in tensile strength and elastic modulus. Broadband
dielectric spectroscopy conducted over the frequency range of 10 to 107 Hz revealed
a fivefold enhancement in relative dielectric permittivity at 1 kHz for the 6S-MP
composite relative to pristine PVDF, accompanied by a comparatively low loss
tangent (tan 6 = 0.10). Analysis of AC electrical conductivity in accordance with
Jonscher's universal power law indicated a progressive increase with nanofiller
loading and confirmed non-Debye relaxation behaviour. Collectively, these results
establish that the 6S-MP composite film, incorporating 6 wt% SnO. and 2 wt%
MXene, achieves an optimal balance of functional properties attributable to its
elevated f3 -phase content, homogeneous nanofiller dispersion, and enhanced charge
transport mechanisms, rendering it a promising candidate for the fabrication of

flexible piezoelectric energy harvesting devices.

In the subsequent phase, the optimized 6S-MP composite film was employed in the
fabrication of a Flexible Composite Piezoelectric Energy Harvester (FCPEH) device
utilizing a conventional electrode-composite-electrode stack architecture. Under periodic
palm tapping excitation, the FCPEH device yielded a maximum open-circuit voltage
(Voc) of 65 V and a peak power density of 43.8 u W/cm?, performance enhancements
attributed to: (a) the uniformly distributed MXene network providing an expansive
interfacial area conducive to efficient charge transfer; (b) the role of SnO; nanoparticles
as heterogeneous nucleating agents promoting « to [ phase transition; and (c)
augmented interfacial polarization arising from the synergistic interaction of SnO; and
MXene within the PVDF matrix. The device demonstrated sustained and stable average
output voltage over a continuous operational period of 1000 seconds, affirming its
mechanical robustness and long-term electrical stability. The practical utility of the
optimized FCPEH device was validated through its successful application in: (1) real-
time biomechanical motion detection, including heel strike, toe flexion, digital bending,
pinching, and multi-finger tapping; (2) capacitive charging of 1 ¢ F and 22 u F
capacitors to 2.1 V and 1.3 V, respectively, within 80 seconds; and (3) simultaneous

illumination of an eleven-LED array via palm tapping.

vii
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At the last phase, the PVDF-based composite films and ITO-coated PET substrates
were employed as the triboelectric friction layers for device fabrication. The output
performance of the TENG device increased progressively with increasing SnO>
content, reaching an optimum at a filler concentration of 6 wt%. Among the
investigated compositions, the composite containing 6 wt% SnO2 and 2 wt% MXene
exhibited the highest performance, generating a peak-to-peak open-circuit voltage of
210 V and a maximum power density of 1.01 mW cm at an optimal load resistance
of 7 MQ. This enhancement is primarily attributed to the increased dielectric constant,
which promotes the formation of an effective microcapacitor network within the
PVDF matrix, thereby increasing the surface charge density. Furthermore, the
fabricated device demonstrated excellent operational stability over 500 contact-
separation cycles. The practical applicability of the TENG was further validated

through its successful operation in powering 31 LED and charging a capacitor.

These demonstrations collectively establish the above work as a meaningful
advancement toward the realization of high-performance of flexible devices for

biomechanical energy harvesting in self-powered wearable electronic applications.

viii
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CHAPTER 1
INTRODUCTION

This chapter presents a comprehensive and systematic examination of contemporary
energy harvesting technologies, with particular emphasis on their multidisciplinary
applications across various domains. It offers a rigorous and detailed discourse on
mechanical energy harvesting methodologies, with concentrated focus on
piezoelectric and triboelectric nanogenerators as prominent transduction mechanisms.
The chapter is oriented toward addressing the critical and escalating demand for
sustainable energy alternatives, with the overarching objective of mitigating
dependence on finite fossil fuel reserves and accelerating the advancement of
technologies capable of capturing and converting ubiquitous ambient energy into
utilizable electrical output. Through a thorough investigation of the fundamental
operating principles, inherent technical challenges, and recent scientific advancements
in the field of energy harvesting, this chapter delineates a coherent and progressive
trajectory toward the realization of an energy-efficient technological paradigm.
Furthermore, it critically reviews and evaluates methodological strategies aimed at
enhancing nanogenerator performance efficiency, encompassing optimized material
selection and systematic structural engineering. The chapter culminates with a precise
articulation of the research objectives, underscoring the imperative development of
high-performance nanogenerator systems, and presents a structured delineation of the

overall thesis framework.
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1.1 Overview

The escalating global demand for energy has emerged as a critical challenge in
contemporary society, largely attributable to the rapid proliferation of internet
technologies, micro-electro-mechanical systems (MEMS), the Web of Things (WoT),
and diverse sensor and actuator architectures. In this context, energy harvesting
technologies capable of converting ambient mechanical energy into electrical energy
have garnered considerable attention as a reliable and autonomous strategy for
sustaining continuous power supply to low-power electronic systems[1-4]. The
harvested electrical energy can be utilized both to augment the operational efficiency
of existing devices and to power wireless sensor nodes or small-scale electronic

systems.

The significance of energy harvesting has been further amplified by the progressive
depletion of conventional fossil fuel reserves, compounded by the severe
environmental degradation associated with their combustion. Concurrently, the past
decade has witnessed substantial miniaturization in electronic device architecture,
aimed at enhancing portability, operational efficiency, and user accessibility.
However, this trend has necessitated a proportional reduction in battery dimensions,
thereby constraining energy storage capacity. The predominant external power
sources currently employed in portable electronics Li-ion batteries suffer from
inherent limitations, including finite operational lifespans and adverse environmental
implications upon disposal[5, 6]. Consequently, there exists an urgent and pressing
demand for the development of efficient, environmentally sustainable, and durable

alternative energy sources.

Furthermore, advances in nanotechnology have facilitated a substantial reduction in
power consumption by microelectronic components, transitioning from the mW to the
microwatt pW regime[7, 8]. Nevertheless, the growing prevalence of nanoscale
wireless systems encompassing wireless sensor networks, implantable biomedical
devices, and related nano enabled platforms has intensified the demand for reliable
micro power sources. Conventionally, these miniaturized wireless systems have been

dependent on small-scale batteries that require periodic recharging, a constraint that
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underscores the imperative to explore novel energy harvesting modalities with

minimal environmental impact.
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Figure 1.1: Various renewable energy sources present in world such as Solar, Wind,
Hydropower, Biomass, Geothermal, Ocean energy (created using ChatGPT/DALL.E Al tool).

Figure 1.1 presents multiple types of renewable energy sources that can be harnessed
from our world. Among the most widely investigated ambient energy sources are
solar and wind energy[9]. Solar energy, abundantly available in the form of
electromagnetic radiation and thermal flux, can be effectively transduced into
electrical energy via photovoltaic cells. However, its energy output is inherently
contingent upon the orientation of the harvesting surface relative to the sun, as well as
prevailing atmospheric conditions; under overcast conditions or during nocturnal
periods, photovoltaic efficiency is markedly diminished or entirely suppressed.
Despite its high energy conversion potential, solar harvesting technology is
fundamentally ill-suited for powering mobile and wearable electronic devices, given
its requirement for fixed, stationary installation. Complementary solar thermal
technologies, including thermal collectors and concentrating solar panels, enable the
direct utilization of solar heat or its conversion into alternative energy forms.
Similarly, wind energy facilitates electricity generation through the rotational

actuation of turbines, which, when deployed in wind farms across hilly or remote
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terrains, offer a viable and non-polluting energy generation mechanism. Nevertheless,
both solar and wind energy systems are inherently subject to environmental variability
and remain highly unpredictable, rendering them unsuitable as sole, dependable

power sources for critical electronic applications[10, 11].

In contrast, mechanical vibration energy represents an abundantly available and
environmentally independent form of ambient energy that remains largely
underutilized. Mechanical vibrations span a broad spectrum of amplitudes and
frequencies; biologically induced vibrations such as those arising from human motion
typically occur in the frequency range of 1-10 Hz, whereas machine induced
vibrations fall within the 10-100 Hz range [12, 13]. The harvesting of mechanical
vibration energy encompassing sources from irregular airflow and ultrasonic waves to
tidal forces and human body movement constitutes a particularly attractive approach

owing to its ubiquitous availability and inherently ecofriendly nature.

In light of the aforementioned considerations, the present thesis systematically
investigates novel strategies for the harvesting of mechanical energy through the
exploitation of piezoelectric and triboelectric transduction mechanisms. Primary
emphasis has been directed toward elucidating the underlying working mechanisms of
these phenomena and toward the rational design of flexible energy harvesting devices
capable of enhancing overall energy conversion efficiency in a cost-effective,

structurally robust, and environmentally benign manner.
1.2 Mechanical Energy Harvesting Using Nanogenerators

A nanogenerator is defined as a micro to nanoscale energy transduction device
capable of converting ambient mechanical energy into electrical energy through well-
established electromechanical principles. The operational framework of
nanogenerators is predominantly governed by two distinct physical mechanisms: the
piezoelectric effect and the triboelectric effect. In piezoelectric based nanogenerators,
electrical energy is generated through the application of mechanical stress to a
piezoelectric material, which induces charge displacement and the development of an
electric potential across the material. Triboelectric nanogenerators, in contrast,

produce electrical output through the coupled mechanisms of contact electrification
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and electrostatic induction during the cyclic contact and separation of dissimilar

material surfaces.

Beyond their fundamental energy transduction capabilities, nanogenerators demonstrate
considerable potential for seamless integration into wearable electronic platforms
including smart biosensors and smartwatches enabling the continuous harvesting of
electrical energy from the biomechanical motion of the human body as shown in Figure
1.2. The energy thus harvested can be effectively utilized to power the host device,
substantially reducing dependence on conventional electrochemical batteries and
extending operational autonomy. Consequently, nanogenerators represent a highly
promising technological framework for the realization of self-powered electronic
systems and the efficient utilization of ubiquitous ambient mechanical energy. Their
multifunctional potential and adaptability across diverse application domains have firmly
established nanogenerators as a dynamic and rapidly advancing research frontier within

the broader field of sustainable energy harvesting technologies.

/~ Wearable Electronics ™\ l// Smart Textiles \ / Healthcare Devices
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Figure 1.2: Different applications of the flexible nanogenerator (created using
ChatGPT/DALL.E Al tool).
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1.2.1 Piezoelectric Nanogenerator

Piezoelectric nanogenerator (PENG) operate on the principle of converting ambient
mechanical energy into electrical power via the piezoelectric effect, a phenomenon
intrinsic to non-centrosymmetric materials that generate surface charge accumulation
in response to applied mechanical stress or strain. Figure 1.3 illustrate the working
mechanism of PENG in different states. External stimuli including compressive
pressure, bending deformation, vibrational excitation, or kinetic motion induce
structural distortion within the piezoelectric lattice, resulting in dipole displacement,
charge separation, and the establishment of a measurable electric potential. The
resultant induced charges are subsequently harvested through electrode
configurations, rendering mechanical energy from the surrounding environment into a

viable electrical energy source[14].

(a) Initial state - (b) Compressing — (c) Releasing — (d) Initial state

Figure 1.3: A schematic showing the working mechanism of PENG at different conditions.

The piezoelectric effect was originally identified in 1880 by Pierre and Jacques Curie,
whose foundational experiments demonstrated that mechanical stress applied to
certain crystalline materials could induce electrical polarization. This seminal
discovery laid the groundwork for subsequent advancements in the field. Nearly a
century later, in 1969, Kawai and Kureha reported appreciable piezoelectric activity
in polyvinylidene fluoride (PVDF), documenting a piezoelectric coefficient superior
to that of other known polymeric materials. A landmark development was realized in
2006, when the research group led by Zhong Lin Wang fabricated the first ZnO
nanowire-based piezoelectric nanogenerator. By employing a conductive atomic force
microscope (AFM) tip to apply localized mechanical force to individual ZnO

nanowires, the study provided compelling experimental evidence that piezoelectric
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nanostructures are capable of generating electrical energy, thereby establishing a new

paradigm in nanoscale energy harvesting[15].

Subsequent investigations have concentrated on refining device architecture and
enhancing output performance. Vertically aligned ZnO nanowire arrays integrated
with zigzag electrode configurations were developed to facilitate continuous direct-
current generation from ultrasonic wave stimulation. To address the structural
limitations associated with vertically oriented configurations, laterally packaged ZnO
fine-wire nanogenerators were introduced, demonstrating improved mechanical
stability, manufacturability, and operational resilience under adverse environmental
conditions. These architectures additionally yielded output voltages exceeding those
of earlier fiber based and direct-current nanogenerator designs. More recently, high-
performance direct-current PENGs incorporating lithium (Li)-doped ZnO nanosheets
have been reported, wherein p-type doping effectively reduced free electron
concentration, mitigated piezoelectric screening effects, and substantially elevated the

piezoelectric output power density.

From a fundamental standpoint, the piezoelectric effect is reversible in nature and
manifests through two complementary mechanisms: the direct piezoelectric effect and
the converse piezoelectric effect. The direct effect, which constitutes the operative
principle underlying energy harvesting, describes the generation of an electric potential
in a non-centrosymmetric material subjected to mechanical stress. Conversely, the
converse piezoelectric effect refers to the mechanical deformation induced within such
materials upon the application of an external electric field, forming the functional basis
for actuator and acoustic transducer technologies. In the absence of external mechanical
perturbation, the internal molecular dipoles of piezoelectric materials maintain a
symmetric arrangement, yielding zero net polarization at the macroscopic level[16].
Upon the application of mechanical stress, this structural symmetry is disrupted,
precluding complete charge cancellation and resulting in the emergence of surface

polarization and a measurable electrical potential.

The density of electric dipoles inherent to a piezoelectric material is a determining

factor governing its functional performance and -electromechanical response
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characteristics. To maximize dipole density, these materials are subjected to an
intense external electric field in proximity to the Curie temperature a process formally
designated as poling. This procedure induces a net remnant polarization within the
material matrix, which exhibits a measurable dependence on applied mechanical
stress, thereby augmenting the overall piezoelectric response. It is well established
that the majority of ferroelectric materials demonstrate piezoelectric behaviour
however, this relationship is not reciprocally valid, as piezoelectricity does not
necessarily imply ferroelectricity. The piezoelectric effect fundamentally represents
an electromechanical coupling phenomenon, characterizing the interaction between
the electrical and mechanical properties of the material. The electrical constitutive

behaviour of the material is expressed as
— 3 —
D; = Yj=1&ijEj or D = €E 1.1
Where ¢;; is electric permittivity, D; is electric displacement, Ej is electric field.

The relation between stress and strain

Sij = 213;,1=1 SijkiTri 1.2

Where S;; is elastic compliance of the material. The reduced tensor equation of

piezoelectric material as
D; = Ejel, + dyT; 1.3

Where the T and E the coefficients at constant stress and electric and d;; is the strain

constant respectively.

Device is said to work in d3; mode after applying stress in the same direction of

polarization, and then

Qpeng = Addss 1.5
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where o is the stress along the direction of applied force, A is the area of the

piezoelectric material, ds3 is the piezoelectric charge coefficient. The piezoelectric

potential

Vbeng = tagss 1.6

where t and g33 is the thickness of the piezoelectric material and piezoelectric voltage

coefficient respectively.

PENGs present several compelling attributes, including compact form factors,
structural flexibility, low power consumption thresholds, and the capacity to harvest
energy from ubiquitous ambient sources such as human biomechanical motion, wind,
and hydrodynamic wave action. These characteristics render PENGs particularly well-
suited for integration into wearable electronics, self-powered sensing platforms, and
distributed micro-energy systems. To further augment device performance and
facilitate scalable deployment, a range of optimization strategies have been pursued,
encompassing material-level approaches such as compositional doping, ferroelectric
poling, and nanostructure engineering, as well as fabrication techniques including
electrospinning, hot pressing, and 3D printing, complemented by advanced structural
and device-level engineering. Collectively, these methodologies have yielded
substantial improvements in power density and energy conversion efficiency, thereby
accelerating the translational potential of piezoelectric nanogenerators toward

practical and commercially viable applications[17, 18].
1.2.2 Triboelectric Nanogenerators

In 2012, Professor Zhong Lin Wang and his research group introduced the
Triboelectric Nanogenerator (TENG), a groundbreaking energy harvesting technology
premised upon the triboelectric effect[19]. Since its initial conceptualization, TENG
technology has undergone substantial developmental progression in terms of both
device architecture and functional applicability. The widespread scientific interest in
TENGs is attributed to a confluence of favourable characteristics, including cost-
effective fabrication, relatively straightforward manufacturing processes, mechanical

resilience, minimal gravimetric density, and inherent scalability[20]. Given the
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pervasive availability of mechanical energy in natural and anthropogenic
environments encompassing wind, oceanic wave motion, human biomechanical
activity, and industrial machine vibrations TENGs provide an effective and
sustainable mechanism for capturing energy that would otherwise be irreversibly
dissipated in the form of thermal radiation, acoustic emissions, or unutilized kinetic
movement. In addition to powering low-consumption electronic devices, TENGs have
demonstrated considerable utility as self-powered sensing platforms, thereby
extending their operational relevance to real-time monitoring and diagnostic

applications.

Fundamentally, TENG operation is governed by the triboelectric effect, wherein
electrical charges are generated at the interface of two materials possessing dissimilar
electron affinities upon contact and subsequent separation. This well-documented
electrostatic phenomenon commonly observed in macroscopic contexts such as hair
combing or balloon friction produces surface charges whose magnitude and polarity
are dictated by intrinsic material parameters, including surface morphology, polarity,
and susceptibility to mechanical deformation. These material-dependent charge
transfer tendencies are systematically categorized within the triboelectric series,
which ranks materials according to their relative propensity to donate or acquire
electrons. Long regarded primarily as an electrostatic hazard or nuisance in industrial
settings, the triboelectric effect has been recently reconceptualized as a powerful and
exploitable mechanism for micro and nanoscale energy harvesting, enabling the

practical implementation of functional TENG devices[21].

The operational principle of a TENG integrates two interdependent electrostatic
mechanisms: contact electrification and electrostatic induction. Upon mechanical
contact between two dissimilar material surfaces, charge transfer occurs at their
shared interface as a consequence of differences in electron affinity as shown in
Figure 1.4. As the surfaces undergo separation, the resulting spatial redistribution of
charges establishes a potential difference between the connected electrodes, thereby
driving electron flow through an external circuit and generating an electrical current.
The cyclic repetition of contact and separation events produces an AC output.

Relative to alternative mechanical energy harvesting technologies, TENGs exhibit a

10

zl’—_l turnitin Page 44 of 173 - Integrity Submission Submission ID  trn:oid:::27535:154740599



le—_l turnitin  Page 45 of 173 - Integrity Submission Submission ID _ trn:oid::27535:154740599

Chapter 1

notable capability to generate elevated output voltages even at low operational
frequencies, complemented by advantages including straightforward fabrication
protocols, structural flexibility, and versatile compatibility with diverse mechanical

energy inputs.

(¢) Releasing state
(a) Initial state (b) Pressed

o LT
; =_—
L S

L B B S = B R

o

(d) Released

(e) Pressing state
» Triboelectric layer 1

Triboelectric layer 2
Electrode

* 4+t ErrrrT memmeememememe-
L B O N

Figure 1.4:A schematic showing the working mechanism of TENG at different conditions.

The output voltage generated by TENG given by

Q

This relationship is commonly referred to as the V-Q—x relationship and describes the
intrinsic capacitive behavior of the TENG .Here Voc denotes the open-circuit voltage,
(C(x)) represents the capacitance between the two electrodes as a function of the
separation distance (x), and (Q) corresponds to the amount of charge transferred

between the electrodes[22].

TENGs are broadly classified into four principal operational modes: contact-
separation, lateral sliding, single-electrode, and freestanding triboelectric-layer
modes. These distinct configurations afford considerable design flexibility, enabling
customization for targeted applications and specific mechanical excitation inputs. A
conventional TENG architecture comprises two triboelectric layers equipped with

appropriate electrode assemblies and insulating interlayers, arranged in either
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dielectric or metal dielectric configurations. The selection of dielectric materials
further influences the effective dielectric constant of the device, thereby modulating

its energy storage capacity and charge transfer efficiency.

Under the application of external mechanical stimuli including compressive pressure,
flexural deformation, or vibrational excitation the triboelectric layers undergo
repeated contact and separation cycles, progressively disrupting the electrostatic
equilibrium at the material interface and generating alternating potential differences
across the electrode assembly. This dynamic electrostatic process enables sustained
and continuous charge generation, which is subsequently collected by the electrodes
as harvestable electrical energy. By virtue of their compact dimensions, high
electromechanical conversion efficiency, mechanical durability, and low fabrication
cost, TENGs are uniquely positioned for integration into wearable electronic systems,
self-powered sensing networks, and distributed energy harvesting infrastructures,
firmly establishing them as a technologically promising platform for the advancement

of sustainable and self-sufficient electronic devices.
1.3. Polymers for the Flexible Nanogenerators

The fabrication of nanogenerators, encompassing both piezoelectric and triboelectric
variants, has increasingly leveraged flexible polymeric materials owing to their
superior vibration absorption capacity, environmental compatibility, and long-term
mechanical durability. In this context, electroactive polymers have garnered
considerable scientific attention for their multifunctional applicability in sensing,
actuation, and mechanical energy harvesting, collectively designating them as smart

materials.

Historically, piezoelectric behaviour was considered an exclusive characteristic of
ceramic materials. However, in 1963, piezoelectric activity was first identified in two
synthetic polymers, namely poly (methyl methacrylate) (PMMA) and poly(vinyl
chloride) (PVC), marking a pivotal advancement in polymer science[23, 24].
Subsequently, Kepler reported piezoelectric behaviour in polyvinylidene fluoride
(PVDF), while the ferroelectric properties of PVDF were formally established by
Kepler and Anderson in 1978[25, 26]. Additional polymers documented to exhibit
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piezoelectric  characteristics include nylon-11, poly(L-lactic acid) (PLLA),
poly(lactic-co-glycolic acid) (PLGA), polyamide, parylene-C, among others.

Among the known piezoelectric polymers, PVDF and its copolymers demonstrate the
highest piezoelectric coefficients; however, their piezoelectric response remains
comparatively lower than that of piezoceramic counterparts[27]. Despite their
superior electromechanical performance, piezoceramics are inherently limited by their
geometric rigidity and susceptibility to microcrack formation under repeated
mechanical loading, which critically compromises their structural integrity and
functional lifespan. Consequently, contemporary research efforts have increasingly
shifted toward the development of flexible piezoelectric polymer-based
nanogenerators, which offer enhanced mechanical compliance, broader substrate
compatibility, and superior resistance to cyclic stress-induced degradation. Within this
domain, PVDF has been extensively investigated due to its notable environmental
stability, biocompatibility, and intrinsic piezoelectric response. The subsequent
chapters of this thesis provide a comprehensive discussion of the structural
characteristics and functional properties of PVDF and the relevant nanostructures

investigated herein.
1.3.1 Polyvinylidene fluoride (PVDF)

PVDF is a semicrystalline homopolymer composed of repeating (-CH»-CF»-)
monomer units, wherein the molecular backbone incorporates electropositive
hydrogen atoms and electronegative fluorine atoms. The spatial arrangement of these
CH-CF> dipolar units gives rise to several distinct crystalline phases in PVDF, most
notably the a, B, y, and 0 phases, each characterized by a unique molecular
conformation and corresponding electromechanical response[28, 29]. Figure 1.5
shows a schematic image of the conformation of a, , and y phase in PVDF. Among
these polymorphic phases, the B phase represents the most polar and electroactive
crystalline configuration. In the a-phase, the molecular chain adopts an all-trans
(TTTT) conformation, wherein hydrogen and fluorine atoms are arranged in an

alternating fashion along the backbone[30]. This symmetric disposition of dipoles
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results in mutual cancellation, yielding a net zero electric dipole moment across the

polymeric chain[31, 32].

o -phase

. Carbon () Hydrogen ) Fluorine

Figure 1.5: A schematic of conformation of a, B, and y phase in PVDF.

In contrast, the B-phase adopts an alternating trans-gauche (TGTG') conformation, in
which the hydrogen and fluorine atoms are segregated to opposing sides of the chain.
This asymmetric arrangement generates a substantial net electric dipole moment,
conferring strong piezo- and pyroelectric activity upon the material[33]. The y-phase,
which exhibits a T3GT3G' conformation, similarly possesses a net electric dipole
moment attributable to the directional arrangement of hydrogen and fluorine
substituents however, the magnitude of this dipole is comparatively lower than that
observed in the B-phase[34]. Given these structural distinctions, maximizing the [-
phase content within PVDF is of paramount importance for enhancing its
piezoelectric and pyroelectric performance. The piezoelectric response of PVDF is
directly correlated with the proportion of the electroactive polar B-phase present
within the polymeric matrix, thereby underscoring the critical role of phase

engineering in optimizing the functional properties of PVDF-based devices.

1.3.2 Strategies for Enhancing the Performance of PVDF-Based

Nanogenerators

14

le—,l turnitin Page 48 of 173 - Integrity Submission Submission ID _ trn:oid:1:27535:154740599



(ll—_l turnitin Page 49 of 173 - Integrity Submission Submission ID _ trn:oid::27535:154740599

Chapter 1

The nucleation of the electroactive B-phase polymorph within PVDF constitutes a
fundamental prerequisite for the fabrication of high-performance piezoelectric energy
harvesting devices. The preferential crystallization of PVDF into its B phase
configuration can be accomplished through a encompassing mechanical stretching-
induced chain alignment (formation of a necking region during stretching), melt
crystallization conducted under conditions of minimal supercooling(melt-crystallized
at high supercooling temperatures), ultrafast thermal quenching (non-isothermal mode
at ultra-high cooling rates ranging between 30-3000 K), controlled melt annealing
protocols (melting re-crystallization of a phase), and the deliberate incorporation of
extrinsic filler materials into the polymer matrix[35-39]. Among the aforementioned
strategies, the integration of external fillers has garnered considerable scientific
attention owing to the precise and tunable control it affords over B-phase nucleation

kinetics and crystallographic orientation.

Consequently, the development and augmentation of the B phase content within
PVDF is a critical objective for advancing its suitability in efficient flexible devices.
The impregnation of nanofillers having inherent high piezoelectric properties within
the PVDF matrix is the good approach to increase its polar phase fraction. However,
these nanofillers often demonstrate poor compatibility with the PVDF matrix due to a

propensity for agglomeration within flexible composite.
1.3.3 Nanofiller Materials and Their Role

The choice of nanofiller also influences phase transitions within the polymer. A
variety of nanofillers have been incorporated into PVDF matrices to enhance their
electrical and dielectric performance. The incorporated nanofillers can be classified
into three main categories: inorganic, organic, and hybrid composites combining
inorganic and organic nanofillers. Incorporating inorganic nanofillers into the polymer
matrix enhances the dielectric properties of PVDF while preserving the benefits of
both components. SnO2, nanostructures have been established as an efficient
inorganic nanofiller. For example, Zhe et al. reported a high dielectric constant of
approximately 300 at 10 kHz for SnO2/PVDF nanocomposites with a high nanofiller

concentration of 0.16 vol%. Adding nanostructure of inorganic materials significantly
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elevates specific surface interactions, which improves PVDEF’s electroactivity thus the

dielectric properties[40].

However, the independent use of inorganic nanofillers, such as TiO2, SnO2, BaTiO3,
etc., often results in trade-offs, such as increased dielectric loss, reduced mechanical
flexibility and crystallinity of the PVDF. This is primarily attributed to the high
nanofiller concentrations and the larger dielectric gradient. To address the limitations
of inorganic nanofillers, organic/conductive nanofillers such as reduced graphene
oxide (rGO), MXene, and multi-walled carbon nanotubes (MWCNTs) have been
incorporated into polymer matrices.These nanofillers have proven effective in
substantially enhancing the dielectric constant, reducing the optical energy band gap
and electrical conductivity even at low concentrations, without compromising the
flexibility of PVDF. TizC>Tx MXene has gained attention as an effective conductive
filler due to its exceptional electrical conductivity of approximately 6500 S/cm and an
elastic modulus of around 0.33TPa. MXene-based polymer nanocomposites are
capable of achieving high dielectric constants with low percolation thresholds.
However, as the filler loading approaches the percolation threshold, there is a
significant boost in dielectric constant, dielectric loss, and electrical conductivity[41-
43]. This underscores the necessity for surface modifications, such as the
incorporation of insulating or semiconductive layers, to optimize the material’s
performance. However, these nanofillers are often associated with relatively high
dielectric loss due to the nanofiller agglomeration, which leads to the formation of
conductive networks at higher nanofiller concentrations. This phenomenon reduces
the break down strength of the material, thereby lowering its energy storage density

and limiting its practical applicability in energy storage devices.

Nowadays, the incorporation of the dual nanofillers into PVDF matrix have emerged
as an efficient approach to improve its polar phase without disturbing the crystallinity
and flexibility. In this regard, the combination of 2D conducting materials (like as
graphene oxide, hexagonal boron nitride (h-BN), MXene etc.) with ceramics
(BaTiO3, ZnO, TiO2 etc) is gaining interest among the researchers [22, 30-32]. This
unique combination of 2D conducting and ceramics nanoparticles offers synergistic

advantages. The high conductivity, large specific surface area, and excellent
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flexibility of the 2D materials which facilitate B-phase nucleation by promoting the
alignment of polymer chains, enabling interfacial interactions that orient molecular
dipoles, and inducing crystallisation within the PVDF matrix. Whereas the ceramic
nanoparticles serve as nucleating agents for polar phase transformation of the PVDF.
Thus, the optimized combination of the 2D materials and ceramic dual fillers in

PVDF matrix improves its piezoelectric behaviour.

Recently, incorporation of inorganic nanomaterials/MXene nanocomposites as
nanofillers have attracted considerable interest among researchers due to their notable
advantages. Specifically, the dispersion of semiconductive layer of inorganic
nanomaterials on MXene nanosheets obstruct the establishment of conductive
pathways. Thereby suppressing the electrical conductivity and enhances the charges at
surfaces, thus improves the dielectric properties. Like as Feng et al. synthesized
BaTiO3/MXene/PVDF composites, incorporating 8 wt % BaTiO3 and 2 wt% MXene,
which exhibited a dielectric constant of 77 and a loss of 0.15 at 100 Hz[44]. Similarly,
at 1 kHz, the MXene/TiO2/MoS,/P(VDF-HFP) nanosheet-loaded nanocomposite
films, with an optimal loading of 8.0 wt%, demonstrated a high dielectric constant of
944 while maintaining a low dielectric loss of 0.19[43]. Similarly, the incorporation
of filler into the PVDF matrix has proven to be highly effective in enhancing the
piezoelectric performance of PVDF. For instance, Kumari P. et al. Reported the
improved output power 0.14 mW/cm? of PVDF films upon the addition of BaTiOs3
nanofillers[45].

Thus, MXene and metal oxide nanostructures have emerged as an excellent nanofiller
for the PVDF matrix, significantly enhancing its structural, optical, mechanical,
dielectric, and electrical conductivity properties. The key advantages of incorporating
metal oxide nanostructures with MXene as nanofillers include: (1) reduced leakage
conduction in the composites, and (2) lower dielectric loss, which enhances the
breakdown strength of the composite, thereby leading to a higher energy storage
density. Recent reports on the incorporation of TiO>, MnO., and similar
nanostructures along with MXene as nanofillers have revealed notable enhancements
in the properties of PVDF. However, according to the available literature, detailed

information on the optimal wt% of SnO; and MXene in PVDF for achieving
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maximum structural, optical, mechanical, and electrical properties is still lacking.
Additionally, the eco-friendly and easily synthesized nature of SnO», along with its

versatile optical and electrical properties, makes it a suitable choice as a nanofiller

For example, Yousaf et al. achieved an open-circuit voltage (Voc = 16.3 V) and
maximum power density (170 pW/cm?) using optimised MXene/ZnO/PVDF
composite NG device. The obtained results are attributed to the piezoelectric
behaviour of ZnO and MXene’s high conductivity, helping better charge separation
and transportation[46]. Similarly, Chauhan et al. demonstrated highest B-phase
content (85.6 %) in PVDF by incorporating the carbon nanofiber (CNF) and ZnO
nanorods (NR) in PVDF matrix. The dual nanofillers PVDF composite film based
piezoelectric device yield a Voc of 80 V and power density of 20 mW/cm?® under
periodic palm tapping[47]. The improved performance of the device is due to (a) CNF
forms charge transfer networks at an optimized loading, (b) ZnO NR act as efficient

nucleating agents, promoting polar phase transformation.

In the framework of the present thesis, intrinsically piezoelectric nanostructures were
deliberately selected and systematically integrated into PVDF polymer matrices, with
a focused investigation into the underlying physicochemical and crystallographic
mechanisms governing the enhancement of piezoelectric properties within the
resulting nanocomposite systems. Furthermore, the applicability of these engineered
PVDF based flexible piezoelectric nanocomposites as active functional materials in
PENG and TENG architectures were rigorously explored, with the objective of
broadening their utility in the domain of multifunctional mechanical energy

harvesting technologies.

1.4 Nanofillers
1.4.1 Tin Oxide (SnO2)

Metal oxide semiconductors constitute a broadly significant and continually
expanding class of functional materials, owing to their inherently tuneable energy
band gaps, exceptional chemical inertness, and robust mechanical stability properties
that have collectively driven their integration into an increasingly diverse range of

technological applications. The progressive maturation of advanced fabrication
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methodologies, enabling the controlled synthesis of metal oxides in various
nanostructured morphologies including thin films, nanoparticles, nanowires, and
nanorods has substantially broadened their functional utility, extending well beyond
conventional semiconductor electronics into domains such as chemical sensing,
optoelectronics, heterogeneous catalysis, and energy harvesting and storage systems.
Within this expansive materials landscape, Tin oxide (SnO2) has garnered
considerable and sustained research interest as a prominent transparent conducting
oxide (TCO), a distinction that has been extensively documented and reviewed across

the scientific literature[24].

A particularly noteworthy characteristic of tin dioxide is its capacity to form oxides of
varying valence states, which endows the material with a remarkable versatility to
participate in both catalytic reaction pathways and electrochemical charge storage
processes. As the thermodynamically most stable oxide of tin, SnO2 has established
itself not merely as a high-performance TCO, but also as a multifunctional material of
considerable relevance to sustainable development objectives. Its earth-abundant
availability, inherent non-toxicity, and wide optical band gap collectively render
SnO2 a highly attractive candidate for deployment across a spectrum of applications,
encompassing chemical sensing, catalytic systems, and electrochemical energy
harvesting and storage technologies thereby positioning it as a material of both

fundamental scientific interest and significant practical consequence [22].
1.4.2 MXene

Considerable and sustained research efforts have been devoted to the identification
and development of suitable materials capable of efficiently capturing diverse forms
of ambient energy, with the ultimate objective of realizing high-performance

miniaturized energy harvesting modules.

In this context, 2D materials have attracted substantial scientific attention as
compelling candidates for extending the applicability of Moore's law within the
domain of microscale energy harvesting. Among the expanding family of 2D
materials, MXene a class of 2D transition metal carbides, nitrides, and carbonitrides

have emerged as particularly promising functional materials for ambient energy
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harvesting, owing to a distinctive combination of physicochemical attributes that
collectively facilitate the efficient transduction of multiple energy forms into electrical

energy as shown in Figure 1.6.

Figure 1.6: Various characteristics of MXene.

Specifically, the advantageous properties of MXene in this regard may be delineated
as follows: (1) MXene inherently exhibit metallic-level electronic conductivity, which
minimizes resistive energy dissipation during charge transport and current flow upon
conversion to electrical energy; (2) the intrinsic 2D morphology of MXene confers an
exceptionally high specific surface area and elevated aspect ratio, enabling
nanostructures derived therefrom to achieve a large effective active area within a
compact geometric footprint; (3) relative to other solution-processable 2D materials,
MXene demonstrate superior mechanical stability, thereby ensuring enhanced
durability and operational reliability in energy harvesting applications subjected to
cyclic mechanical loading; (4) the abundance of surface functional groups endows
MXene with pronounced hydrophilicity and a distinctive surface charge distribution,
which are particularly conducive to electrokinetic current generation in aqueous
operating environments; and (5) the highly tuneable physicochemical properties of

MXene achievable through systematic variation of elemental composition and surface
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termination chemistry render them adaptable to a broad spectrum of targeted energy

harvesting scenarios[48-51].

Capitalizing on these multifaceted advantages, a diverse array of MXene-based
nanostructures has been explored for ambient energy harvesting since the material's
first synthesis in 2011, yielding consistently encouraging results[52]. To date,
MXene-based architectures have demonstrated the capability to harvest an extensive
range of energy sources, encompassing solar energy, thermoelectric energy,
triboelectric energy, piezoelectric energy, salinity-gradient energy, electrokinetic
energy, ultrasonic energy, and humidity-driven energy, each mediated through its
respective and mechanistically distinct energy transduction pathway. Collectively,
these exceptional properties position MXene as highly effective and multifunctional
nanofillers within PVDF based nanogenerator systems, supporting the realization of
efficient, mechanically flexible, and durable device platforms with broad applicability
in sustainable energy harvesting, wearable electronic systems, and self-powered

sensing technologies.
1.5 Research Gap

A significant knowledge gap persists concerning the intrinsic nanofiller properties that
govern energy conversion efficiency. Although PVDF exhibits remarkable
mechanical flexibility, its inherent piezoelectric and triboelectric outputs remain
inadequate for large-scale applications. Thus, systematic optimization of the polymer
matrix via the strategic incorporation of a well-designed nanofiller combination is
critically needed. The mechanisms by which nanofillers modulate molecular
crystallization, surface charge density, and interfacial polarization remain poorly
understood. Furthermore, minimizing filler weight fraction while preserving
maximum flexibility and environmental compatibility constitutes a principal

challenge in material design.

Notwithstanding notable progress in nanogenerator design and fabrication for
mechanical energy harvesting, a substantial research gap persists regarding the
comprehensive understanding of material properties governing the operational

efficiency of both piezoelectric and triboelectric nanogenerators. Additionally,
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inadequate mechanical robustness, poor stability, and performance degradation under
real operating conditions remain critical limitations. Rapid advancements in
nanotechnology, however, offer a viable pathway to enhance piezoelectric

performance through precise manipulation of material properties at the nanoscale.

To substitute toxic lead-based piezoceramics and brittle fillers, efficient metal oxide
alternatives are actively pursued. While SnO: and MXenes have been independently
studied, their synergistic coupling as SnO: nanoparticles with conductive MXene
nanosheets remains largely unexplored for mechanical energy harvesting. Composites
with varying SnO: and fixed MXene weight fractions offer a strategic approach to
overcome existing material limitations. Additionally, the influence of the
SnO2/MXene heterostructure on the piezoelectric performance of the PVDF matrix is

systematically examined.
1.6 Thesis Scope

This thesis aims to improve the output performance of the fabricated PENG and
TENG devices using PVDF based composite flexible films. The detail investigation
has been done on how SnO; and MXene nanofillers at relatively lower concentration
enhances the dielectric, structural and mechanical properties of the heterostructure of
SnO, and MXene contribute to enhancing overall device efficiency across a broad
spectrum of applications. Such incorporated nanofillers approach opens new avenues
for deploying nanogenerators in wearable electronics, IoT devices, and biomedical
sensors where compact design, high efficiency, and reliable power output are essential

requirements.

1.6.1 Research Aims and Objectives

The main objective of the thesis is the synthesis, characterization and exploring
potential application of SnO> and MXene based on PVDF composite film. And to
construct a Flexible composite piezoelectric energy harvesting device based on above
synthesized PVDF nanocomposite films for multipurpose applications, particularly by
utilizing piezoelectric and triboelectric phenomena to capture ambient mechanical

energy. The following is a summary of the primary goals of this study:
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»  To synthesize tin oxide (SnO2) nanoparticles and MXene (Ti3C,Tx) via the
hydrothermal method and selective etching of aluminum layers from TizAlC»
MAX phase using hydrofluoric acid (HF) as an etchant, respectively followed

by comprehensive characterization of the synthesized materials.

»  To synthesize a SnO>/MXene (SNMX) heterostructure embedded within the
PVDF matrix and to investigate its dielectric properties as a function of
temperature variation, along with assessing the piezoelectric output performance

of the corresponding flexible composite devices.

» To optimize of SnO/MXene/PVDF composites films to enhance their
structural, optical, mechanical, dielectric, and electrical characteristics towards

next-generation flexible optoelectronic and energy storage devices

» To design and construct Flexible Composite devices using the fabricated
composite films and to evaluate their piezoelectric and triboelectric output

performance by applied mechanical force.

»  To explore and demonstrate the practical applicability of the constructed all
flexible devices for sustainable mechanical energy harvesting applications, with

emphasis on performance optimization and real-world utility.
1.6.2 Thesis Structure and Organization

The present thesis is organized into seven chapters. In the first chapter, a brief
overview, working principle, material requirement, motivation, objectives, and thesis
outlines are described. In the second chapter, the experimental method with different
characterization techniques and electric measurement of energy harvesting device. In
chapter third, fourth, fifth and sixth, synthesis of nanomaterial and PVDF composites
film and their piezoelectric and triboelectric performance are presented. Finally in
chapter seven, thesis conclusion and future perspective of the present research work

are presented. The thesis is organized in the following chapters:
Chapter 1: Introduction

This chapter provides a succinct overview of the need for sustainable energy

solutions, highlighting the significance of energy harvesting technology in meeting
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global energy demands. Additionally, as we enter the smart era, wearable and portable
electronics are becoming commonplace across various industries, including wireless
sensor networks, healthcare, artificial intelligence, and IoT. However, one of the
biggest challenges with modern electronic devices remains their power supply. To
address this issue, wearable and portable devices must be powered by cleaner,
renewable energy sources. Consequently, a variety of energy harvesting devices based
on electromagnetic, piezoelectric, triboelectric, and pyroelectric phenomena have
been developed over time. Among these, mechanical energy harvesters are
particularly significant, as they utilize piezoelectric and triboelectric nanogenerators
to convert ambient mechanical energy such as vibrations, movements, and slight
pressure variations into electricity. Owing to their capabilities, these systems are ideal
for powering smart systems and distributed IoT devices that require low-power,
continuous energy sources without relying on traditional power networks or frequent
battery replacements. This chapter further explores how piezoelectric and triboelectric
nanogenerators, as advanced technologies, are especially well-suited to meet these
energy demands due to their efficiency, scalability, and potential for integration into a
wide range of applications. Moreover, they offer a promising pathway toward a more
sustainable and energy-efficient future by addressing the energy challenges posed by

the rapid growth of smart devices and systems.
Chapter 2: Synthesis and characterization techniques

Chapter 2 provides a comprehensive overview of the experimental methodologies
employed for the synthesis and characterization of the samples, along with the
relevant theoretical foundations underlying each technique. A detailed discussion of
various synthesis approaches is presented, including the hydrothermal method,
thermal polymerization, and other relevant techniques. This chapter further describes
the characterization methods used to investigate the as-prepared nanomaterials and
nanocomposites. The fundamental principles, advantages, and limitations of key
analytical techniques such as X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX), UV-visible spectroscopy, are
critically examined. In addition, the fabrication of a flexible composite-based
piezoelectric energy harvesting device, designed for both triboelectric and

piezoelectric measurements, is described.
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Chapter 3: Substantial enhancement of the electroactive phase and dielectric
properties at low loading levels of SnO2/MXene nanocomposite as a novel

nanofiller in the PVDF matrix

Chapter 3 presents the hydrothermal synthesis of a nanocomposite consisting of SnO»
nanoparticles combined with 20 wt% TisC.Tx MXene nanosheets. The resulting
SNMX nanocomposite was incorporated as a nanofiller into PVDF composite films at
three different loadings (0.25, 0.50, and 0.75 wt%). The SNMX nanocomposite
demonstrated a strong tendency to promote the formation of electroactive B and y
phases within the PVDF matrix. Furthermore, the composite films exhibited
remarkable improvements in dielectric performance, with the 0.50 wt% and 0.75 wt%
SNMX/PVDF films achieving relative dielectric permittivity (&) values of 150 and
165, and loss tangent (tand) values of 0.8 and 2.1 at 20 Hz, respectively. Temperature-
dependent analysis revealed that the relative dielectric permittivity of the 0.75 wt%
SNMX/PVDF film rises to 250 at 100°C. The combination of enhanced electroactive
behavior, superior dielectric properties, and outstanding mechanical durability
positions these SNMX/PVDF films as promising candidates for flexible energy-
harvesting applications in piezoelectric-based portable electronics. Of particular
significance, the piezoelectric flexible nanogenerator (PENG) fabricated from the
0.75 wt% SNMX/PVDF nanocomposite film delivers an impressive peak-to-peak
output voltage of 105 V.

Chapter 4: Optimization of SnO2/MXene/PVDF composites films to enhance
structural, optical, mechanical, dielectric, and electrical characteristics towards

next-generation flexible optoelectronic and energy storage devices

Chapter 4 presents a PVDF composite film were developed by incorporating a
distinctive combination of SnO; nanoparticles and MXene nanosheets as nanofillers,
aimed at enhancing structural, morphological, optoelectronic, mechanical, dielectric,
and electrical characteristics. The composite films were prepared via the solution
casting technique and thoroughly evaluated using multiple characterization methods.
The results demonstrate that the 6S-MP composition (6 wt% SnO. and 2 wt%

MXene) yields the most favorable performance, exhibiting the highest f phase
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content, a narrowed energy band gap, superior tensile strength, enhanced dielectric
response, and improved electrical conductivity. With its cost-effectiveness,
environmental compatibility, and ease of scalability, the 6S-MP composite film holds
significant promise for driving advancements in next-generation optoelectronic and

energy storage applications.

Chapter 5: Design and Development of High Performance PVDF based Flexible
Composite Piezoelectric Energy Harvesting Device towards Wearable

Electronics

Chapter 5 present, a dual nanofiller system comprising MXene nanosheets and SnO»
nanoparticles was introduced into a PVDF matrix to develop flexible composite films
via the solution-casting method, with MXene concentration held constant while SnO-
loading was systematically varied. The B phase crystallization behavior and surface
morphology of the fabricated composite films were examined through various
characterization techniques. Among all compositions, the optimized 6S-MP
formulation (2 wt% MXene and 6 wt% SnQO:) delivered the best piezoelectric
performance as a flexible composite piezoelectric energy harvesting (FCPEH) device,
achieving a peak open-circuit voltage (Voc) of 65 V and an outstanding output power
density of 43.8 uW/cm?. The 6S-MP FCPEH device further demonstrated its practical
viability by successfully powering 11 commercial LEDs and charging capacitors of 1
uF and 2.2 pF through periodic palm tapping. These compelling results, driven by the
device's superior energy harvesting efficiency, establish it as a strong candidate for
integration into self-powered wearable sensors and next-generation energy harvesting

systems.
Chapter 6: Conclusion, Future Scope & Social Impact

This chapter presents a thorough overview of the principal findings of the thesis, with
particular emphasis on mechanical energy harvesting technologies, encompassing
both piezoelectric and triboelectric nanogenerators. It further outlines potential
directions for future research that could accelerate progress toward self-sustaining
energy systems, ultimately broadening the practical applicability of nanogenerators in

real-world scenarios.
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EXPERIMENTAL DETAILS AND
CHARACTERIZATION TECHNIQUES

This chapter outlines the experimental procedures employed for the synthesis of filler
particles within the PVDF matrix and the subsequent fabrication of composite films.
The hydrothermal and etching methods were utilized for the preparation of filler
materials, both of which are discussed in detail throughout the chapter. Flexible
composite films were fabricated using the drop casting method. A comprehensive
overview of the working principles of the various characterization techniques and
instruments employed in this study is also provided to facilitate a thorough
understanding of the analytical approach. Phase formation and morphological analysis
of the prepared powders and flexible films were carried out using X-ray Diffraction
(XRD), Field Emission Scanning Electron Microscopy (FESEM), UV-Visible
Spectroscopy, Universal Testing Machine (UTM), and Fourier Transform Infrared
Spectroscopy (FTIR). The dielectric properties of the fabricated composite films were
evaluated using an impedance analyzer. To assess the energy harvesting performance,
mechanical force was applied to the surfaces of the fabricated PENG and TENG
devices through finger tapping, and the resulting open-circuit voltage was recorded

using a digital storage oscilloscope.
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2.1 Introduction

Considerable emphasis has recently been directed toward the advancement of
nanotechnology, particularly within the scientific, industrial, and research sectors.
This rapidly evolving field presents numerous unexplored opportunities with
substantial potential to enhance both human life and the surrounding environment.
Over the course of the last decade alone, a diverse array of multifunctional nanoscale
inorganic building blocks including nanoparticles, nanotubes, nanowires, and
nanorods have been successfully synthesized, exhibiting a broad spectrum of

remarkable mechanical, optical, electrical, and structural properties.

In the pursuit of developing superior and high-performance materials, both sample
preparation and characterization constitute indispensable procedural steps.
Comprehensive material characterization encompasses compositional analysis, phase
analysis, surface characterization, and structural as well as microstructural analysis,
all of which exert a significant influence on the resultant material properties.
Consequently, the characterization of material features at the nanoscale has catalyzed
the emergence of numerous advanced methodologies within the field of materials

science.

Among these, sophisticated characterization and measurement techniques such as X-
ray diffraction (XRD), energy dispersive spectroscopy (EDS), field emission scanning
electron microscopy (FESEM), Fourier transform infrared spectroscopy (FTIR), UV-
Vis spectroscopy, and impedance spectroscopy have proven instrumental in
uncovering novel and compelling physicochemical phenomena that would otherwise
remain inaccessible through conventional analytical approaches (Fig 2.1). In light of
the above, the present chapter provides a comprehensive overview of the synthesis
methods and characterization techniques employed for SnO> nanoparticles,2D MXene
nanosheets, and PVDF nanocomposite films. Furthermore, the fabrication of a
flexible composite piezoelectric energy harvesting device, along with the
corresponding electrical measurements and performance evaluation, is systematically

described.
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/Iﬁ
// Structural Properties \

Techniques

Figure 2.1: Various technique for characterization and output performance.

2.2 Synthesis method

In the present thesis work, we have synthesized SnO» particle by using hydrothermal
method and MXene using HF etching method. Also, the SnO/MXene (SNMX)
nanocomposite synthesized using hydrothermal method. The synthesis of PVDF

composite using solution casting method.
2.2.1 Hydrothermal Method

The term “hydrothermal” is derived from two components: “hydro,” meaning water,
and “thermal,” meaning heat. The first report on crystal formation using the

hydrothermal method was presented by Karl Emil von Schafhéutl in 1845[53].

The hydrothermal technique employs an aqueous solution as the reaction medium
within a specially designed sealed vessel, where elevated temperature and pressure are
generated either through external heating or the autogenous vapor pressure of the
system. Figure 2.2 shows a digital photograph and schematic of hydrothermal
autoclave set-up. This approach enables the creation of a high-temperature, high-

pressure reaction environment suitable for material synthesis. Nanomaterials
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synthesized via this method typically exhibit high purity, uniformity, well-defined
crystal symmetry, and distinctive physicochemical properties[54, 55]. In addition to
facilitating synthesis at relatively low temperatures and shorter reaction times, the
hydrothermal method provides enhanced control over the size, composition, and
density of the final products. Crystal formation under hydrothermal conditions
primarily involves the dissolution of reactants in the aqueous medium, followed by
the transport and separation of ionic or molecular species driven by a temperature

gradient within the vessel[56].

‘ Pressure Plate

Rupture disc
and Corrosion
disc

PTFE Cup [
( Stainless Steel ‘
Bod
[ Precursors
Solution
Bottom Plate ‘

Figure 2.2: A digital photograph and schematic of hydrothermal autoclave set-up used in
hydrothermal synthesis.

As these species migrate toward regions of lower temperature, a supersaturated
solution is formed, promoting nucleation and growth on seed crystals. At the growth
interface, processes such as adsorption, decomposition, and desorption occur, leading
to the crystallization of the dissolved species and the formation of the desired product.
The morphology of the resulting crystals is strongly influenced by the growth
conditions; thus, variations in hydrothermal parameters can yield diverse

morphologies for the same material.
2.2.2 Etching Method

MXene are synthesized through the selective chemical etching of the A-layer from the
corresponding MAX phase precursor, wherein M denotes an early transition metal, A
represents a group IIIA or IVA element, and X signifies carbon and/or nitrogen.The

removal of the A-layer via this etching process induces a fundamental transformation
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in the structural morphology of the MAX phase, yielding layered 2D materials that
bear a strong structural resemblance to graphene an analogy that served as the
conceptual basis for the designation "MXene." The resulting MXene compounds
adopt the general chemical formula Mn+1XnTx, where n assumes integer values
ranging from 1 to 4, and T denotes the diverse surface functional groups
predominantly hydroxyl (—OH), fluorine (-F), and oxygen (—O) terminations that are
spontaneously introduced onto the MXene surface as a direct consequence of the
chemical etching process[57]. These surface terminations play a critical role in
governing the physicochemical properties of MXene, including their hydrophilicity,
electrochemical behavior, and interfacial interactions with surrounding matrices,
thereby rendering the precise control of surface chemistry a key parameter in the

functional optimization of MXene-based materials for advanced applications[52].

HF etching represents the most widely employed and technically -efficient
methodology for the synthesis of MXene; however, the inherent limitations and
considerable safety hazards associated with this approach have necessitated the
exploration and development of alternative synthetic routes. Specifically, HF-based
etching is predominantly applicable to MAX phases containing Al as the A-layer
element, thereby constraining the compositional diversity of MXene accessible
through this method as shown in Figure 2.3. Furthermore, the etching process
conducted in an HF environment invariably results in MXene nanosheets bearing
predominantly fluorine (—F) surface termination groups, which restricts the tunability
of surface chemistry and may adversely influence the functional performance of the
resulting materials in certain applications[58]. The acute toxicity, corrosive nature,
and stringent handling requirements associated with HF additionally impose
significant practical and safety-related constraints on its large-scale utilization in
laboratory and industrial settings. Collectively, these limitations underscore the
critical imperative to develop safer, more versatile, and compositionally inclusive
alternative methodologies for MXene synthesis, capable of yielding materials with
controlled surface functionalization and expanded structural diversity beyond those

achievable through conventional HF-based etching protocols.
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Figure 2.3: Removal of Al layer by using HF etching.

2.2.3 Synthesis of Flexible Composite Films: Drop Casting Method

As Drop casting is a simple and efficient technique widely employed for the
fabrication of thin films with controlled thickness and composition. In the present
study, this method was utilized to prepare flexible films based on polymer and
polymer nanocomposite materials. The technique is particularly advantageous in
applications requiring precise control over film characteristics. The drop-casting
process begins with dissolving the solutes in a suitable solvent at a predetermined
concentration. The solution is thoroughly mixed using a magnetic stirrer, followed by
ultrasonication in an ultrasonic bath to ensure complete homogeneity. The selection of
solvent and solute concentration plays a critical role in achieving the desired film
properties. Figure 2.4 shows the schematic diagram for the synthesis of flexible PVDF
and PVDF composite films via drop casting method, a predefined concentration of the
prepared solution is then dispensed onto a glass substrate using a micropipette.
Subsequently, the substrate is placed in an oven maintained at a constant temperature
to facilitate solvent evaporation, leading to the formation of a film with the desired

thickness.

This method is favoured due to its simplicity, cost-effectiveness, and ability to control
film thickness and composition by adjusting the solution concentration and deposition

volume. However, variations in film thickness may occur, and factors such as solvent
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evaporation rate and substrate surface characteristics can influence the final film
properties. Therefore, careful optimization of these parameters is essential to obtain

smooth, uniform films with consistent thickness.

Drying at 80°C

> 4

PVDF Solution casting on a glass I Flexible PVDF Film I
substrate

Figure 2.4: The schematic diagram for the synthesis of flexible PVDF and PVDF composite
films via drop casting method.

2.2.4 Fabrication of Flexible Composite Energy Harvesting Device

Synthesized flexible composite films were cut into small pieces of area (2.5%2.5) cm?

for the fabrication of PENG and TENG device.

The composite-based PENG device was fabricated by typical electrode composite
electrode stack technique. To prevent electrode shorting at any endpoint, the device
was fabricated by sandwiching the composite films between two metallic (aluminium)
electrodes, which served as the top and bottom charge collecting layers. The electrode
areas were slightly smaller (2.2 cm x 2.2 cm) than the film area. Bipolar copper
wiring connected to the electrodes for getting voltage output. Kapton tape, known for
its neutral piezoelectric effect, was used to enclose the entire prototype. This
encapsulation not only offers enhanced protection against wear, mechanical agitation,
and other potential losses during energy-harvesting measurements but also minimizes
charge carrier exchange between the surrounding air and the electrode layers.
Similarly, for TENG device was assembled using the PVDF composite film as the
active triboelectric layer and PET film as the counter triboelectric layer. Aluminium
adhesive tape was applied to the PVDF film surface as the bottom electrode, while
PET film served as the top electrode, completing the sandwich-type structure. Copper

wire was used to establish electrical interconnections for device characterization.
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2.3 Characterization Techniques

Several characterization techniques such as X-ray diffraction, Field Emission
scanning electron microscopy, UV-vis absorption spectroscopy, and Universal
Testing Machine, are utilized to confirm the successful synthesis of SnO,, MXene and

its heterostructure together with their polymer nanocomposite films.
2.3.1. X-ray Diffraction

The crystal structure of materials can be determined using X-ray diffraction (XRD), a
powerful analytical technique. In this method, a crystalline sample is irradiated with
an X-ray beam, and the intensity of the scattered X-rays is measured. Analysis of the
resulting diffraction pattern provides information about the atomic arrangement

within the crystal lattice[59].

When a monochromatic X-ray beam of wavelength A is incident on a crystalline
material at an angle 0, constructive interference (diffraction) occurs only when the
path difference between X-rays reflected from successive lattice planes satisfies

Bragg’s condition (Fig 2.5)[60].

2d sin 6 = nAa 2.1

Figure 2.5: A Schematic showing the diffraction of X-rays obeying Brags law.

Figure 2.6 shows the experimental configuration for XRD measurements. The setup
primarily consists of four components: an X-ray source, a sample holder, a

goniometer, and an X-ray detector. The X-ray source typically comprises a cathode
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ray tube, in which a high voltage is applied to heat the filament (cathode), resulting in
the emission of electrons. These electrons are accelerated toward a copper target
(anode). Upon impact, the high-energy electrons eject inner-shell electrons from the
copper atoms, leading to the generation of characteristic X-rays. These X-rays are
then directed onto the sample, where they are diffracted by the periodic arrangement
of atoms in the crystal lattice. The diffracted X-rays are subsequently detected, and
the recorded diffraction pattern is used to identify and analyze the crystal structure of
the sample.To characterize the structural properties of the synthesized materials, X-
ray diffraction (XRD) analysis was performed using a Rigaku Ultima IV
diffractometer equipped with Ni-filtered Cu Ka radiation (A = 1.5418 A).

focu\sing\\\
circle

. Measuring circle ~

\—..—/

Figure 2.6: A Schematic showing the components of XRD diffractometer

2.3.2 Field Emission Scanning Electron Microscopy

A field emission scanning electron microscope (FESEM) employs a high-energy
electron beam to image the surface morphology of a sample. Unlike optical
microscopes, which use light for image formation, FESEM utilizes electrons to

generate highly magnified and high-resolution images.

In its fundamental operation, an electron beam is generated and focused onto the
sample surface using a series of electromagnetic lenses. Upon interaction with the
sample, secondary electrons are emitted from the surface[61]. These emitted electrons
are collected by a detector, and the resulting signal is processed to form an image of

the sample. A typical FESEM system comprises several essential components,
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including a specimen stage for mounting the sample, a secondary electron (SE)
detector for collecting secondary electrons, a backscattered electron (BSE) detector,
an image display unit, a control system for instrument operation, and an electron

optical column for generating and focusing the electron beam (Fig 2.7).

|_ Electron Gun

Anode |

[ Magnetic Lens

[Scanning Cails

‘ Back Scattered Electron
Detector

| Stage
L Secondary Electron
Detector

Figure 2.7: Schematic illustrating the components of FESEM.

Compared to conventional thermionic emission sources, the field emission source
often based on lanthanum hexaboride (LaB6) or similar materials produces a
significantly finer and more coherent electron beam, resulting in improved spatial
resolution.Under a high electric field gradient, electrons are extracted from the field
emission source and accelerated toward the sample. These primary electrons are
focused and scanned across the sample surface by electromagnetic lenses within a
high-vacuum column[62]. When the primary electrons interact with the atoms of the
sample, they excite the valence electrons, leading to the emission of secondary
electrons. Due to their low energy, only secondary electrons generated near the
surface can escape and be detected, while those produced deeper within the material
are reabsorbed. Consequently, secondary electrons are highly sensitive to surface
features and are primarily used for topographical imaging of the sample.
Backscattered electrons, in contrast, are high-energy electrons that are elastically
scattered and reflected back from the sample. These electrons originate from deeper

regions within the material and carry compositional information. The intensity of
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backscattered electrons depends strongly on the atomic number of the constituent
elements; regions with higher atomic numbers appear brighter in BSE images.
Therefore, backscattered electron imaging is particularly useful for distinguishing
compositional variations within the sample. The signals obtained from both secondary
electron and backscattered electron detectors are converted into electrical signals,
processed, and displayed as grayscale or false-color images on a computer monitor.
The surface morphology of the synthesized particles was examined via field emission

scanning electron microscopy (FESEM, JEOL JSM-7800F Prime).
2.3.3 Energy Dispersive X-ray Spectroscopy

An effective method for determining the elemental composition and chemical
compounds present in a sample is energy-dispersive X-ray spectroscopy (EDS). An
EDS system is typically integrated with a scanning electron microscope (SEM), which
provides the appropriate region of the sample for analysis. During measurement, a
focused electron beam strikes the sample, interacts with its atoms, and ejects electrons
from the inner (K) shell. When an electron is excited to a higher energy state, a
vacancy is created in the inner shell. Electrons from higher energy levels, such as the
L, M, and N shells, then transition to fill the K-shell vacancy, releasing excess energy

in the form of X-rays[63].

After being emitted from the sample, the generated X-rays enter the detector, where
they produce electrical pulses. These pulses carry information about the elemental
composition of the sample and are subsequently converted into digital signals. After
the measurement is complete, a characteristic X-ray spectrum is obtained, in which
the primary peaks correspond to the elements present in the specimen. Elemental
composition and spatial elemental distribution of the films were determined using

energy-dispersive X-ray spectroscopy (EDX, SWIFT ED 3000).
2.3.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is an indispensable analytical technique for investigating the vibrational
characteristics of functional groups present in organic and semi-organic compounds.

The analysis is conducted by exposing the sample to electromagnetic radiation within
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the spectral range of 400-4000 cm-1. Upon absorption of infrared radiation, the
vibrational energy levels of molecular bonds undergo transitions that manifest in two
primary modes: stretching and bending vibrations. This technique is particularly
effective for identifying organic molecules containing polar bonds and strong dipole

moments, such as N-H, O—H, and C—H functional groups[64].

A
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e |l — R
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Figure 2.8: Basic layout of the component of FTIR

Among the principal advantages of FTIR spectroscopy are its rapid scanning
capability relative to conventional dispersive techniques and its versatility in
analyzing samples across all three physical states solids, liquids, and gases. The
fundamental basis of this approach lies in the characteristic vibrational behaviour of
molecular bonds, which is governed by the nature of the constituent atoms. When a
sample is irradiated with infrared light, its molecules absorb energy and undergo
transitions to higher vibrational energy states (excited states). Upon relaxation to their
ground (deexcited) states, the molecules emit radiation corresponding to the energy
difference between the excited and ground states. Each material selectively absorbs
specific infrared wavelengths from the incident radiation, thereby generating a unique
spectral fingerprint. The resonant vibrational frequencies are influenced by several
parameters, including atomic masses, vibronic coupling, and molecular potential

energy surfaces[65].
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Consequently, a direct relationship exists between bond types and their corresponding
vibrational frequencies. Simple diatomic molecules, for instance, exhibit only a single
stretching vibration, whereas more complex polyatomic compounds display multiple
vibrational modes, including both stretching and conjugate (coupled) vibrations.
These interactions give rise to characteristic infrared absorption frequencies
associated with specific chemical groups. Since each functional group possesses a
distinct vibrational energy, IR spectroscopy yields a unique spectral fingerprint that

facilitates unambiguous identification[66].

FTIR spectroscopy enables the identification of materials and their bonding
characteristics through measurement of the wavelengths absorbed by the sample. The
resulting spectrum is conventionally presented with wavenumber (cm™') along the x-
axis and either transmittance or absorbance along the y axis. The number and position
of absorption peaks are determined by the chemical composition of the sample.
Precise identification of functional groups is achieved by carefully analyzing and
comparing these peaks against reference infrared spectra of known bonds and

compounds.

The sequential stages of the FTIR process are depicted in Figure 2.8. In this optical
configuration, infrared radiation emitted from the source is directed through a
collimator before reaching a beam splitter. The beam splitter divides the incident
beam into two equal components; each directed toward a separate mirror one of which
undergoes continuous translational movement. This motion introduces an optical path
difference between the two beams, thereby modulating the wavelengths of the
incident radiation at varying frequencies. Upon reflection from their respective
mirrors, the two beams recombine to produce a complex interference pattern known

as an interferogram.

The resulting interferogram is subsequently transmitted through the sample, which
selectively absorbs specific wavelengths from the incident spectrum, as previously
described. A detector records the intensity of the transmitted radiation as a function of
wavelength. The collected signal is then processed using a mathematical Fourier

transform algorithm, which converts the raw interferogram into an interpretable
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spectral dataset. The final spectrum obtained through this transformation provides a
comprehensive basis for the identification of multiple functional groups within the
analyzed sample. In the present thesis work, identification of electroactive phases in
both PVDF and composite films was conducted using Fourier-transform infrared

spectroscopy (FTIR, Nicolet 5700).
2.3.5 UV-Visible Spectroscopy

A quantitative method called UV-Vis Spectroscopy quantifies the amount of light that
a sample absorbs or transmits in relation to a reference sample (Fig. 2.9). To do this,
the quantity of light passing through a sample is compared to the amount of light
passing through a reference sample. A number of variables, including sample
concentration and composition, affect light intensity. Beer-Lambert's law states that
the absorbance of light is directly proportional to both the concentration of the sample

and the path length.
The Beer-Lambert law is[67]
A=¢lC 2.2

where, 1 is the length covered by the light through the sample, C is the concentration,
¢ 1s the molar extinction coefficient, and A is the amount of light absorbed[68]. The

bandgap of the material is estimated by tauc’s equation[69]
(ahd)" = (h9 — E,) 23

where, Eg, o, and hv is the energy band gap of sample, absorption coefficient, and
energy of the incident photon, respectively, and n=1/2 is used for indirect bandgap
and n=2 for direct bandgap. By extrapolating the linear region of the plot (a¢h9)" on

the Y-axis versus the photon energy (h v ) on the X-axis, the Eg value obtained.

In a spectrophotometer that uses two lamps, the visible light source is usually a
tungsten or halogen lamp, while the UV light source is usually a deuterium lamp.

Light is divided into a narrow range of wavelengths using a monochromator.
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Typically, absorption filters are composed of coloured glass that is intended to absorb

particular wavelengths of light.
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Figure 2.9: Schematic diagram of UV-visible spectrophotometer used to analyze the optical
properties[70].

By causing destructive interference, these filters can be employed as a wavelength
selector to remove undesirable wavelengths. The light then travels through a sample
using the spectrophotometer's chosen wavelength selection. A CCD detector is used
to transform light into a readable electrical signal once it has passed through the
sample. The output is sent to a computer or screen once the signal has been
recognized. The schematic diagram of the UV-vis apparatus used for optical
absorption analysis is displayed in Fig. 2.9. In the present study the optical bandgap of
the samples was estimated through UV-Visible absorption spectroscopy using a

PerkinElmer Lambda-1050 spectrophotometer. .
2.3.6 Dielectric/Impedance Analyser

In William Whewell initially used the term "dielectric." The ratio of the capacitance
of a capacitor containing the material to that of the same capacitor in vacuum is
known as the dielectric property, and it describes a material's capacity to store
electrical energy. It is represented as follows:

& = — 2.4

Co
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where, ¢, is the dielectric constant, C is the capacitance of the dielectric material and

Co is the capacitance in vacuum.

Two parallel conducting plates spaced apart by a distance (d) make up a parallel plate
capacitor. The capacitance Co of a parallel plate capacitor that is vacuum-sandwiched

between its two plates is displayed as

Co=22 2.5

where, &y (= 8.854 x 10712 F/m) is the permittivity of free space, A is the area of the

plates of capacitor.

On combining equation 2.4 and 2.5,

cd
& = E 2.6
For an alternating electric field, dielectric constant is given by
£ =¢, —jE, 2.7

where, (€,) is real component of dielectric constant and (S;) is an imaginary

component of dielectric constant.

The dissipation factor, or dielectric loss (tan 0 ), is computed as the ratio of the

complex permittivity's imaginary and real parts, as shown by:

tand = = 2.8

Er

In the present work, the dielectric constant of the prepared samples was measured
using an Impedance Analyzer (Model: KEYSIGHT E4990A). Instrument consists of a
sample holder, PID temperature controller unit, Vacuum chamber, and Impedance

Analyzer.
2.4 Electrical Measurements of Nanogenerators

The electrical characterization of both the PENG and TENG devices was

systematically conducted by affixing aluminum electrodes onto the PVDF and PVDF
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composite films. Copper interconnects were subsequently drawn from the designated
electrode terminals to establish the requisite electrical circuit connections. The
mechanical tapping method was employed to quantify the output performance of the
frequency-coupled piezoelectric energy harvester (FCPEH) devices. A high-precision
digital storage oscilloscope (Tektronix MDO 500) was utilized to acquire and record
the open-circuit output voltage signals generated by the FCPEH devices under
varying mechanical stimuli and human-body-induced biomechanical motions.
Furthermore, a full-wave bridge rectifier integrated circuit (DB107) was incorporated
into the measurement configuration to characterize the rectified electrical output
performance of the fabricated nanogenerators, enabling the quantitative assessment of
both the rectified voltage and current parameters under the aforementioned excitation

conditions.
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SUBSTANTIAL ENHANCEMENT OF THE
ELECTROACTIVE PHASE AND DIELECTRIC
PROPERTIES AT LOW LOADING LEVELS OF
SnO,/MXENE NANOCOMPOSITE AS A NOVEL

NANOFILLER IN THE PVDF MATRIX

In this chapter, we investigate the impact on electroactive phase and dielectric properties
of polyvinylidene fluoride (PVDF) on addition of hydrothermally synthesized
SnO2/MXene (SNMX) nanocomposite with different concentration (0.25wt%, 0.50wt%,
0.75wt%) as nanofillers. The pure and SNMX/PVDF composite films were fabricated
using solution casting method. Morphological and structural analyses revealed a
modified spherulitic structure, indicating a transformation from the non-polar phase
(52%) to the polar (B + v) phase (86%). The dielectric measurements were conducted
over a frequency range of 20 Hz to 1 MHz at different operating temperature to examine
the various relaxations occurring in the polymer. At 25°C and an applied field frequency
of 20 Hz, the relative dielectric permittivity of the SNMX/PVDF composite film (0.75
wt%) elevates approximately 25-fold relative to the pristine PVDF film, with a
concomitant reduction in loss tangent. Further, the relative dielectric permittivity of all
films intensifies with rising operating temperature. At 100°C, the relative dielectric
permittivity amplifies from 165 to 250 compared to room temperature for the 0.75 wt%
nanofiller concentration. The increment in dielectric properties with addition of SNMX
are attributed to a) the enhancement of the electroactive phase, which favours molecular
reorientation, b) the presence of SnO> semiconductive layer on the surface of MXene
flakes that prevent formation of conductive pathways, thus improves the interfacial
polarization through the Maxwell-Wagner—Sillars (MWS) effect in addition to dipolar
polarization. A piezoelectric flexible nanogenerator (PENG) fabricated from the
0.75wt% SNMX/PVDF nanocomposite film generated a maximum peak to peak voltage
is 105 V.
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3.1 Introduction

In recent years, flexible dielectric materials have garnered significant interest due to
their potential applications in the rapidly developing field of flexible nanoelectronics.
In this context, dielectric polymers have attracted considerable attention because of
their desirable physical and chemical properties [31, 71, 72]. However, polymers
generally exhibit lower dielectric constants compared to inorganic materials. For
instance, polyvinylidene fluoride (PVDF), a prototypical dielectric polymer, has a
dielectric constant of approximately 6.8 and a loss of about 0.0184 at 1 kHz, owing to
its fluorinated structure [73]. In contrast, inorganic materials such as ZnO, TiO; and
BaTiO3 demonstrate much higher dielectric constants at room temperature [74-76].
Despite excellent dielectric properties, inorganic ceramics possess limitations,
including brittleness, limited tunability, susceptibility to dielectric breakdown, and

low toughness. As a result, their use in flexible nanoelectronics is constrained [77].

In contrast, PVDF offers strong flexibility, and excellent mechanical strength which
make it suitable for flexible nanodevices. However, due its low dielectric constant
than the inorganic materials hinder its application to nanoelectronics devices. Thus,
researchers are trying to improve the dielectric constant and electroactive phase of
PVDF. 1t exists in three phases: «, 3, and y with the 3 and y phases being
electroactive [29]. In recent times, polymer nanocomposites, incorporating inorganic
nanofillers into the polymer matrix, enhancing PVDEF's dielectric properties while
retaining the advantages of both materials. However, increasing the filler content
raises the dielectric constant, but it also leads to higher dielectric loss, reduced

flexibility and crystallinity [72, 78].

The choice of nanofiller also influences phase transitions within the polymer. SnO»,
nanostructures have been established as an efficient inorganic nanofiller [40, 79]. For
example, Zhe et al. reported a high dielectric constant of approximately 300 at 10 kHz
for SnO2/PVDF nanocomposites with a high nanofiller concentration of 0.16 vol%
[40]. Adding nanostructure of inorganic materials significantly elevates specific
surface interactions, which improves PVDF's electroactivity thus the dielectric

properties [79].
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Similarly, Ti3C>Tx MXene has gained attention as an effective conductive filler due to
its exceptional electrical conductivity of approximately 6500 S/cm and an elastic
modulus of around 0.33 TPa [41, 42]. MXene-based polymer nanocomposites are
capable of achieving high dielectric constants with low percolation thresholds.
However, as the filler loading approaches the percolation threshold, there is a
significant boost in dielectric constant, dielectric loss, and electrical conductivity.
This underscores the necessity for surface modifications, such as the incorporation of

insulating or semiconductive layers, to optimize the material's performance [41-43].

Recently, incorporation of inorganic nanomaterials/MXene nanocomposites as
nanofillers have attracted considerable interest among researchers due to their notable
advantages. Specifically, the dispersion of semiconductive layer of inorganic
nanomaterials on MXene nanosheets obstruct the establishment of conductive
pathways. Thereby suppressing the electrical conductivity and enhances the charges at
surfaces, thus improves the dielectric properties [43, 44, 80]. Like as Feng et al.
synthesized BaTiO3/MXene/PVDF composites, incorporating 8 wt% BaTiOs and 2
wt% MXene, which exhibited a dielectric constant of 77 and a loss of 0.15 at 100 Hz
[44]. Similarly, at 1 kHz, the MXene/TiO2/MoS2/P(VDF-HFP) nanosheet-loaded
nanocomposite films, with an optimal loading of 8.0 wt%, demonstrated a high
dielectric constant of 944 while maintaining a low dielectric loss of 0.19 [43].
Similarly, the incorporation of filler into the PVDF matrix has proven to be highly
effective in enhancing the piezoelectric performance of PVDF. For instance, Kumari
P. et al. reported the improved output power 0.14 mW/cm? of PVDF films upon the
addition of BaTiOs3 nanofillers [81].

Interestingly, to the best of our knowledge, the impact of SNMX nanocomposite
fillers on dielectric behaviour of PVDF films has not been previously reported.
Additionally, the most studies focus on higher filler concentrations, typically
exceeding 5 wt%, which can reduce crystallinity, alter electroactive properties, and
form networks within the polymer matrix [31]. These changes can affect electrical
conductivity and augments dielectric loss. To overcome these challenges, this study
employs a very low filler concentration of SNMX nanofillers, demonstrating high

dielectric constant and low loss at lower filler loading [78]. The reduced filler content
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did not compromise the transparency, flexibility, or crystallinity of the nanocomposite

films.

In this study, we have synthesized a nanocomposite of SnO» nanoparticles with 20
wt% of TizCoTx MXene nanosheets using hydrothermal method. The synthesized
SNMX nanocomposite was used as nanofiller for the fabrication of PVDF composite
films with three different weight concentrations (0.25 wt%, 0.50 wt%, and 0.75 wt%).
Notably, the SNMX nanocomposite has been shown to preferentially induce the
electroactive [ and y phases in PVDF. Additionally, significant improvements in
the dielectric properties have been observed, with relative dielectric permittivity ( ¢ r)
of 150 and 165 and loss tangent (tan §) of 0.8 and 2.1 at 20 Hz for the 0.50 wt% and
0.75 wt% SNMX/PVDF composite films, respectively. Temperature-dependent
studies indicate that at 100°C, the relative dielectric permittivity of the 0.75 wt%
SNMX/PVDF composite film reaches 250. The enhanced electroactive behaviour and
dielectric properties, coupled with the exceptional durability of the SNMX/PVDF
films, suggest their potential application as flexible power sources in portable
electronic devices employing piezoelectric technology. Notably, the piezoelectric
flexible nanogenerator (PENG) made from the 0.75 wt% SNMX/PVDF

nanocomposite film produces a peak-to-peak voltage of 105 V.

3.2 Experimental Section
3.2.1 Materials

All reagents used in the experiment were of analytical grade and were employed
without any modifications, as received. MAX phase Ti3AlC; (290%, particle size of
<100 u m), hydrofluoric acid (HF, 40 wt%), stannic chloride pentahydrate
(SnCl4.5H20), sodium hydroxide (NaOH), N-dimethylformamide (RG, 99.8%)
(DMF), Urea (CH4N20) and hydrochloric acid (HCI) were purchased from Sigma-
Aldrich Chemical Co. Ltd. The used polyvinylidene fluoride (PVDF) powder was

purchased from Alfa Aesar.

3.2.2 Synthesis of Tin Oxide nanostructure (SnOz2)

A low-cost hydrothermal method was used to synthesize SnO; nanoparticles as shown
in Figure 3.1 (a). 4 g of SnCl4.5H20 was dissolved in 30 ml ethanol and magnetically

stirred to obtain a clear solution. Subsequently 1.095 g of citric acid was added into
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the solution and further stirred for 2 hours. The resultant white solution was

transferred to an autoclave filled with 70% capacity and treat it hydrothermally for 8

hours at 160 °C. After the reaction time, the precipitates were centrifuged and washed

multiple times with DI water and ethanol. The collected precipitate was dried at 60 °C

for 12 hours.

3.2.3 Synthesis of MXene

Ti3C,Tx sheets were produced by selectively etching the Al layer from the MAX

phase Ti3AIC, and then delaminating it using an intense layer delamination method

[42]. First, 1 g of MAX phase powder was mixed with 48% concentrated hydrogen

fluoride (HF) for 24 hours at room temperature using a magnetic stirrer. The mixture

was filtered and the obtained precipitates washed multiple times with deionized water

and centrifuged until the pH reached 7. Finally, the filtered black slurry was dried for

6 hours at 80°C and grinded into a fine powder to obtain Ti3C>Tx MXene sheets. The

used synthesis process is depicated in Figure 3.1 (b).

[ snC1,5H,0 | | Citric acid |

3§

£
i

(2)

 Distilled
Water (D!

Hydrothermal
Reaction

o
BrL I o:’:
Sn0O,
Nanoparticle

Stirring for 24 h

(b)

Mxene

Figure 3.1: A stepwise depiction of the synthesis processes for (a) SnO, nanoparticles and (b)

Mzxene flakes.
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3.2.4 Synthesis of SnO2/MXene (SNMX) nanocomposite

The SnO>/MXene nanocomposite was synthesized using the hydrothermal method.
This process involved sonicating SnO> and Ti3C2Tx (20 wt%) in 100 mL of distilled
water, followed by the addition of 0.32 g of urea and dropwise addition of 40 u L of
HCI. The resulting solution was then sealed in an autoclave and heated at 120 °C for 8
hours. The resulting powder was extracted, centrifuged, and then sequentially cleaned
with ethanol and deionized water. It was then allowed to dry overnight at 60°C in an
oven. The produced SnO>/MXene nanocomposite are referred to as SNMX

nanocomposite.
3.2.5. Synthesis of PVDF film

PVDF powder was dissolved in a 10 wt% solution of N-dimethylformamide (DMF) to
produce the flexible, free-standing PVDF films. The mixture was stirred at ambient
temperature for a duration of 4 hours. The resulting solution was then applied to
cleaned glass slides and annealed at 80°C in a microwave oven for 2 hours.

Subsequently, the films were detached to yield flexible, free-standing films.
3.2.6. Synthesis of SNMX/ PVDF composite films

Polyvinylidene fluoride (PVDF), SNMX powder, and DMF were used in the
preparation of flexible composite films. PVDF powder was first dissolved in DMF for
1 hour at room temperature using a magnetic stirrer, resulting in a homogeneous and
clear solution. On the other hand, SNMX powder was added to DMF in varying
concentrations (0.25 wt%, 0.50 wt%, and 0.75 wt%) and ultrasonically agitated for 1
hour at room temperature. The PVDF solution was then combined with the
synthesized different wt% SNMX solutions and stirred for 40 hours at room
temperature to get a slurry type solution of SNMX/PVDF composite. The resulting
solution was then applied to cleaned glass slides and annealed at 80°C in a microwave
oven for 2 hours. Subsequently, the films were detached to obtained flexible, free-
standing films. Further, the thickness of the synthesized films was measured using
digital vernier calliper and the measured thickness values of the synthesized

composite films are tabulated in Table 3.1.
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Table 3.1: Thickness values of Pure PVDF and composite films.

Sample Pure PVDF  0.25wt% SNMX  0.50wt% SNMX  0.75wt% SNMX

Thickness(mm) 0.19 0.23 0.20 0.25

3.2.7 Fabrication of the piezoelectric flexible generator

The flexible composite films were sectioned into small pieces, each measuring 2.5 cm
x 2.5 cm, and aluminium tape was applied to both surfaces to function as the top and
bottom electrodes for the piezoelectric flexible nanogenerator (PENG). Copper wires
were then attached to the aluminium tape using copper tape to measure the output
signals when pressure was applied and the device was connected to an external
circuit. Figure 3.2 (a & b) illustrates both the schematic diagram of the fabricated
PENG device and a digital photograph of the prepared PENG devices.

", PEFG Device (a)

Connection Wire

Figure 3.2: (a) Schematic representation of the structure of the PENG device and (b) digital
image of the fabricated PENG device.
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3.2.8 Characterizations

The crystal phases of the synthesized samples were determined using a Rigaku Ultima
IV X-ray diffractometer (XRD) equipped with a Cu Ko (A = 1.5418 A) radiation
source. The scans were performed at a rate of 2° per minute across a 2 0 range of 5°
to 70°. An energy-dispersive X-ray spectroscopy (EDX) system (SwiftED3000,
Oxford) was used for elemental mapping and compositional analysis, and an FEI
Quanta 200 field emission scanning electron microscope (FESEM) was used to
analyse the surface morphology of the samples. Fourier transform infrared (FTIR)
spectroscopy (NICOLET 5700) was used to analyse the electroactive phases of the
PVDF and composite films. The dielectric characteristics were measured using an

impedance analyzer (E4990A), with a frequency range of 20 Hz to 10 MHz.

3.3 Results and Discussion
3.3.1 X-ray Diffraction
Structural characterization of the MAX phase Ti3AlC, (before HF etching) and

synthesized MXene TizCoTx (after HF etching) were performed using X-ray
diffraction (XRD), as shown in the Figure 3.3(a).

MXene
JCPDS cardno

(220) 00-032-1383

MAX Phase
(101) (109) JCPDS cardno.
520875
(002) (004) (100) (105) (110) DR 08[1 18)

L) ol ) et L] o L] i L] 4 L s L b
10 20 30 40 50 60 70 80
20 (Degree)

Intensity (a.u.)

Intensity (a.u.)

JCPDS cardno:
41-1445

10 20 30 40 50 60 ) 70
20 (Degree)

Figure 3.3: XRD patterns of (a) MAX powder (TizAlC;) compared to MXene, and (b)
comparison between SnO, nanoparticles and SNMX nanocomposite.
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XRD pattern of the MAX phase is in good agreement with the data presented in JCPDS
card no. 00-052-0875.A characteristic sharp peak corresponding to the Al layer is
observed in the MAX phase at 2 0 = 38.92° along the preferred (104) direction, which
needs to be fully etched out during the synthesis process. The other prominent peaks
at 20 = 9.4°, 38.04°, 41.74°, 60.2°, and 74.2° correspond to the (002), (101),
(105), (110), and (118) planes, respectively. After HF treatment, the characteristic
diffraction peak at 2 0 = 38.92° (104) corresponding to Al disappears in the XRD
pattern of MXene Ti3C,Tx, confirming the complete removal of Al from the MAX
phase. Most notably, the diffraction peak for the (002) plane shifts backward after
HF etching, from 2 0 = 9.4° in the MAX phase to 2 0 = 9.02° in the MXene. This
peak shift is attributed to the intensify in the c-lattice parameter of the MXene and
indicates the formation of an interlayer gap in the layered structure. The XRD
peaks match well with JCPDS card no. 00-032-1383, confirming the successful
synthesis of MXene Ti3C2Tx sheets from the MAX phase by HF etching [41-44, 80-
82].

Figure 3.3(b) displays the XRD pattern of nanocrystalline SnO2 nanoparticles
(NPs). The strong diffraction peaks indicate excellent crystallinity and tetragonal
rutile phase of the SnO». The diffraction peaks at 2 6 = 26.58°, 33.94°, 38.02°,
51.80°, 54.75°, 58.09°, and 65.87° are well indexed to (110), (101), (200), (211),
(220), (002), and (310) planes, respectively, according to JCPDS Card No. 41-1445
[31, 40]. The SNMX composite exhibited almost all of the distinct peaks of both
MXene and SnO», suggesting successful synthesis of SNMX nanocomposite [83].
The modest broadening of the peaks, is attributed to an increase in d-spacing and a

rise in the orderliness of the crystal planes.

Figure 3.4(a) presents the X-ray diffraction (XRD) patterns for all the films under
investigation, spanning a 2 0 range from 10° to 50°.The «, B, and y phases
constitute the majority of the PVDF and SNMX/PVDF composite films at varying

concentrations. The diffraction peaks at 18.4°, 20.0° and 26.6° which can be
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indexed to the (020), (110), and (021) planes, respectively, correspond to the «
phase of PVDF. The XRD pattern displays two moderate peaks at approximately
18.5° and 39.0°, and a strong peak at 20.3°, which can be affiliated to the y phase.
These diffraction peaks correspond to the (110/101), (020), and (211) planes,
respectively. In contrast, a weak peak at 38.8°, corresponding to the (002) plane,
and at 20.6°, corresponding to the (110/200) plane, are predominantly associated
with the 3 phase. Figure 3.4(b) is the magnified version of the XRD within the
range of 15° to 25°. The pattern reveals a noticeable decrease in the intensity of
peaks associated with the « phase, while the intensities of peaks corresponding to
the B and vy phases elevate significantly with the rising concentration of SNMX.
The intensifies in intensity of the ( 3 + v ) phase suggesting the phase transition in

the composite films due to the presence of nanofiller [29, 78, 84].
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Figure 3.4: XRD pattern of (a) representative samples and (b) magnified view highlighting
the phases.

Further, the intensity ratio of the EA (3 + v ) phase to the o phase has been
estimated, and it was found that the electroactive (EA) phase of the highest 0.75 wt%
SNMX/PVDF films is 1.3 times greater than that of the pure PVDF film. The
obtained EA phase ratio corresponding to PVDF, 0.25wt% SNMX/PVDF, 0.50wt%
SNMX/PVDF and 0.75wt% SNMX/PVDF are 0.58, 0.62, 0.73, and 0.80 respectively.
It is also important to highlight that the crystallinity of the PVDF films progressively
decreases as the concentration of the nanofiller increases. This decrement in the
crystallinity may be due to formation of new nucleation sites. However, as the

concentration of nanofiller is very low so decrement in the crystallinity is very low as
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compared to reported data [43]. Thus, the obtained XRD results confirms that EA

phase of the films increases without significant loss the crystallinity of the polymer.
3.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 3.5 (a) displays a plot of the FTIR spectrum of pure PVDF and SNMX/PVDF
films in the range of 400-1500 cm'. The spectra show peaks that correspond to the
different phases («, 8 and vy ) of the PVDF. The exclusive peaks for the « phase
are at approximately 488,534,616,764, 976 and 1207 cm™'; for the 3 phase, they are
at 473 and 1275 cm™; and for the y phase, they are at 482, 811 and 1234 cm™'. The
absorbance for the 3+ vy phases is notably stronger than that of the a phase, as
indicated by the peaks at 837 and 511 cm™'. Consequently, the electroactive 3 and vy
phases can be characterized by the presence of these two peaks. Several studies
suggest that the peaks at 1431 and 1429 cm™ can be used as characteristic bands for
the S and vy phases, respectively [29, 78, 84]. To clearly observe how the loading of
SNMX affects the intensity of the unique peaks, magnified spectra in the ranges of
740 cm™ to 860 cm ™! and 1140 cm™ to 1320 cm™ have been plotted and are shown in
Figure 3.5 (b & c). It can be seen that the intensity of the « phase peaks at 764 cm™
and 976 cm™' decreases, while the intensity of the 3 ++y phase (837 cm™) and vy
phase (1235 cm™) increases with the increment in the percentage of SNMX in the
PVDF matrix, suggesting transformation of « phase into S and y phases. The
absorption peak at 764 cm™ ! cans be attributed to the bending of the CF, skeleton,
whereas that at 837 cm™ ! originates from the rocking of the CHz, the stretching of the
C-C skeleton and CF», these two peaks correspond to the non-polar « - and polar f3 -

phases [74].
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Figure 3.5: FTIR spectra of all samples across different ranges: (a) 400—1500 cm™, (b) 740—

860 cm™, (c) 1140-1320 cm ™, and (d) plot of the fraction of EA versus SNMX concentration
(Wt%).

In fact, for the 0.75 wt% film, the « phase peaks nearly disappear due to the
incorporation of SNMX in PVDF matrix. The relative fraction (Fga) of the EA phases

56

Z"_J turnitin Page 90 of 173 - Integrity Submission Submission ID  trn:oid:::27535:154740599



(ll—_l turnitin Page 91 of 173 - Integrity Submission Submission ID _ trn:oid::27535:154740599

Chapter 3

(B andvy) in terms of crystalline components has been calculated using equation 1

for all the films [45].

Fga =(KﬁLx 100% 3.1

I764+]1
K764) 76411837

In this context, Fga represents the fraction of the electroactive phase, while Is37 and

I respectively.

I764 denote the peak intensities at wavenumbers 837 cm ™' and 764 cm™
The values of Kg37 (7.7 x 10* cm?/mol) and K764 (6.1 % 10* cm?*/mol) correspond to the

molecular absorption coefficients at these respective wavenumbers.

The fraction formula indicates that when SNMX nanofiller incorporated into the
PVDF matrix, the Fga intensifies. The calculated Fga values for various samples have
been plotted in Figure 5(d). The FEA of the 0.75 wt% film (86%) is 1.5 times higher
compared to that of the pure film (52%). These results align with the XRD results,
which showed a decrease in the « content of the composite films and an increase in
their EA phase. The rise in the electroactive phase suggests that the molecules have
reoriented [78]. In this case, the polarization induced by the SNMX nanofillers
promotes this reorientation. The material's elevates dielectric constant, which will be
discussed subsequently, further illustrates this reorientation and the associated

enhancement of the electroactive (EA) content.
3.3.3 Morphological and compositional analysis

FESEM analysis was employed to investigate the morphology and structure of
exfoliated MXene, SnO: nanoparticles (NPs) and the SNMX nanocomposite.

Figure 3.6 (a-f) shows the obtained images at low and high magnification. After the
HF treatment of the MAX phase (which exhibited an uneven surface and tightly
packed structure), transformed into an accordion-like morphology of MXene, as
depicted in Figure 3.6 (a & b). Additionally, the parallel arrangement of MXene
layers resulted from the specific etching direction of "Al" [82]. The nanocrystalline

morphology of SnO> nanoparticles (NPs) is shown in Figure 3.6 (¢ & d).
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Figure 3.6: FESEM images showing (a & b) the accordion-like morphology of exfoliated
MXene, (¢ & d) SnO, nanoparticles, and (e & f) MXene flakes functionalized with SnO»
nanoparticles.

Further, the FESEM analysis confirmed the composite synthesis by the high
dispersion of NPs among the MXene flakes. It can be clearly observed that the SnO>
NPs are integrated in between the MXene layers preventing their restacking.
However, some aggregated SnO> NPs are dispersed on top of the MXene sheets. EDX
was employed to verify the elemental composition of the SNMX composite. The
peaks for Sn, Ti, C, and O are observed in the EDS spectra within the 1-10 keV
region as shown in Figure 3.7(a). The atomic percentages of the SNMX
nanocomposite are listed in the Table in the spectra [83]. The distribution of SnO>
nanoparticles across the MXene is confirmed by the elemental mapping of the SNMX
nanocomposite, which shows the presence of mixed elements of SnO> and MXene in

the characterized area and represented in Figure 3.7(b—g).
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Mixed

Figure 3.7: (a) EDX analysis, and (b to g) elemental mapping of the SNMX nanocomposite.

FESEM images of pure PVDF and the SNMX/PVDF composite films are presented in
the Figure 3.8 (a-d).

Figure 3.8: FESEM images of (a) pure PVDF, (b) 0.25 wt% SNMX/PVDF, (c) 0.50 wt%
SNMX/PVDF, and (d) 0.75 wt% SNMX/PVDF.

The porous and spherulitic microstructure observed in both pure and SNMX/PVDF
composite films. The morphologies of all the composite films are nearly identical. It

can be observed as the SNMX filler concentration increases the surface of the films
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become more porous thereby suggesting uniform dispersion of SNMX nanocomposite
within the PVDF matrix. Which facilitates the migration of charges within the
composite film and aids in aligning the dipoles in a specific direction [45, 85].
Additionally, the increment in the number of pores further indicates that incorporation

of SNMX nanocomposite enhances the surface roughness of the composite films.
3.3.4 Impedance spectroscopic: Dielectric parameters

Dielectric spectroscopy has been employed to investigate the dielectric behaviour of
the prepared films. The dielectric properties of bulk or nanoscale solid materials are
influenced by the spatial distribution and alignment of the local electric field within
the system. Consequently, the temperature dependence and frequency-dependent
relative dielectric permittivity and loss tangent offer valuable insights into the defect

behaviour, structural changes and transport mechanisms within the solid [86-88].

The dielectric constant exhibits a complex nature and can be expressed as Equation 3.2:

* "

£ =g, —jE, 3.2

The real part of the complex dielectric constant (€*), also known as the relative
dielectric permittivity (€,), measures the electrical energy stored in the material when
a necessary alternating electric field is applied. In contrast, the imaginary part (8; ),
the dielectric loss, describes the energy dissipated in the material, as the molecules
undergoing polarization are unable to match the rate of oscillation of the external

electric field [89].

The relative dielectric permittivity (EI) and loss tangent for the materials were

determined using Equation (3.3) and (3.4), respectively.

cd

& = E 3.3
Er

tand = - 3.4

where A is the electrode area, g is the permittivity of free space (8.85 x 107> F/m), d

is the sample thickness, C is the capacitance [85-88].
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Figure 3.9: Relative dielectric permittivity & spectra of PVDF and SNMX/PVDF composites
films at (a) 25°C, (b) 50°C, (c) 75°C, and (d) 100°C.

Figure 3.9 (a-d) shows the variation of the relative dielectric permittivity with
frequency (20 Hz - 10 MHz) of the applied electric field at different operating
temperatures for all the films. It is evident that the relative dielectric permittivity (&)
intensifies with temperature across the entire frequency range, while it diminishes
with higher frequency. Furthermore, the incorporation of the SNMX nanocomposite
into the PVDF matrix significantly enhances the relative dielectric permittivity of the
films. At room temperature and 20 Hz, the relative dielectric permittivity elevates
from 7 for pristine PVDF to 35 with 0.25 wt%, 147 with 0.50 wt%, and 165 with 0.75
wt% SNMX/PVDF composite films. Increase in relative dielectric permittivity with
the addition of SNMX may be attributed to enhanced Maxwell-Wagner—Sillars
(MWS) interfacial polarization and easy charge migration at lower applied frequency
[86-88]. As the nanofiller concentration increases, polarization driven by the
alignment of interfacial charges between the polymer and the SNMX nanofiller

intensifies. Furthermore, as [ and y phases of PVDF are known to exhibit the
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highest spontaneous polarization. Thereby, the enhancement in EA phase means
increment in the polar phase with loading of SNMX nanofillers favouring the
reorientation of the molecules in applied external electric field. Thus, the film with

high EA content demonstrates the maximum dielectric constant [78, 85].
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Figure 3.10: Loss tangent spectra of PVDF and SNMX/PVDF composites films at (a) 25°C,
(b) 50°C, (c) 75°C, and (d) 100°C

At higher operating temperatures, €, continues to proliferate, reaching approximately
250 at 100°C and 20 Hz, while the relative dielectric permittivity of pure PVDF
increases to 60 under the same conditions. At room temperature, the dielectric
constant boosts by about 25 times, whereas at 100°C, it increases approximately 4
times compared to pure PVDF films. These results indicate that even a small amount
of SNMX nanocomposite as nanofillers significantly improves the relative dielectric
permittivity of PVDF at room temperature. The observed escalation in the relative
dielectric permittivity with rising operating temperature can be ascribed to the

enhanced segmental motion of the molecular chains in PVDF [85, 90].

62

Z"_J turnitin Page 96 of 173 - Integrity Submission Submission ID  trn:oid:::27535:154740599



le—_l turnitin Page 97 of 173 - Integrity Submission Submission ID _ trn:oid::27535:154740599

Chapter 3
120 25
[ PVOF I PYDF
S 0.23 wt% PYDFISNMK I 0.25 W%, PVDF/SNMX
1004 B 0.75 wi%h PVDFISNMX 076 with PVOFIEHIDN
2.0
5 80
5 S 154
£ g
5 ()
-]
E < 104
5 404 =
o
S 0.5
0 o == bl i o. 1 = = (1 | =i | |
T=298K T=323K T=348K T=373K T=208K T=323K T=348K T=373K
Temperature (K) Temperature (K)

Figure 3.11: Relative dielectric permittivity and loss tangent values at various temperatures
measured at a frequency of 20 Hz

While additional nanofiller would likely increase the relative dielectric permittivity, it
would also result in higher dielectric loss. The variation of the loss tangent (tand)
with applied frequency (20 Hz - 10 MHz) is plotted for all the films at different
working temperature and displayed in Figure 3.10 (a-d). It has been observed that the
loss tangent amplifies as the nanofiller SNMX concentration grows in the PVDF. At
20 Hz and room temperature, the loss tangent of the nanocomposite films with 0.25
wt%, 0.50 wt% and 0.75 wt% SNMX is approximately 0.5, 0.75 and 2.3, respectively,
while that of pure PVDF is around 0.2 under the same conditions. The frequency-
dependent changes in loss tangent may attributed to different relaxation mechanisms
within the materials. One is the « -relaxation in the crystalline region, accounts for
the loss tangent at low frequencies. The increase in dielectric loss at higher
frequencies suggests a second relaxation peak corresponding to « -relaxation in the
amorphous region, occurring in the IMHz-10 MHz range [85]. It is interesting to
note that the obtained losses are significantly lower with enhanced relative dielectric
permittivity as compare to the previous reported data [40, 78]. The lower losses are
attributed to significant enhancement in the EA phase with low concentration of the
SNMX fillers without reducing the crystallinity of the PVDF. For lower filler
loadings, up to the percolation threshold, the filler is encapsulated within the PVDF
matrix, acting as small, individual capacitors that collectively enhance both ¢, and

tand [43]. The reduced relative dielectric permittivity and loss tangent of
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SNMX/PVDF nanocomposites, as compared to PVDF, can be attributed to mobility
constraints. The presence of nanoparticles hinders the movement of polymer chains,
resulting in an increase in relaxation time and a shift of the relaxation process to lower
frequencies. As a result, nanocomposites with a SNMX content exhibit a decrease in

dielectric loss[85].

Further, the temperature-dependent loss tangent behaviour suggests that the losses
increase with elevated operating temperatures for all films, except for the 0.75 wt%
SNMX nanocomposite film. The 0.75wt% film demonstrate highest loss tangent
(~2.3) at room temperature and lowest loss tangent (~1.1) at 50 °C. However, on
further increment in the operating temperature (75 and 100 °C) the loss increases to ~
1.5 and remains same. Also, the losses of 0.25wt% and 0.50wt% films at 100°C
becomes twice that of the at room temperature. The obtained relative dielectric
permittivity and loss tangent values at different operating temperature at a frequency
of 20 Hz is demonstrated in Figure 3.11 (a and b).

Table 3.2: A comparative analysis of the dielectric parameters with PVDF composite films at
room temperature.

Dielectric Parameters
Nanofiller/PVDF Nanofiller Freq.

gﬂ turnitin

S.No. Composite Conc. Dielectric Dielectric loss Ref.
constant
1. BaTiO3/Sn0,/PVDF 60 vol% 145 0.8 10 kHz [91]
2. SnO,/PVDF 0.16vol% 300 0.82 10 kHz [40]
3. SnO,/PVDF 15wt% 40 0.34 40 Hz [31]
4 DA@SnO,/PVDF 1wt% 6 1 kHz [92]
5 SnO,/PVDF 0.1wt% 145 0.8 10 Hz [78]
6 BaTiO3;/MXene/PVDF 8wt% 77 0.14 100 Hz [44]
7 MnO»/MXene/PVDF Twt% 37 0.2 1 kHz [93]
8 CaCusTi4O;/MXene/PVDF 30vol% 28 0.061 10 kHz [80]
9 SnO,@MXene/PVDF 0.25wt% 38 0.7 20 Hz This work
10 SnO,@MXene/PVDF 0.50wt% 150 0.6 20 Hz This work
11 SnO,@MXene/PVDF 0.75wt% 165 2.1 20 Hz This work
A comparison of recent studies on the enhancement of the relative dielectric
permittivity of PVDF using different nanofillers is provided in the Table 3.2.
64
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Although, some reports demonstrate high relative dielectric permittivity with higher
loss tangent at substantial wt% of nanofillers. That leads to degradation in

crystallinity and flexibility of the PVDF films.

Thus, the obtained dielectric results and findings enhance our understanding the
influence of SNMX nanofillers in PVDF matrix. The results suggest that the
synthesized films have the potential to act as flexible dielectric material in various

industries, including electronics, energy storage, and telecommunications.
3.4 Piezoelectric flexible nanogenerator (PENG) studies

An oscilloscope was used to measure the generated voltage output after constructing
the piezoelectric flexible nanogenerator (PENG) device using the synthesized
SNMX/PVDF flexible composite films. The graphs in the Figure 3.12(a-d) display the
open-circuit voltage produced by the devices with different concentrations of SNMX
nanocomposites in the PVDF matrix when force was applied using a manual taper.
The plots demonstrate that the open-circuit voltage intensifies as the SNMX content
in the PVDF matrix rises. The observed peak-to-peak voltage (PPV) outputs for the
composite films are 65 £ 1.5V, 97 + 1.5 V and 105 + 1.5 V, corresponding to 0.25
wt%, 0.50 wt% and 0.75 wt% SNMX nanofillers in the PVDF matrix, respectively.
While the virgin PVDF film PPV output is 32 + 1.5 V. The voltage output from the
PENG device follows an alternating voltage waveform [31, 78, 81].

The range of load resistances influences the resulting power density. Therefore, power
density of 0.75wt% SNMX/PVDF composite films were investigated across the load
resistances from 500 kQ to 10 M Q. The obtained variations in power density as a
function of load resistance is presented in Figure 3.13. The formula used to calculate
the output power density of the PENG device is given in Equation (3.5). Where V is

the voltage across the load resistance R and A is the effective area of electrodes.

2
p=2 3.5

" Rx4

The power density increases up to 3 MQ, reaching a maximum of 0.44 u W/cm?,

after which it decreases as the load resistance continues to increase. According to the
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maximum power transfer theorem, maximum power is achieved when the internal

impedance of the source matches the external load resistance [45].
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Figure 3.12: Peak to Peak Voltage output characteristics of (a) pure PVDF, (b) SNMX (0.25
wt%), (¢) SNMX (0.50 wt%), and (d) SNMX (0.75 wt%) composites films.

The PPV output of 0.75 wt% SNMX/PVDF composite film is enhanced by more than
three times than that of the pristine PVDF film. It has been reported that boosting the
dielectric constant, reducing the film thickness, and improving the surface roughness
of the active material are highly effective in improving the performance of the PENG
[86, 90, 94]. Further, the nanofillers are commonly incorporated into polymer
matrices to enhance the dielectric constant and the surface roughness of polymers.
Thus, this enhancement in PPV output may be attributed to increased relative
dielectric permittivity and improved surface roughness of the 0.75 wt% SNMX/PVDF
film as suggested by the FESEM. The energy harvested by the PENG can be used to

power small circuits, functioning as a nanogenerator.
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Figure 3.13: Variation of power density of the 0.75 wt% SNMX/PVDF composite film as a
function of load resistance.

3.5 Conclusion

SNMX/PVDF composite films, made of PVDF and SNMX nanocomposites, have
been studied for their electroactive phase formation and significant enhancement of
dielectric characteristics over a wide frequency range (20 Hz to 1 MHz). When
0.75wt% SNMX is added to the PVDF matrix, the SNMX/PVDF composite film
exhibits the maximum electroactive phase yield (FEA = 86%). FTIR and XRD
analyses confirm that the electroactive phases in the SNMX/PVDF films have
nucleated. In particular, the SNMX/PVDF films loaded with 0.50 wt% and 0.75 wt%
SNMX nanocomposite at 20 Hz and room temperature exhibit the high relative
dielectric permittivity, 150 and 165, respectively, with notably low loss tangent. The
temperature-dependent dielectric characteristics of the manufactured films shows that
the relative dielectric permittivity of composite films increase rapidly as compare to
pure PVDF. The largest peak-to-peak voltage produced by a piezoelectric flexible
nanogenerator (PENG) made from 0.75 weight percent SNMX/PVDF nanocomposite
film is 105 V. Therefore, the SNMX/PVDF composite films with increased
electroactive phase, superior dielectric properties and enhanced PPV as PENG
suggest that they may/can meet the needs of next-generation electronic components,

such as power conditioning, flexible film capacitors, and pulsed power generators.
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OPTIMIZATION OF SnO’MXENE/PVDF COMPOSITES
FILMS TO ENHANCE STRUCTURAL, OPTICAL,
MECHANICAL, DIELECTRIC, AND ELECTRICAL
CHARACTERISTICS TOWARDS NEXT-GENERATION
FLEXIBLE OPTOELECTRONIC AND ENERGY STORAGE
DEVICES

In this chapter, we synthesized PVDF composite films consisting of 2 wt% MXene
nanosheets and x wt% of SnO; nanoparticles (x = 0.0, 2.0, 4.0, 6.0, 8.0) using the
solution casting method and characterized them using different techniques.
Interestingly, the 6S-MP composite film, containing 6 wt% SnO2 and 2 wt% MXene,
exhibits optimized optical, mechanical, dielectric, and electrical conductivity
properties. X-ray diffraction (XRD) analysis indicated the transformation of the non-
polar phase to the polar phase in the PVDF composite film. FTIR measurements
revealed an enhancement in the B phase content from 65% in pristine PVDF to 80% in
the 6S-MP composite film. FESEM micrographs confirm the formation of SnO:
nanoparticles and the characteristic accordion-like structure of the synthesized
MXene. Additionally, the introduction of nanofillers disrupted the uniformity of the
PVDF matrix, resulting in distinct morphological changes in the composite films. The
Tauc plot analysis revealed that as the nanofiller content increased, the calculated
direct and indirect bandgap energies decreased from 5.36 eV to 4.88 eV and from
5.11 eV to 4.61 eV, respectively. Furthermore, the addition of nanofillers enhanced
the tensile strength and elasticity of the composite films. Dielectric measurements
(102 to 107 Hz) showed that at 1 kHz, the relative dielectric permittivity of the 6S-MP
composite film increased fivefold compared to pristine PVDF, with relatively low loss
tangent (tan ) of 0.10. According to Jonscher’s rule, the AC electrical conductivity of
the composite films increased with the nanofiller concentration and exhibited non-
Debye type behaviour. The optimized optical, mechanical, dielectric, and electrical
conductivity properties of 6S-MP film are due to its highest B phase content, better
dispersion of SnO> nanoparticles and increased charge transport. Thus, the optimized
film can be used for fabricating next generation flexible optoelectronic devices with
enhanced charge-storage capabilities.
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4.1 Introduction

With the rapid advancement of the Internet of Things, flexible polymer composites
based on low-dimensional nanomaterials exhibiting superior energy storage and
energy harvesting capabilities have garnered increasing interest for integration into
wearable and flexible electronic systems. The development of lightweight, flexible,
and easily synthesizable polymer-based composite films has received tremendous
attention due to their unique combination of high mechanical strength, excellent
flexibility, superior electrical breakdown strength, enhanced relative dielectric
permittivity, and low dielectric loss[7, 95-97]. Therefore, these materials are
becoming increasingly essential for next-generation flexible nanoelectronics and

storage devices.

Among various polymer composites, polyvinylidene fluoride (PVDF)-based
composites have been extensively studied owing to their remarkable electroactive
phases, desirable mechanical stability, and relatively high dielectric strength.
Moreover, PVDF composites offer environmentally friendly processing methods and
facile synthesis, further supporting their applicability in flexible electronic devices|7,
97, 98].Recent studies have reported significant improvements in energy storage
density, energy conversion efficiency, sensitivity, and biocompatibility for PVDF-
based composites, highlighting their potential for a broad spectrum of applications
[97-100]. A variety of nanofillers have been incorporated into PVDF matrices to
enhance their electrical and dielectric performance. The incorporated nanofillers can
be classified into three main categories: inorganic, organic, and hybrid composites

combining inorganic and organic nanofillers [86, 101, 102].

Incorporating inorganic nanofillers into the polymer matrix enhances the dielectric
properties of PVDF while preserving the benefits of both components. However, the
independent use of inorganic nanofillers, such as TiO,, SnO,, BaTiOs, etc., often
results in trade-offs, such as increased dielectric loss, reduced mechanical flexibility
and crystallinity of the PVDF [31, 86, 103]. This is primarily attributed to the high
nanofiller concentrations and the larger dielectric gradient. To address the limitations

of inorganic nanofillers, organic/conductive nanofillers such as reduced graphene
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oxide (rGO), MXene, and multi-walled carbon nanotubes (MWCNTs) have been
incorporated into polymer matrices [77, 104, 105]. These nanofillers have proven
effective in substantially enhancing the dielectric constant, reducing the optical
energy band gap and electrical conductivity even at low concentrations, without
compromising the flexibility of PVDF. However, these nanofillers are often
associated with relatively high dielectric loss due to the nanofiller agglomeration,
which leads to the formation of conductive networks at higher nanofiller
concentrations. This phenomenon reduces the breakdown strength of the material,
thereby lowering its energy storage density and limiting its practical applicability in

energy storage devices [77, 104-106].

Consequently, developing effective strategies to modify the structural, optical,
morphological, dielectric, and electrical properties of PVDF-based composites has
emerged as a highly active and promising area of research [98, 107]. To achieve this
goal, researchers have widely focused on precisely engineering the nanofillers
composition, optimizing loading concentration ensuring uniform dispersion and

strengthening intermolecular interaction contact within PVDF matrices.

In this context, introducing a third insulating phase (inorganic) into the
conductive/polymer system to disrupt continuous conductive pathways and promote
uniform nanofiller dispersion has emerged as an efficient approach to enhance the
PVDF properties. Additionally, the incorporation of inorganic nanofillers has been
shown to effectively balance the conductive nanofillers and polymer matrix, offering
a promising pathway for tuning the dielectric, optical, and mechanical behaviour of
flexible PVDF composites for high-performance energy-related applications [44, 93].
For instance, R. Behera et al. demonstrated an enhancement in the dielectric and
electrical properties of PVDF upon the incorporation of TiO2 nanoparticles
(inorganic) and MXene (conductive) as nanofiller. The composite containing 2 wt%
MXene and 10 wt% TiO; exhibited a dielectric constant of 18.45 and a dielectric loss
of 0.05 at 1 kHz [103].

Thus, MXene and metal oxide nanostructures have emerged as an excellent nanofiller

for the PVDF matrix, significantly enhancing its structural, optical, mechanical,
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dielectric, and electrical conductivity properties. The key advantages of incorporating
metal oxide nanostructures with MXene as nanofillers include: (1) reduced leakage
conduction in the composites, and (2) lower dielectric loss, which enhances the
breakdown strength of the composite, thereby leading to a higher energy storage
density [44, 108]. Recent reports on the incorporation of TiO2, MnO,, and similar
nanostructures along with MXene as nanofillers have revealed notable enhancements
in the properties of PVDF [74, 93]. However, according to the available literature,
detailed information on the optimal wt% of SnO> and MXene in PVDF for achieving
maximum structural, optical, mechanical, and electrical properties is still lacking.
Additionally, the eco-friendly and easily synthesized nature of SnO-, along with its
versatile optical and electrical properties, makes it a suitable choice as a nanofiller

[31, 109].

Therefore, in the present work, we have synthesized nanofiller and composite films of
PVDF with unique composition of SnO: nanoparticle and MXene nanosheet as
nanofillers to provide better structural, morphological, optoelectronic, mechanical,
dielectric, and electrical properties. The PVDF composite films were fabricated using
the solution casting technique and characterized by several characterization
techniques. This study shows that the 6S-MP (6 wt% SnO. and 2 wt% MXene)
composite film exhibits highest S phase content, a reduced energy band gap,
maximum tensile strength, improved dielectric properties, and enhanced conductivity.
The proposed 6S-MP composite film provides a cost-effective, environmentally
friendly, and scalable solution for advancing next-generation optoelectronic and

energy storage devices.

4.2. Experimental section
4.2.1. Materials

Polyvinylidene fluoride (PVDF) powder with molecular weight 534000 g/mol was
procured from Sigma Aldrich, USA. Dry N,N dimethyl formamide (DMF, Merck
India), Stannic chloride hydrated 98% (SnCls.5H,O, MW= 350.58 g/mol, Sigma-
Aldrich), Titanium aluminium carbide (TizAIC2) (>90%, particle size of <100 u m,

Sigma-Aldrich), Sodium hydroxide pallets (NaOH, Merck India), Hydrogen fluoride
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acid 48% concentrated (HF, Mw= 20.1 g/mol, Sigma-Aldrich), Citric acid (Thermo
scientific chemicals), Ethanol (Merck, Germany) were used in this work without any
further purification. All the materials were of analytical grade. Additionally,

deionized water is available in our laboratory.
4.2.2. Preparation of SnO:2 nanoparticle

Tin oxide nanoparticles were synthesized by the modified hydrothermal method. In this
method, initially, 8 g of SnCl4-5H>O was mixed with 60 ml of anhydrous ethanol under
vigorous stirring for 1h. Then, 2 g of citric acid was added to the stirred solution and
further stirred for an additional 2h to ensure homogeneity. Next, the obtained solution
was transfer into a Teflon-lined stainless-steel autoclave and properly sealed. The
autoclave was heated at 160 °C for 24 h in a vacuum oven. Following the reaction, the
system was allowed to cool spontaneously to room temperature. The obtained solution
from autoclave was centrifuged (5000 rpm) for 30 minutes. The as-obtained product was
thoroughly washed multiple times using absolute ethanol and distilled water to remove
any residual impurities. Finally, the collected precipitates were dried at 80 °C for 8 h to
obtain the SnO» nanoparticles. After that the sample was kept in a vacuum desiccator to

ensure complete removal of residual solvents.

P e e e e e e

- ~

4 ~
¥ 4 — Solution 1 \\
HF Sonication
CHRE 2 Solution 2
Ti,AIC, Multilayer TiC,Tx MXene nanosheets
MXene suspension (DMF)

ll 1
i 1
i |
i I
i i
i I
; I
! I
I PVDE [T | !
s g - | — I
: Somication suspension i
| + DMF (DMF) :
] 3
] A SnQ; nanoparticle “l_'c_h_r.'_mml :
1 nanoparticle suspension (DMF) stirring i
- I
i { I
| ‘a |
i _ f '
l - Drying _i Solvent Casting o :
— M——
] Annealing — I
\\ Sn0./Mxcne/PVDF ,’
~ suspension
- P ’J

Figure 4.1: A stepwise depiction of the synthesis processes for SnO, nanoparticles/MXene
nanosheets/PVDF composite films.
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4.2.3. Preparation of TizC2Tx MXene nanosheets

Ti3C,Tx was synthesized via the delamination method. Hydrogen fluoride (HF) acid
was employed to selectively etch the aluminium layers from the MAX phase, thereby
producing MXene. A schematic representation of the entire synthesis process is
provided in the Figure 4.1. 2 g of MAX phase powder was gradually added to 30 mL
of 48% concentrated HF solution and stirred for 24 hours at room temperature using a
magnetic stirrer. Following this, the resulting multi-layered MXene suspension was
centrifuged six times at 3500 rpm for 10 minutes each, using deionized water (DI
water), until the pH of the supernatant reached 6. Finally, the mixture was dried for 12
hours at 70°C in a vacuum oven for further use. The possible chemical reactions

involved in the synthesis of MXene nanosheets are proposed as follows[110]:

TizAlC, + 3HF — AlF; + 2 Hy + Ti3C, 4.1
TisCyp + 2H,0 - TizCo(OH), + H, 42
TisCy + 2HF - TisC,F, + H, 43

4.2.4. Preparation of SnO2/ MXene/PVDF composite films

To prepare the bare PVDF film, 1 g of as procured PVDF powder was dissolved in 15
ml of DMF under magnetic stirring for 4 h to obtain uniform and transparent solution.
The as obtained slurry solution was casted in a clean dried glass petri-dish and the
solvent was evaporated at 90°C using a hot air oven for overnight. To prepare the
PVDF composite films, the weight fraction of MXene was maintained at 2 wt%,
while the weight fractions of SnO> were set at 0 wt% 2 wt%, 4 wt%, 6 wt%, and 8
wt%. Then uniform suspensions of MXene nanosheets and SnO2 nanoparticles were
individually prepared by dispersing them in DMF and sonicated for 1h. The obtained
uniform suspension of the SnO> nanoparticle and MXene nanosheets were poured in
the PVDF solution and stirred for 30 h using magnetic stirrer (400 rpm). The as
obtained mixture was casted in a clean dried glass petri-dish and the solvent was
evaporated at 90°C using a hot air oven for overnight. Table 4.1 represents the codes

assigned to the as synthesized composite films for ease of discussion. Further, the
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thickness of the prepared composite films was measured using a digital vernier

calliper and tabulated in Table 4.2.

Table 4.1: Codes assigned to the synthesized composite films.

Film Code Composition of synthesized films
PVDF PVDF

MP MXene (2wt%)/PVDF

2S-MP SnO>(2wt%)/MXene (2wt%)/ PVDF
4S-MP SnO2(4wt%)/MXene (2wt%)/ PVDF
6S-MP SnOz(6wt%)/MXene (2wt%)/ PVDF
8S-MP SnO2(8wt%)/MXene (2wt%)/ PVDF

4.2.5. Material Characterization

To characterize the structural properties of the synthesized materials, X-ray
diffraction (XRD) analysis was performed using a Rigaku Ultima IV diffractometer
equipped with Ni-filtered Cu K « radiation (1 = 1.5418 A). The surface morphology
of the synthesized particles was examined via field emission scanning electron
microscopy (FESEM, JEOL JSM-7800F Prime). Elemental composition and spatial
elemental distribution of the films were determined using energy-dispersive X-ray
spectroscopy (EDX, SWIFT ED 3000). The identification of electroactive phases in
both PVDF and composite films was conducted using Fourier-transform infrared
spectroscopy (FTIR, Nicolet 5700). The optical bandgap of the samples was estimated
through UV-Visible absorption spectroscopy using a PerkinElmer Lambda-1050
spectrophotometer. Dielectric properties were measured at room temperature using an
impedance/material analyser (Keysight E4990A) over a frequency range of 20 Hz to
10 MHz. For electrical measurements, the samples were cut into square shapes with
dimensions of approximately 5 mm x 5 mm. Mechanical properties, including tensile
strength and elastic modulus, were evaluated using a 10 kN universal testing machine
(Instron Dynamic UTM 8801) at a strain rate of 1 mm/min. Sample preparation for
mechanical testing adhered to the ASTM D882 standard.

4.3. Results and discussion
4.3.1. Structural and Morphological Analysis of the Nanofillers
4.3.1.1. XRD Analysis

X-ray diffraction analysis was employed to assess the crystalline quality and phase

purity. The obtained XRD patterns of the synthesized SnO> nanoparticles, Ti3AIC>
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(MAX phase), and Ti3CoTx MXene are shown in Figure 4.2. The presence of distinct
sharp diffraction peaks confirms the rutile tetragonal phase and polycrystalline nature
of the synthesized SnO> nanoparticles. The diffraction peaks at 2 6 = 26.48°, 33.74°,
37.80°, 51.56°, 54.54°, and 65.68°. are attributed to the crystallographic planes (110),
(101), (200), (211), (220) and (310), respectively, and are in accordance with the
standard JCPDS card no. 041-1445 [31, 40].

002
A (004) (c)MXene)
(220)

(104) (b) MAX

Intensity(a.u.)

' L ' L ] ' L ' L ' L L]
10 20 30 40 50 60 70 80
20 (degree)

Figure 4.2: XRD patterns of (a) SnO, nanoparticles (b) MAX powder (TizAlC,) and (c)
MXene (Ti3C,T) nanosheets.

Further the XRD pattern of TizAlC,, where peaks at 2 0 = 9.58°, 34.01°, 36.62°,
38.92°, 41.84° and 73.56° correspond to the (002), (100), (101), (104), (105), and
(118) planes, respectively (JCPDS card no. 52-0875), indicating a hexagonal phase
with space group P63/m m c. Upon etching TizAlC> with HF, the XRD pattern of
Ti3C,Tx displayed peaks at 2 6 = 9.03°, 17.93°,41.52° and 60.31°, corresponding to
the (002), (004), (200), and (220) diffraction planes [82]. Notably, the peak at 2 0 =

9.58° (002) in Ti3AIC2 was shifted to 2 6 = 9.03° in Ti3C2Tx, signifying the

75

(ll—,l turnitin Page 109 of 173 - Integrity Submission Submission ID _ trn:oid:1:27535:154740599



(l—_l turnitin Page 110 0f 173 - Integrity submission Submission ID _ trn:oid::27535:154740599

Chapter 4

formation of Ti3C,Tx. This shift is attributed to the etching of the Al layers from
Ti3AlC; and the introduction of surface functional groups on Ti3CoTx (e.g., —O, —OH,
and —F). The absence of the Ti3AIC; peak at 2 0 = 38.92° (104) in the TizC2Tx XRD

pattern further suggests the complete etching of the Al layers [111].
4.3.1.2. FESEM Analysis

Figure 4.3 (a&b) present the general and partially enlarged FESEM images of the
synthesized SnO; nanoparticles revealing their uniform growth and three-dimensional
spherical morphology. Furthermore, the bar histograms presented in Figure 4.3(c) for

SnOz

60 02 04 O8 08 10 12 14 16 18 20 22
Particle Size (um)

Figure 4.3: FESEM images showing (a & b) SnO; nanoparticles, (c) particle size
distribution (d & e) the accordion-like morphology of exfoliated MXene.

particles depict the frequency versus particle size distribution, which was used to
calculate the average particle size using ImageJ software. FESEM images of the
MXene sheets at 1 pm and 200 nm scale are displayed in the Figures 4.3 (d&e).
[llustrating an accordion-like structure with a large specific surface area. The well-
defined two-dimensional morphology and observable interlayer spacing confirm the
successful etching of the Al layer from Ti3AlC2. The exothermic reaction between

HF and aluminium generates a substantial amount of hydrogen gas, which facilitates

76

(l—.l turnitin  Page 110 of 173 - Integrity Submission Submission ID _ trn:oid:1:27535:154740599



le—_l turnitin Page 111 of 173 - Integrity submission Submission ID _ trn:oid::27535:154740599

Chapter 4

the expansion of the intercalated layers. Moreover, the formation of these layers

enhances the surface activity, thereby contributing to a highly reactive surface [112].

4.3.2. Structural Analysis of PVDF Composite Films
4.3.2.1. XRD Analysis

Figure 4.4(a) display the XRD patterns of PVDF and PVDF composite films within
the 2 0 range of 10° to 80°. The non-polar ( « ) and polar ( ) phases constitute the

predominant crystalline phases in all composite films across different concentrations.

Diffraction peaks observed at 18.4° and 19.5°, corresponding to the (020) and (110)
planes respectively, are attributed to the « -phase of PVDF. Conversely, the peaks at
20.6° and 38.8°, indexed to the (110/200) and (002) planes respectively, are
characteristic of the 3 -phase. Additionally, the SMP composite films exhibit distinct
peaks of the SnO» nanofiller at 2 6 = 26.2°, 33.4°, 51.6°, and 65.2°, corresponding to
the (110), (101), (211), and (301) planes, respectively. The intensity of these peaks
increases with rising SnO2 content, indicating enhanced incorporation of SnO:
nanoparticles. Diffraction peaks corresponding to MXene are not observed, likely due

to its low concentration in the composite films [93, 113].
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Figure 4.4: XRD pattern (a) Range 10° to 80° PVDF and PVDF composite films and (b)
magnified from 14° to 24° for highlighting the phases.

Figure 4.4(b) provides a magnified view of the XRD patterns in the 2 0 range of 14°

to 24°. This close-up reveals a notable reduction in the intensity of « -phase-related
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peaks, while the intensity of S -phase peaks increases significantly with increasing
the nanofiller concentration. At a nanofiller concentration of 6 wt%, the intensity of
the « -phase peak at 19.5° (110) almost disappears. Meanwhile, the 20.6° peak
corresponding to the [3 -phase shows a remarkable increase in intensity compared to
the pristine sample, indicating an enhancement in the electroactive [3 -phase upon the
addition of SnO> nanoparticles as fillers. Interestingly, on further increase in the

nanofiller concentration to 8 wt%, the XRD peaks shifts towards the « -phase (110),
indicating reduction in the J -phase. Thus, 6 wt% SnO; nanofillers demonstrate

maximum enhancement in the electroactive 3 -phase of PVDF composite film.

Furthermore, the overall crystallinity of the PVDF films is observed to decrease
progressively with increasing nanofiller content. This reduction in crystallinity is
likely due to the formation of additional nucleation sites introduced by the nanofillers
[29, 84, 114].

4.3.2.2. FTIR Analysis

The P -phase content in the synthesized pristine PVDF and composite films were
analysed using FTIR absorption spectroscopy. The J -phase in PVDF contributes
significantly to the piezoelectric response of self-powered devices. An increased f3 -

phase content correlates with a higher dipole moment, thereby enhancing the

piezoelectric performance [31].

The obtained FTIR absorption spectra shown in Figure 4.5 reveal that all the
composite films exhibit the presence of both « - and f -phases. The characteristic
absorption peaks at 835 cm™!, 1279 cm™!, and 1400 cm'are indicative of the 3 -phase,
whereas the peaks observed at 763 cm™, 795 cm, 974 cm’, and 1382 cm’
correspond to the « -phase in the synthesized pristine PVDF film. Qualitative analysis
of the FTIR spectra has been done on the basis of the relative intensities of peaks
associated with both o and [ phases. The incorporation of MXene and SnO;
nanofillers into the PVDF matrix is anticipated to induce a higher number of dipole
moments, thereby promoting the formation of the [ -phase. This is evidenced by the

reduction in « -phase peak intensities upon the addition of nanofillers, providing
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strong support for the enhanced [3 -phase content. Also, similar type of behaviour in

3 -phase content has been observed in XRD pattern [29]. The enhancement in f3 -
phase content is primarily associated with the formation of an all-trans (TTTT)
conformation of the CH, and CF, segments along the PVDF backbone, facilitated by
electrostatic interactions between the polymer chains and the abundant surface

charges present on the MXene nanosheets [74].

Absorbance(a.u.)

——

PVDF

T
1600 1800

L] ! | L ] L v L

| |
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L)
1400
Figure 4.5: FTIR spectra of PVDF and PVDF composite films ranges from 400-1800 cm™

Quantitative analysis of 3 -phase content in the synthesized PVDF matrices was
performed using the Lambert—Beer law [114]. The relative fraction of the j3 -phase in

the films was calculated based on absorbance values using Equation (4.4).

_ Ag
Fp = oacra; X 100% 4.4

The ratio of absorption coefficients k 3/ k . 1is taken as 1.26, where k ;
=7.7x104cm2mol—1 and k.=6.1x104 cm2mol—1, corresponding to the characteristic
absorption at 835 cm-1 ( 8 -phase) and 763 cm-1 ( « -phase), respectively. Here, A «
and A § represent the absorbance intensities at 763 cm-1 and 835 cm-1, and F

denotes the fraction of the /3 -phase content in the PVDF matrix.
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The pristine PVDF film exhibits a f3 -phase content of 65%. As the SnO> loading
increases, F  also increases, reaching a maximum of 80% at a SnO; concentration of
6 wt%. However, at a higher nanofiller concentration of 8 wt%, F 3 decreases to
73%. This decline is attributed to the excessive nanofiller content leading to
nanoparticle agglomeration, which introduces structural defects into the PVDF matrix
and perturbs the potential energy landscape of the polymer chains, thereby hindering
[ -phase formation[45, 74]. The trend observed in F 3 closely follows the variation

in the dielectric constant of the composite films.
4.3.3. Morphological Analysis of Composite Films

FESEM was employed to investigate the surface morphology of pure PVDF and
PVDF based composite films. The incorporation of nanofillers into the PVDF matrix
induced notable morphological alterations in the composite films structure. Figure 4.6
(a-r) presents the FESEM micrographs of PVDF films both with and without
nanofillers at different magnifications. The micrographs of the pure PVDF film (a, b
& c) reveal predominantly fibrillar structures, which are characteristic of « -phase
spherulites (indicated by the blue circle). These morphological features are absent in
the PVDF nanocomposite films. The introduction of nanofillers disrupts the

uniformity of the PVDF matrix, leading to distinct morphological changes.

The surface micrographs of the nanocomposite films demonstrate the presence of
spherulitic structures; however, a noticeable reduction in spherulite size is observed
upon the addition of MXene and SnO> nanoparticles (highlighted by the red circle).
The size of the spherulites is indicative of the polymer’s crystallization kinetics,
which are governed by both the nucleation ability of the nanofillers and the
subsequent growth rate of the spherulites [115]. Furthermore, the composite exhibits a
porous morphology, attributed to phase transitions in the polymer matrix induced by

the inclusion of nanofillers.
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500m m

500nm

Figure 4.6: FESEM images of (a to c¢) pure PVDF, (d to f) MP, (g to i) 2S-MP (j to 1) 4S-MP
(m to 0) 6S-MP (p to r) 8S-MP composite film.
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Interestingly, a decrease in the « /[ phase ratio correlates with a reduction in
spherulite size. In this study, to validate the modifications in crystalline morphology
upon the incorporation of 6 wt% SnO; evidenced through FTIR and XRD analysis
corresponding changes in nucleation-related physical properties were examined.

These observations further support the role of nucleation in promoting the [ -phase.
Accordingly, the 6S-MP sample, which exhibits the highest j -phase content, also

displays the smallest spherulite size.

Elemental mapping analysis confirmed the presence of the incorporated nanofillers
and their homogeneous distribution throughout the PVDF matrix, as illustrated in
Figures 4.7 and 4.8. Figure 4.7 depicts the uniform dispersion of MXene within the
PVDF matrix of the MP composite film, while Figure 4.8 demonstrates the
distribution of both MXene and SnO; nanofillers in the 6S-MP sample. This uniform
distribution can be attributed to the effective sonication and stirring processes

employed during the preparation of the composite films.

. Mixed|(b)

Figure 4.7. (a to d) Elemental mapping of the MP composite film.
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= Mixed |(b)

Figure 4.8. (a to f) Elemental mapping of the 6S-MP composite film.

4.3.4. Optical Properties of Composite Films
4.3.4.1. UV-Visible Absorbance Spectroscopy

The optical properties of PVDF and its composite films were analysed using UV—
Visible absorbance spectroscopy in the wavelength range of 200-800 nm and the

absorbance spectrum is illustrated in Figure 4.9.
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Figure 4.9: UV-Vis absorption spectra of PVDF and PVDF composite film.
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It is evident that the absorbance of pristine PVDF is significantly lower than that of
the composite films within the visible spectrum. Among all samples, the MP
composite film exhibits the highest absorbance in visible region. In the ultraviolet
(UV) region, the PVDF film displays an absorbance band at 215 nm, which can be
attributed to the CF» vibrational modes of PVDF [74, 105]. The intensity of this UV
absorption band decreases in the composite films; however, an increase in intensity is
observed for the 8S-MP film.

Table 4.2: Thickness, Energy band gap (Egin,Eeq), Conductivity (oq.), Frequency exponent (s),

Mechanical strength, Relative dielectric constant (g,) and Loss tangent (tand) of the PVDF
and PVDF composite film.

sampe | " | Ben(e) | B | G| s | S | i | v
PVDF 110 5.35 5.11 4.0 0.79 25 6 0.01
MP 130 5.17 4.83 8.6 0.89 30 10 0.01
2S-MP 100 5.07 4.73 7.9 0.82 - 12 0.03
4S-MP 110 5.06 4.70 10.6 0.83 33 15 0.04
6S-MP 120 4.88 4.61 11.3 0.84 46 30 0.1
8S-MP 100 5.26 4.98 7.38 0.81 26 18 0.08

Additionally, the SMP composite films exhibit an absorption band at 295 nm (4.2
eV), which can be ascribed to the incorporated SnO> nanoparticles. The intensity of
this band increases with SnO; content up to 6 wt% in the PVDF matrix. Moreover, a
redshift in the band position accompanied by band broadening is observed [116]. This
broadening and shift are likely due to changes in the crystallinity of the composite
films induced by the addition of SnO,. Notably, the film containing 8 wt%
SnOzshows a reduction in band intensity, which may be attributed to nanoparticle
agglomeration. Optical properties of these polymer nanocomposite films make them

promising candidates for use as UV shielding materials in future optical technologies.
4.3.4.2. Energy Band Gap Analysis

The optical energy band gap of the synthesized films has been calculated using the
obtained UV-visible absorbance spectrum. The indirect and direct energy band gap of

the films have been calculated using Equation (4.5).
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a(v) = % 4.5

12

Here hv(ev) === denotes the photon energy, Eg is the energy band gap, a = 2.303 »
‘;—” is the absorbance coefficient, Ay is the absorbance, d is the thickness of the

prepared sample and the exponent n = 2 corresponds to an allowed indirect electronic

transition, and n=1/2 pertains to a direct transition [73].
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Figure 4.10: Tauc plots of (a) indirect (b) direct band gap of PVDF and PVDF
composite film.

The plotted Tauc plots between (ahv)'? versus (hv), and (ahv)? versus (hv), for
determining the indirect (Egin) and direct optical energy band gap (Egd), respectively,
of pure PVDF, MP, and SMP composite films are presented in Figure 4.10 (a & b).
The optical band gap energies were estimated from the intercept of the extrapolated
linear portion of the curve with the photon energy axis at o« = 0. The calculated Egin

and Egq values for all the films are tabulated in Table 2.

The Egin and Ega values of the pristine PVDF film are found to be 5.11 eV and 5.35
eV, respectively which are in close agreement with their literature values[73, 74]. The
incorporation of MXene into PVDF reduced the Egin and Egq from 5.11 to 4.83 eV and
from 5.35 to 5.17 eV, respectively. Furthermore, on progressive incorporation of
SnO» nanoparticles into the PVDF matrix leads to a systematic reduction in the both
(Egin and Egq) optical band gap upto 6 wt% of SnO2 nanoparticles. This reduction is

attributed to the generation of structural defects and localized electronic states near
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the band edges, which effectively lower the Fermi level in the composite films. These
defect states facilitate charge carrier transitions, thereby modulating the electronic
structure and optical properties of the composites [73, 105]. This trend is ascribed to
defect-induced localized states, enlargement of grain size, and the corresponding
increase in charge carrier density within the conduction band. This reduction in the
energy band gap raises the electrical conductivity along with modulation in optical

characteristics of the composite films [73, 117].

Interestingly, on further increasing the SnO> concentration (8 wt%) in PVDF matrix
values of the both optical energy gap increases. At this concentration the nanofillers
start forming clusters/agglomeration within the PVDF matrix as evident from FESEM
result. This clustering of the nanofillers leads to reduction in the interactions between
nanofiller and the PVDF matrix, which obstruct charge transport, resulting in increase
in energy band gap. This energy band gap engineering of the composite’s films is
fascinating towards many flexible optoelectronic applications including organic light-

emitting diodes, flat panel displays, and photovoltaics [73, 74, 105, 117].

4.3.5. Mechanical Properties of Composite Films
4.3.5.1. UTM Analysis

The mechanical performance of pure PVDF, MP and SMP composite films were
determined using the UTM data. The stress strain curve of the films is plotted in
Figure 4.11 (a). The tensile strength values for pure PVDF, MP ,4S-MP, 6S-MP and
8S-MP films are found 25, 30, 33, 46 and 26 MPa, respectively. The composite film
containing 6 wt.% SnO> exhibited the highest tensile strength with enhancements of
82% relative to the pristine PVDF. However, beyond this optimal concentration, a
decline in mechanical properties was observed. This reduction is attributed to the
increased SnO> content which impairs uniform dispersion and promotes particle
agglomeration. The formation of agglomerates introduces structural defects and stress
concentration points within the matrix, thereby compromising the mechanical

integrity of the composites [118, 119].

Further, to obtain the elastic modulus, slope of the linear part of the stress strain curve

is measured. The measured elastic modulus values of the films are plotted in

86

zl’—_l turnitin Page 120 of 173 - Integrity Submission Submission ID  trn:oid:::27535:154740599



le—_l turnitin  Page 121 of 173 - Integrity submission Submission ID _ trn:oid::27535:154740599

Chapter 4

histogram shown in Figure 4.11 (b). The MP composite film has lowest strain
compare to SMP films. The observed pattern of elastic modulus and strain values are

in accordance with the reported data [37].
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Figure 4.11: (a) Stress vs. strain curve and b) elastic modulus variation of PVDF and
PVDF composite films.

4.3.6. Dielectric properties of Composite Films

For device applications like supercapacitors and batteries, enhancing a material’s
charge storage capacity is essential for improving its dielectric properties [109].
Dielectric measurements provide valuable insights into the material's relaxation
mechanisms and their dependence on frequency. Two important physical parameters

derived from these measurements are dielectric constant and loss tangent.
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Figure 4.12: Frequency dependent (10% to 107) dielectric properties of PVDF and PVDF
composite film (a) Relative dielectric permittivity, (b) loss tangent.
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Several factors influence a material's relative dielectric permittivity including applied
frequency, temperature, molecular orientation, applied pressure, and molecular
structure [86, 88]. Thus, frequency dependent study of the dielectric properties was
investigated of the synthesized films at room temperature. Figure 4.12 (a&b) presents
the variations in ¢, and tan § as functions of frequency ranges from 10> Hz to 10’ Hz
for the PVDF, MP and SMP composite films. The &, of PVDF and MP films remains
almost constant with applied frequency whereas the SMP films exhibit a gradual
decrease with increasing frequency. The variation in g, is more at lower frequencies
(100 Hz to 1kHz) than that of in higher frequency range. This phenomenon is
primarily attributed to the inability of dipoles to fully align with the oscillating
electric field at higher frequencies. At lower frequencies, dipoles can effectively track
the changes in the electric field, whereas at higher frequencies, the rapid oscillations
hinder the dipoles from aligning with the field, leading to a diminished and delayed

polarization response, which consequently results in a reduction in the . [92, 93].

It is expected that the relative dielectric permittivity of the composite films will
enhance due to their increased [ phase content as compared to the pristine PVDF
film. Therefore, the composite film (6S-MP) with highest [ phase content has shown
maximum ¢, at room temperature. At 1 kHz, the ¢, of the 6S-MP composite film
increases five times than that of pristine PVDF. However, the composite film (8S-
MP) with 8 wt% SnO; shows decrement in the dielectric constant. At room
temperature and 1 kHz, the values of ¢, and tan 0 of PVDF and composite films are
tabulated 4.2. The observed ¢, behaviour is explained using the Maxwell-Wagner-
Sillars (MWS) interfacial polarization and [ phase content of the films. The SMP
composite films comprises three distinct interfacial interactions: SnO2/PVDF,
MXene/PVDF, and SnO>/MXene. These interfaces facilitate charge accumulation and
interfacial polarization arising from the distinct electrical properties of SnO2, MXene,
and PVDF [93, 120]. An increase in SnO2 content up to 6 wt% results in a greater
number of interfaces within the composite through homogenous dispersion
throughout the macromolecular chain, thereby enhancing interfacial polarization and
significantly increasing the ¢.. Additionally, the enhanced polar [ -phase further

contributing to the improved &;,[74, 121].
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Loss tangent (tan 0 ) of the composite films initially decreases and then increases with
frequency. tan 0 is influenced by factors, including conductivity loss and polarization
loss. At lower frequencies, tan § is predominantly attributed to interfacial polarization
loss and the orientation polarization of PVDF molecules. While at higher frequencies,
dielectric relaxation becomes the dominant factor due to the increased movement of
polymer chains within the PVDF matrix [77, 120]. It can be observed the tan 6 of the
composite films at low frequencies increases with increasing SnO> content up to 6

wt%, yet remains relatively low.

Furthermore, the composite films with 8 wt% SnO> content shows reduction in the
g,and tan 0 . The reduced ¢.and tan 0 of the 8S-MPcomposite film is due to the
forming the cluster of nanoparticles within the PVDF. That clustering of nanoparticles
in the PVDF matrix leads to increases the number of immobile charge carriers in the
matrix resulting in a decrease in . and tan 6 [85, 122]. Table 4.3 compares the

dielectric properties of this work with other reported polymer composites.

Table 4.3: Comparative analysis of dielectric properties of SnO,/MXene/PVDF composite
films with other reported PVDF composites.

S.No Composites Filler concentration f(kHz) €, tan Ref.
1 MnO»/MXene/PVDF Ml\;[;egé Z ;Vvt:fo " 1 37.3 0.05 [93]
2 BaTiOs/MXene/PVDF I:/Ia;:s; i VVZIZZ 0.1 77 0.15 [44]
3 Ta,Os/PVDF Tay0s:1.25wt% 1 40 0262 | [123]
4 StTiOs/MXene/PVDF SITiOs: 30 wi% 1 117.8 0.169 | [124]

MXene: 12 wt%

CCTO: 30 vol%
TO/MX PVDF 1 2 .
5 CCTO/MXene/PV. MXene: 5 wi%% 0 6 0.063 [80]

SnOy: 15 wt%

6 Sn0,/PVDF 1 27 0.2 [31]
CNT: 3.0 wt%
7 MnO, NW/CNT/PVDF MO 4.5V;/vt‘;) 0.1 50.6 0.7 [125]
. 0 Thi
8 Sn0»/MXene/PVDF N?;l((:liewavtft/‘;) 1 30 0.1 Woi

4.3.7. AC Conductivity of Composite Films
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The total conductivity originates from the combined contributions of free charge
carriers and bound charge carriers. Decrease in conductivity with increasing
frequency is indicative of dominant free carrier transport, whereas an increase in
conductivity with frequency implies a predominance of bound charge carrier
contribution [88]. Therefore, the AC conductivity (o ()) of the all the synthesized
films has been studied as function of applied field frequency and represented in

Figure 4.13. The o (w ) was calculated using the Equation (4.6).
o(w) = weye-tand 4.6

where o =2 7 f is the angular frequency, &, is the permittivity of free space, &;. is the

relative permittivity, and tan § is the loss tangent [88, 126].
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Figure 4.13: Frequency dependent dielectric AC conductivity of PVDF and PVDF composite
film.

Across all samples, conductivity increases with frequency, confirming that the
conduction mechanism is primarily governed by bound charge carriers. In lower
frequency region (102-10°) the variation in o ( w ) is negligible. The observed
variation can be described by the Funke jump relaxation model, which suggests that
charge carriers engage in successful hopping over prolonged durations, leading to
long-range translational movement that results in frequency-independent conductivity

[127]. However, at higher frequencies the films show greater variation in o () with
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frequency as well as with nanofiller concentration. This sudden rise in conductivity is

attributed to dipole relaxation and short-range ion mobility [109].

The increment in ¢ () of PVDF with nanofiller concentration above 10° Hz can be
attributed to the electronic polarization. The increase in conductivity with rising
frequency is attributed to enhanced charge carrier mobility and the ionic hopping
mechanism involved in the conduction process [128]. The highest conductivity is
observed for 6S-MP composite film, suggesting optimal nanoparticle-polymer
interaction at these loadings. At higher nanoparticle content (8S-MP), agglomeration
leads to a reduction in interfacial interaction between the polymer and nanofiller
particles. This aggregation favours particle—particle rather than particle—polymer
interactions, thereby obstructing charge transport pathways and causing a slight

reduction in conductivity relative to the 8S-MP composite film [44, 128].

The frequency dependence of the AC conductivity was analysed using Jonscher’s

universal power law, expressed as (Equation (4.7)):
Ogc(w) = 040 + AW? 4.7

where 0,4, represents the frequency-independent (DC) conductivity, and
Aw?corresponds to the frequency-dependent part. Here, A is a pre-exponential factor
indicating the degree of polarization, and s (0<s<l) is the power law exponent
reflecting the extent of interaction between mobile ions and the lattice, which varies

with frequency [44, 129].

The calculated values of o,.and s are tabulated in Table 4.2. The MP and SMP
composite films exhibit higher o4.conductivity compared to pure PVDF due to the
inherently conductive nature of SnO; and MXene. Furthermore, the s values range
between 0 and 1 for a perfect Debye dielectric dipolar material and an ionic-type
material, respectively. All the composite films exhibit a non-Debye relaxation

phenomenon, as indicated by s values approaching 1[109, 129].

4.4. Conclusion
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Using a solution casting technique, PVDF composite films with different wt% of
SnO; and 2wt% MXene as nanofillers were effectively synthesized. Assessment of
their different characterization suggests that the 6 wt% SnO and 2 wt% MXene (6S-
MP film) is the optimized nanofiller concentration in PVDF matrix towards
improvement in its structural, optical, mechanical, dielectric, and electrical properties.
XRD and FTIR analyses confirmed the enhancement of the electroactive phase in the
composite. FESEM micrograph of the pure PVDF film reveal predominantly fibrillar
structures, which are characteristic of « -phase spherulites which are absent in the
PVDF composite films. Tauc plots revealed a decrease in direct and indirect band
gaps from 5.36 and 5.11 eV to 4.88 and 4.61 eV, respectively. The 6S-MP composite
film showed an 82% improvement in tensile strength over pristine PVDF. At 103 Hz,
it exhibited a dielectric constant of 30 with a relatively low loss tangent of 0.1.
Interestingly when the nanofiller content is increased to 8 wt% of SnO», the properties
of composite film (8S-MP) start deteriorating. The increase in electroactive phase,
reduction in energy band gap, and enhancement in dielectric properties indicate that
optimized composite film is well-suited for applications in energy harvesting, UV
shielding, and energy storage devices, respectively. So the next chapter is described
the mechanical energy harvesting properties (PENG and TENG) of these flexible

composite films by the fabrication of Flexible Composite Energy Harvesting Device.
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DESIGN AND DEVELOPMENT OF A HIGH
PERFORMANCE PVDF BASED FLEXIBLE COMPOSITE
PIEZOELECTRIC ENERGY HARVESTING DEVICE FOR

WEARABLE ELECTRONICS

Dual nanofillers designed for polymer nanocomposites are expected to obtain
excellent biomechanical energy harvesting performance by virtue of hybrid
morphologies, charge transfer capability and interaction with surface charge. In this
study, a dual nanofillers MXene (Ti3C2Tx) nanosheets and tetragonal tin oxide (SnO)
nanoparticles are incorporated into a PVDF matrix. At a fixed concentration of 2 wt%
MXene and varying concentrations of SnO» nanoparticles (2 wt%, 4 wt%, 6 wt%, and 8
wt%), composite PVDF flexible films were fabricated using the solution-casting method.
FTIR analysis identified an optimal composition of 2 wt% MXene and 6 wt% SnO; (6S-
MP), which shows a maximum J phase content of 80% due to uniform distribution of
the nanofillers as confirmed by the FESEM images. The 6S-MP flexible composite
piezoelectric energy harvester (FCPEH) device generated maximum open circuit voltage
(Vo) of 65 V and a power density of 43.8 1 W/cm? under periodic palm tapping. The
improved results of the device attributed to (a) the uniformly distributed MXene
provides a large surface area for efficient charge transfer, (b) the SnO, nanoparticles act
as nucleating agent to promote the « to [ phase transition (c) the improved interfacial
polarization due to synergistic effect of SnO> and MXene into PVDF Matrix. The
FCPEH device maintained a stable average output voltage during 1000 seconds on
periodic palm tapping, which indicate the robustness and stability of the device. The
optimized 6S-MP FCPEH device was employed to (1) efficiently detect biomechanical
motion such as heel movement, toe movement, bending, pinching and different finger
tapping, (2) charge the 1 u F and 2.2 4 F capacitor to 2.1 V and 1.3 V, respectively,
within only 80 seconds, and (3) glowing the 11 LED Pannel through periodic palm
tapping. Thus, this work is significant step towards the development of efficient FCPEH
device for high performance biomechanical energy harvesting towards self-powered

wearable electronics.
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5.1 Introduction

As smart technologies become increasingly integrated into everyday life, their
dependence on batteries and electrochemical cells presents significant challenges.
These conventional power sources often suffer from short lifespans, environmental
hazards, high maintenance costs, and the constant need for recharging[1-3]. To
overcome these limitations, developing self-powered devices has become crucial not
only to reduce dependence on fossil fuels but also to minimise their environmental
impact[4]. In this context, emerging technologies are being developed to efficiently
harness, low-frequency, and disordered mechanical energy abundant in ambient

environment for electrical energy generation[130].

In order to scavenge energy from ambient environmental and biomechanical sources,
particularly from body movement or tapping, triboelectric and piezoelectric energy
harvesting devices have been thoroughly studied in recent years[1, 31, 73, 131]. These
devices are suitable for flexible, portable electronics that operate at low frequencies.
Compared to other unconventional energy sources, triboelectric and piezoelectric
energy-harvesting devices are relatively inexpensive[l7]. However, triboelectric
devices have several major drawbacks, including complex construction, poor stability,
low durability, industrial-scale packaging challenges in humid environments. Also,
their high output voltages that may damage electronic circuits or pose fire hazards
especially in applications where only low power is required for general electronic

circuitry[17, 31, 73, 132-134].

In contrast, piezoelectric device offers advantages over triboelectric device in terms of
easier integration into electronic devices, simpler fabrication, and more
straightforward structural design. For flexible piezoelectric device the researchers
have explored various polymers[130, 135]. Among these polymers, Polyvinylidene
fluoride (PVDF) has emerged as a pivotal material for flexible piezoelectric devices,
owing to its exceptional thermal stability, mechanical durability, and pronounced
electroactive characteristics. However, the pristine PVDF based piezoelectric devices

usually have low output power density which limits their practical application for real
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time flexible devices. Thus, the current research is focused on strategies to enhance

their output power density[114].

It is widely established that the piezoelectric response of the PVDF within a
piezoelectric device, and thus its performance, can be effectively tailored through
incorporation of the different nanofillers. PVDF can crystallise into several distinct
polymorphs «, B, v, 0,and ¢ phases[136]. Among which (3 phase are polar and
has remarkable properties such as excellent dielectric and piezoelectric properties,
high thermal stability, enhanced mechanical strength, increased energy density with
intrinsic flexibility. These properties of the [ phase are attribute to its all-trans
(TTTT) zigzag chain conformation. As the TTTT conformation possesses high
microscopic dipoles due to the arrangement of hydrogen and fluorine atoms in

opposite directions[30-32, 114].

Consequently, the development and augmentation of the [ phase content within
PVDF is a critical objective for advancing its suitability in efficient flexible
piezoelectric devices. The impregnation of nanofillers having inherent high
piezoelectric properties within the PVDF matrix is the good approach to increase its
polar phase fraction. However, these nanofillers often demonstrate poor compatibility
with the PVDF matrix due to a propensity for agglomeration within flexible

composites[30, 118].

Nowadays, the incorporation of the dual nanofillers into PVDF matrix have emerged
as an efficient approach to improve its polar phase without disturbing the crystallinity
and flexibility. In this regard, the combination of 2D conducting materials (like as
graphene oxide, hexagonal boron nitride (h-BN), MXene etc.) with ceramics (BaTiOs3,
Zn0O, TiO: etc) is gaining interest among the researchers[46, 47, 137-139]. This
unique combination of 2D conducting and ceramics nanoparticles offers synergistic
advantages. The high conductivity, large specific surface area, and excellent
flexibility of the 2D materials which facilitate 3 -phase nucleation by promoting the
alignment of polymer chains, enabling interfacial interactions that orient molecular
dipoles, and inducing crystallisation within the PVDF matrix. Whereas the ceramic

nanoparticles serve as nucleating agents for polar phase transformation of the PVDF.
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Thus, the optimized combination of the 2D materials and ceramic dual fillers in

PVDF matrix improves its piezoelectric behaviour[46, 47, 139].

For example, Yousaf et al. achieved an open-circuit voltage (Voc = 16.3 V) and
maximum power density (170 p W/cm2) using optimised MXene/ZnO/PVDF
composite NG device. The obtained results are attributed to the piezoelectric
behaviour of ZnO and MXene’s high conductivity, helping better charge separation
and transportation[46]. Similarly, Chauhan et al. demonstrated highest S -phase
content (85.6 %) in PVDF by incorporating the carbon nanofiber (CNF) and ZnO
nanorods (NR) in PVDF matrix. The dual nanofillers PVDF composite film based
piezoelectric device yield a Voc of 80 V and power density of 20 mW/cm3 under
periodic palm tapping. The improved performance of the device are due to (a) CNF
forms charge transfer networks at an optimized loading, (b) ZnO NR act as efficient

nucleating agents, promoting polar phase transformation[47].

In this context, present work uses the combination of MXene nanosheets (2D) with
SnO> nanoparticles as nanofillers to improve the piezoelectric properties of the PVDF.
The MXenes (Ti3C2Tx) nanosheets have inherent abundance of surface terminations
(e.g., -0, —OH, —F), high electrical conductivity, and large specific surface area,
enabling direct interaction with PVDF without necessitating additional processing[52,
140, 141]. While the surface charge of tin oxide (SnO>) nanoparticles plays the key
role in the [ -phase nucleation procedure[31, 142, 143]. Therefore, this novel
combination of the nanofillers is supposed to improve the energy conversion
efficiency of PVDF due to the synergistic effect of MXene and SnO>. The MXene
nanosheets are expected to improve the mechanical strength, charge transfer and
dipole alignment via hydrogen bonding[144-146]. While the SnO> nanoparticles acts
as a nucleating agent through electrostatic interactions thus promoting /3 -phase
formation. To produce such high-performance PVDF-based composites, solution
casting is one of the best methods of choice due to its notably straightforward, cost-
effective, and versatile approach. In our previous work [147],we focused on the
optimization of structural, dielectricc and mechanical properties of

SnO2/MXene/PVDF composite films. However, that study did not address device
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fabrication and energy harvesting performance. The present work extends this
material system towards the development of a flexible piezoelectric energy harvesting

device with real-time performance evaluation.

Therefore, in this work, a dual nanofillers MXene nanosheets and SnO; nanoparticles
are incorporated into a PVDF matrix. At a fixed concentration of MXene and varying
concentrations of SnO> nanoparticles, composite PVDF flexible films were fabricated
using the solution-casting method. The [ phase crystallization and surface
morphology of the synthesized composite films were investigated using the different
characterization tools. The optimized 6S-MP (2 wt% MXene and 6 wt% SnO»)
flexible composite piezoelectric energy harvesting (FCPEH) device demonstrated the
highest Vo 65 V and the superior output power density 43.8 1 W/cm?. The fabricated
6S-MP FCPEH device is capable of illuminating 11 commercial LEDs and charging
capacitors (I u F and 2.2 u F) using periodic palm tapping. The improved energy
harvesting efficiency of the optimised fabricated device make it a promising candidate
for self-powered wearable sensors and next-generation energy-harvesting

technologies.

5.2 Materials and Experimental Methods
5.2.1 Materials

All the materials were of analytical grade and used without any further purification.

5.2.2 Synthesis of Nanofillers

SnO> nanoparticles were synthesized via a modified hydrothermal method employing
SnCl4-5H20 and citric acid, followed by purification through centrifugation and
washing, and subsequent thermal drying[114, 147, 148]. MXene was synthesized
through the selective etching of Al from a MAX phase precursor using concentrated
hydrofluoric acid (HF), followed by iterative centrifugation for purification and
delamination. The synthesized samples were stabilized in a vacuum desiccator to
ensure complete solvent removal[52, 82, 114].The detailed synthesis process has been

described in our previous study [147].
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5.2.3 Material Characterization

The details of the characterization techniques used are reported in our previous report
[147]. The tapping method was used to evaluate the performance of the FCPEH
devices. A digital storage oscilloscope (Tektronix MDO 500) was utilized to measure
the output voltage generated by the FCPEH devices under mechanical and human-

body-induced motions.

Figure 5.1: Digital images of (a) Flexible composite film (b) Bending, (¢) Twisting and (d)
Rolling of the 6S-MP composite film.

5.2.4 Fabrication of FCPEH Device

PVDF composite film synthesized by the efficient and facile solution casting method.
The detailed synthesis process has been described in our previous work [147]. The
resulting nanocomposites are denoted as PVDF, MP (2 wt% MXene), 2S-MP (2 wt%
MXene and 2wt% SnO3), 4S-MP (2 wt% MXene and 4wt% SnOz), 6S-MP (2 wt%
MXene and 6wt% Sn0O,), and 8S-MP (2 wt% MXene and 8wt% SnO»). The digital
photograph of the 6S-MP flexible composite film is shown in Figure 5.1(a). Self-
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standing flexible composite film can be easily bended, twisted and rolled as shown in

Figure 5.1(b-d).

Synthesized flexible composite films were cut into small pieces of area (2.5%2.5) cm2
for the fabrication of Flexible Composite Piezoelectric Energy Harvesting (FCPEH)
device. The composite-based energy harvester device was fabricated by typical
electrode composite electrode stack technique. To prevent electrode shorting at any
endpoint, the device was fabricated by sandwiching the composite films between two
metallic (aluminium) electrodes, which served as the top and bottom charge collecting
layers. The electrode areas were slightly smaller (2.2 cm X 2.2 ¢cm) than the film area.
Bipolar copper wiring connected to the electrodes for getting voltage output. Kapton
tape, known for its neutral piezoelectric effect, was used to enclose the entire
prototype. This encapsulation not only offers enhanced protection against wear,
mechanical agitation, and other potential losses during energy-harvesting
measurements but also minimizes charge carrier exchange between the surrounding

air and the electrode layers.

(a) (b)

[ ] Kapton Tape
I SnO2/Mxene/PVDF film
[ | Alelectrode
B Copper Tape
Copper Wire

Figure 5.2: (a) Schematic diagram of the FCPEH device (b) Digital image of the FCPEH
device (c¢) Flexibility representation of the FCPEH device

A schematic diagram and a digital photograph of flexible composite piezoelectric
energy harvesting (FCPEH) device is also shown in Figure 5.2(a&b). The FCPEH
device can be bend comfortably as shown in Figure 5.2(c). The fairly FCPEH device

could be suitable for embedded and wearable electronic.
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5.3. Result and Discussion
5.3.1 Characterization of the nanofillers and the composite films

The obtained XRD pattern confirm the successful etching of Al layers from TizAlC,,
resulting in the formation of Ti3C,Tx and tetragonal rutile structure of the synthesized
SnO, nanoparticles [147]. FESEM image of the synthesized SnO> nanoparticle is
presented in Figure 5.3(a), which reveals their spherical morphology. Figure 5.3(b)
depicts the MXene morphology, revealing a multilayered, sheet-like structure. In the
high-resolution inset image, the presence of thin, well-stacked layers, indicating that

the Al layer was successfully etched[52, 82, 147].

Figure 5.3: The FESEM image of (a) SnO: nanoparticles (b) Mxene nanosheets, inset
(enlarged view of nanosheets).

FESEM images of the synthesized PVDF composite films is presented in Figure
5.4(a—f). Figure 5.4(a) reveals that the pristine PVDF film exhibits a uniform, smooth,
and densely packed morphology. The film surface is devoid of wrinkles, fractures,
porosity, folds, and granular features. This absence of structural defects indicates the
formation of a homogeneous matrix, attributable to the use of a polar solvent during

the blending process, which consequently yields a flexible and consistent film.

The incorporation of nanofillers perturbs the homogeneity of the PVDF matrix,
inducing distinct morphological alterations. Surface micrographs of the
nanocomposite films confirm the presence of spherulitic structures, albeit with a

conspicuous reduction in spherulite size subsequent to the addition of MXene and
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SnO> nanoparticles. As exemplified by the FESEM image of the 6S-MP composite
film in Figure 5.4(e), a highly compact and uniform surface morphology is attained,
which is devoid of pin-hole cracks. Notably, the film containing 8 wt% SnO> shows
increment in spherulitic structures, which may be attributed to agglomeration of the
nanofillers. FESEM analysis further corroborate the role of nucleation in promoting

the B phase, as confirmed by FTIR analysis. The addition of SnO> nanoparticles with
2 wt% MXene into the PVDF matrices progressively enhanced the 3 -phase content,
peaking at 80% for the 6S-MP composite film [147].

Figure 5.4: FESEM Images of (a) Pristine PVDF (b) MP (c) 2S-MP (d) 4S-MP (e) 6S-MP
and (f) 8S-MP Films.

5.3.2 Piezoelectric Mechanism

A cyclic process (1) initial state, (2) compressive state, (3) release state, and (4) return
to the initial state can be used to illustrate the functioning of the FCPEH device, as
shown in Figure 5.5(a-d). The piezoelectric response of the FCPEH device is
influenced by several factors, including induced polarization, dipole strength,
flexibility, and mechanical integrity[17, 32]. According to surface morphological and
structural characterization, the incorporation of SnO> and MXene into the PVDF

matrix significantly increases the [ phase content while reducing the spherulitic
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structure, thereby enhancing the mechanical robustness and overall piezoelectric

performance of the PVDF composite films.

(a) Initial state - (b) Compressing - (¢) Releasing - (d) Initial state

No electron Iﬂmmn ﬂg::;?n No electron
flow — flow e flow
M C2 A (M

Figure 5.5: (a-d). A schematic representation of the Flexible Composite Piezoelectric Energy
Harvester (FCPEH) device working mechanism during loading and unloading.

Figure 5.5(a) depicts the FCPEH device in its initial state, characterised by a random
spatial distribution of electrical charges. This disordered dipole configuration results
in a net zero piezoelectric potential, and consequently, no electrical output is
generated by the FCPEH device. Figure 5.5(b) illustrates the FCPEH device under
compressive mechanical stress. After apply an external force induces deformation,
which aligns the internal dipoles through stress induced polarization. This effect
generates a piezoelectric potential. Concurrently, the mechanical compression reduces
the inter-electrode distance. The coupled effect of dipole alignment and reduced
electrode separation establishes distinct positive and negative terminals at the top and
bottom surfaces of the composite, respectively, facilitating a continuous flow of
electrical charge. Figure 5.5(c) presents the release state of the FCPEH device after
remove of the external mechanical force. The device exhibits a rapid signal
dissipation phenomenon. As the elastic composite reverts towards its original
geometry, the inter electrode distance increases. The weak internal polarization
strength is insufficient to maintain dipole alignment, leading to the randomization of
dipoles. This process disrupts charge migration and terminates the electrical signal
output. Figure 5.5(d) shows the FCPEH device upon remove the complete mechanical
force, defined as its initial state. The internal charges have fully back to their initial,
randomized positions, resulting in the complete dissipation of the piezoelectric

potential and a cessation of charge migration, thereby no output voltage.
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5.3.3 Energy Harvesting Performance Study
5.3.3.1 Open Circuit Voltage of the Fabricated FCPEH Device

Prior to operational voltage output, the fabricated devices were subjected to an
electrical neutrality test. The absence of a detectable electrical signal between the
device electrodes in the absence of an external stimulus confirmed a negligible offset
voltage and background noise. The piezoelectric output performance of all the
fabricated FCPEH devices were characterized by measuring the open circuit voltage
(Voc) under palm tapping, applied with a force of approximately 20 N . The obtained
Voc for all the FCPEH devices is shown in Figure 5.6(a-f). The PVDF, MP, 2S-MP,
4S-MP, 65-MP, and 8S-MP FCPEH devices yielded an average Voc of approximately
18 V,27V,38V,52V,65V,and 37 V, respectively.
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Figure 5.6: Piczoelectric output voltage performance by periodic palm tapping (a) PVDF (b)
MP (c) 2S-MP (d) 4S-MP (e) 6S-MP and (f) 8S-MP FCPEH device.

The piezoelectricity of PVDF originates from the molecular dipole moment within its

[-CH2-CF»-] repeat unit, arising from the disparity in van der Waals radius and

electronegativity between fluorine and hydrogen atoms[149]. The highest
piezoelectric response is exhibited by the S phase, which features an all trans (TTT)
chain conformation[140, 150]. The arrangement of the repeated units for alpha and 3

phase of PVDF are shown in Figure 5.7 (a).
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The obtained enhanced piezoelectric output voltages of the 6S-MP FCPEH device
underscore the efficacy of incorporating optimized concentration of SnO, and MXene
nanofillers. The enhanced output is principally due to pronounced interfacial
polarization arising from the multi component interactions between the MXene

nanosheets, SnO> nanoparticles, and the PVDF polymer chains.

The incorporation of MXene (Ti3CoTx) nanosheets, surface functionalized with
Oxide(=0), Hydroxyl (-OH), and Fluorine (—F) groups, promotes [ phase
crystallization via hydrogen bonding with PVDF [-CH2-CF2-] groups and electron
dipole interactions with polymer chains, which will help in the arrangement of

fluorine atoms on one side[51, 140, 141, 145, 151].

@ a-phase

@ Carbon

et
1
=r 0 Hydrogen

@ Fluorine

P -phase (-CH,-CF»-)

Figure 5.7: Schematic of the (a) a, and B conformations of PVDF (b) surface electrostatic
interaction of the SnO, nanoparticle, MXene nanosheets and [ -CH> —CF;] repeated unit of
PVDF chain (c&d) enlarged view of the interaction of SnO, nanoparticles, MXene nanosheets
and [ —CH, —CF,] repeated unit of PVDF chain.

Additionally, the incorporation of SnO> nanoparticles in to 2 wt% MXene PVDF,
provides extra nucleation sites. The essential factor for the nucleation is the static electric
interaction between the negative surface charged SnO> nanoparticle and the [-CHx—]
groups of PVDF having a positive charge density. The positive -CH>— charge density of
the PVDF chains suffers strong interactions with the negatively charged surface

nanoparticle that led the polymer chains to align on the surface of the nanoparticle in the
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extended TTTT conformation and therefore resulting in the enhanced 3 phase[31, 143].

The schematic representation of the nanofillers inside the PVDF matrix along with

described feasible interaction is shown in Figure 5.7 (b-d).

The synergistic presence of conductive MXene and SnO> within the insulating PVDF
matrix induces significant Maxwell-Wagner-Sillars (MWS) interfacial polarization.
Charge carrier mobility is facilitated by this significant interfacial polarization, which
also increases the charge density at the contact[152]. Consequently, charge carriers
accumulate rapidly at the contact, forming space charge regions that reduce charge
recombination. Under an applied load, the conductive and flexible nature of PVDF
composite films further facilitates dipole alignment towards the electrodes and
enhances the induced electric field. Consequently, this synergistic effect of improved
interfacial polarization, efficient charge separation and increased induced electric field

significantly boosts the piezoelectric output of the FCPEH devices.

The output voltage increases with SnO> concentration up to an optimal loading of 6
wt.% and 2 wt% of MXene, beyond this concentration, a decrease in voltage is
observed. This decline is likely attributable to a reduction in the [ phase content, as
corroborated by FTIR analysis. At higher filler concentrations, SnO> nanoparticles
may impede [ phase formation and promote defect generation within the polymer
matrix, thereby compromising piezoelectric performance. Furthermore, the
aggregation of MXene sheets at elevated SnO> loadings diminishes the availability of
surface functional groups for interaction with PVDF, contributing to the observed

performance reduction.

The piezoelectricity of the FCPEH device confirmed by the consistent observation of
a negative peak voltage of lower magnitude than the positive peak voltage, a
phenomenon resulting from the difference in strain rate within the composite film.
Figure 5.8 (a) represents a magnified view of one complete cycle of the output
voltage, revealing two distinct sets of responses corresponding to positive and
negative piezoelectric potentials. In both sets, a pronounced asymmetry is observed
between the magnitudes of the positive and negative voltage peaks. The larger

positive peak is generated by the applied mechanical load. The subsequent negative
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peak related to the release phase, occurring during the transition from a compressed to
a relaxed state following the removal of the applied force. The second set of

piezoelectric outputs is attributable to the damping effect inherent to the FCPEH

device.
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Figure 5.8: (a) Enlarged view show one cycle of the peak-to-peak output voltage of the 6S-
MP FCPEH device. (b) Required circuit of the rectify piezoelectric performance for FCPEH
device (c) Rectified output voltage of 6S-MP FCPEH device (d) Enlarged view show one
cycle of the rectified output voltage of 6S-MP FCPEH device.

The rectified circuit connection and rectified output voltage cycles of the FCPEH
device are presented in Figure 5.8(b&c). The 6S-MP FCPEH device demonstrates a
notable output performance, achieved without an external poling. A magnified view
of a single cycle of the rectified signal reveals a profile comprising two peaks
corresponding to compress and release (Figure 5.8(d)). This behaviour originates from
the successive compression and relaxation cycles of the composite film under applied
mechanical stress. The process initiates with the generation of a piezoelectric potential

across the electrodes, a consequence of stress-induced polarization that aligns the
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electric dipoles of the PVDF phase unidirectionally. Subsequently, this potential

decays rapidly upon the removal of the external pressure.

The operational stability of the 6S-MP device was assessed over approximately 1000
seconds consecutive palm tapping cycles. As shown in Figure 5.9, the device
maintained a stable average Voc of ~65 V without significant degradation under
consistent tapping force. The SnO,/MXene/PVDF composite structure thus yields a
flexible and durable device with enhanced piezoelectric response. Given its superior
performance among all fabricated devices, the 6S-MP FCPEH device was selected for

subsequent characterization.

60

T e I &d & Ex T e =L Fd »
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Figure 5.9: The stability test of FCPEH device under finger tapping force for ~ 1900
consecutive cycles.

Table 5.1: Comparison of open circuit peak to peak voltage and power density of the 6S-MP FCPEH
device from various PVDF-based piezoelectric device reported in literature.

S.N Piezoelectric Energy Synthesis Open circuit | Power Density Ref
N0 Harvesting Device Technique voltage (Vo) P) e
Electrospinning )
1 PVDF/MWCNT/ZnO Method v 0.33uW/cm [153]
2 PVDF/KNNLTS/MWCNT Solution Casting 87.2V 145.4pW/cm? [154]
. Electrospinning 2
3 PVDF/MWCNT/BaTiO; Method 11.4V 1.16uW/cm [30]
4 PVDF/SnO; Solution Casting 45V 4900 pW/cm? [31]
Electrospinning 2
5 MXene/ZnO/PVDF Method 16.3V 170 uW/cm [46]
6 SnO»/MXene/PVDF Solution Casting 65V 43.8 pW/em? VI,L“:k
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5.3.3.2 Power Density of the Fabricated 6S-MP FCPEH Device

To evaluate the practical applicability of the fabricated 6S-MP FCPEH device for real
world electronic applications, its power generation performance was characterized.
Since the output power of a FCPEH is a function of external load resistance, the
output voltage was measured across a series of load resistances, as illustrated in the

circuit schematic inset in Figure 5.10(a&b). The instantaneous output power density

was calculated by [P = ] where V is the measured output voltage across the

Ry *Area
load resistance RL, and the effective FCPEH device surface area (~6.25 cm?)[31, 114,
155]. Analysis of the resulting power curve (Figure 5.10(a)) revealed a maximum
instantaneous power density of ~43.8 u W/cm? at an optimal load resistance of 5 M Q
. The output voltage was observed to increase monotonically with increasing load
resistance, achieving saturation at approximately 30 M Q (Figure 5.10(b)).

PxArea
RL,

Furthermore, the short circuit current was calculated using the equation|[l =

for each load resistance[155]. As anticipated, the current exhibited an inverse
relationship with load resistance (Figure 5.10(b)), consistent with Ohm's law, wherein
higher impedances restrict charge flow within the circuit. Table 5.1 compare the
piezoelectric output performance of the fabricated 6S-MP FCPEH device with the
previously reported PVDF based devices in the literature. Consequently, the 6S-MP
FCPEH device demonstrates optimal power transfer for driving electronic

components with an equivalent input impedance.
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Figure 5.10: (a) Output Power Density of the 6S-MP FCPEH device across a series of load
resistances. (inset required circuit) (b) Variation of piezoelectric output voltage and current
density of the 6S-MP FCPEH device with load resistance.
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5.4. Application of the Fabricated 6S-MP FCPEH device

The flexible device is gaining significant interest due to their real time application in

driving energy to the electronic components of the different devices. Thus, here we

report the actual use of the optimized 6S-MP FCPEH devices towards different
applications [31, 155].
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Figure 5.11: Output voltage performance of the 6S-MP FCPEH device when subjected to
various human body motions: (a) One finger tapping, (b) Two finger tapping, (c) Pinch the
device (d) Bending the device, () Toe tapping, and (f) Heel tapping respectively.

Sensitivity, flexibility, wearability, and biomechanical energy conversion efficiency of

the 6S-MP FCPEH device, the device was tested by human body motions. Table 5.2
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present the energy harvesting capability of the FCPEH with data across various
movements: one finger tapping (pressing), two finger tapping, pinching, bending, heel
movement, and toe tapping (pressing) with their corresponding open-circuit voltage

outputs.

Table 5.2: Open circuit voltage of the 6S-MP FCPEH device from various Biomechanical

Motion
S.No. Human body- 6S-MP Open Circuit Voltage | Represented Figure
FCPEH Device Interaction (Voc)
1 One Finger Tapping 2280V 5.11 (a)
2 Two Finger Tapping 29.40 V 5.11 (b)
3 Pinch the Device 22V 5.11 (¢)
4 Bending the Device 2V 5.11 (d)
5 Heel Movement 3.6V 5.11 (e)
6 Toe Moment 4V 5.11 ()

To evaluate the energy-producing capability of the 6S-MP FCPEH device, two
capacitors (1 and 2.2 u F) were charged using mechanical input energy supplied by
human finger tapping, as shown in Figure 5.12(a). The voltages across the 1 u F and 2.2
u F capacitors reached 2.1 V and 1.3 V, respectively, within only 80 seconds (Figure
S2). This performance demonstrates the device’s ability to efficiently charge energy
storage units within a short duration. A panel comprising 11 commercial blue, red, and
yellow LEDs was directly and instantly powered by the 6S-MP FCPEH device, without
the use of any capacitor or external storage element, using gentle human palm tapping.

Digital images of the illuminated LEDs are shown in Figure 5.12(b).
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Figure 5.12: (a). 6S-MP FCPEH device Applications (a) Charging of the capacitors (1 puF and
2.2 uF) (b) Glowing 11 LED Pannel
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5.5 Conclusion

In summary, SnO> and MXene were successfully prepared using hydrothermal
method and etching treatment respectively, then incorporated into a PVDF matrix to
develop flexible composite films via the solution casting method. Structural (XRD
and FTIR) and morphological (FESEM) analyses confirm the synthesis of nanofillers
and enhancement of polar phase with the successful integration of SnO, and MXene
within the PVDF matrix. All the prepared FCPEH device exhibited higher open
circuit voltage as compared to the PVDF FCPEH device when applied to mechanical
force. The maximum output voltage and power density of the 6S-MP FCPEH device
can reach up to 65 V and 43.8 u W/cm2. The fabricated FCPEH device can
efficiently harvest human motion based mechanical energy arising from finger
tapping, heel and toe movement. Furthermore, FCPEH Device demonstrated efficient
energy storage capabilities, successfully charging 1 4 F and 2.2 u F capacitors to 2.1
V and 1.3 V respectively within 80 s through finger tapping. This device also powers
11 glowing LED panels using the mechanical force. This study opens a new avenue
for the development of eco-friendly advanced flexible composite for energy devices,

emphasizing long-term stability and practical utility.
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FLEXIBLE TRIBOELECTRIC NANOGENERATORS BASED
ON SnO’MXENE/PVDF COMPOSITE FILMS FOR
BIOMECHANICAL ENERGY HARVESTING

This study systematically investigates the effects of varying SnO> and MXene
concentrations within the PVDF matrix on the output characteristics of the fabricated
triboelectric nanogenerators (TENGs) devices. The PVDF-based composite films and
indium tin oxide (ITO)-coated polyethylene terephthalate (PET) substrates were
employed as the triboelectric frictional layers for the device fabrication. The TENG
output improved progressively with increasing SnO> content, reaching an optimum at
6 wt%. The composite containing 6 wt% SnO> and 2 wt% MXene exhibited superior
performance, delivering a peak-to-peak open-circuit voltage of 210 V and a maximum

power density of 1.01 mW cm™

at an optimal load resistance of 7 MQ. This
upgrading is mainly ascribed to the increased dielectric constant, which facilitates the
formation of an effective micro capacitor network within the PVDF matrix, thereby
enhancing surface charge density. The device also demonstrated excellent stability
over 500 contact separation cycles. The practical viability of the device was
substantiated through its direct application in powering 31 light-emitting diodes
(LEDs) and charging a capacitor. Thereby highlighting its considerable potential for

integration into self-powered electronic systems and energy harvesting applications.
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6.1 Introduction

Wearable triboelectric nanogenerators (TENGs) have garnered considerable attention
as a highly promising approach for converting human biomechanical motion into
electrical power, operating through the synergistic effects of triboelectric induction
and contact electrification [21, 156, 157]. TENGs have been designed in diverse
configurations and offer notable advantages with respect to lightweight construction,
facile fabrication, mechanical durability, portability, and cost-effectiveness [158].
Nevertheless, although TENGs have demonstrated significant potential for energy
harvesting their performance still requires further optimization to enhance the device’s

energy conversion efficiency for practical applications[159].

In that context, PVDF-based composite materials have attracted significant research
interest towards the efficient, flexible, and eco-friendly construction of TENG
devices. This is primarily due to their excellent mechanical flexibility and facile
processability. However, a persistent challenge confronting PVDF based flexible
TENGs has been their characteristically low output power density [160]. The output
performance of PVDF-based TENGs can be effectively enhanced by incorporating
judiciously selected hybrid organic—inorganic nanofillers. Organic fillers such as
CNTs, or rGO, or MXenes combined with metal oxides (e.g., TiO2, BaTiO3, Ta,Os,
SnO», etc.) synergistically improve the piezoelectric properties of PVDF composites

by promoting B-phase formation and interfacial polarization[161-165].

Building on chapter 4 that optimized the structural, dielectric, mechanical, and
piezoelectric properties of SnO2/MXene/PVDF composite films[147]. The present
chapter systematically extends the investigation to triboelectric performance with
comprehensive real-time evaluation of the fabricated composite films based TENG
devices. The optimized 6S-MP TENG delivers a high open-circuit voltage of 210 V
and a power density of 1.01 mW cm?, and is capable of directly illuminating 31
commercial LEDs and charging 2.2 pF and 4.7 pF capacitors within a short duration

under periodic palm tapping.
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6.2 Result and discussion

PVDF composite films were cut into 2.5 x 2.5 cm? pieces for TENG device
fabrication. The device was assembled using the PVDF composite film as the active
triboelectric layer and PET film as the counter triboelectric layer. Aluminium
adhesive tape was applied to the PVDF film surface as the bottom electrode, while
PET film served as the top electrode, completing the sandwich-type structure. Copper
wire was used to establish electrical interconnections for device characterization. A
digital image of 6S-MP TENG device is presented in Figure 6.1(a).To induce
mechanical vibrations that facilitate periodic contact and separation between the two

triboelectric layers, the tapping method was employed.
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Figure 6.1: (a) Digital image of 6S-MP TENG device (b-f) A schematic representation of
working mechanism of TENG device in vertical contact separation mode.

The operating mechanism of the TENG in vertical contact-separation mode is shown
in Figure 6.1(b—f). In the initial state, no surface charges are present and the system is
electrically neutral. When an external compressive force is applied, the two
triboelectric layers make physical contact, and the triboelectrification effect generates
equal and opposite surface charges on the ITO-coated PET and PVDF composite
films. These charges are retained at the interfaces due to the insulating nature of the
film materials. Upon force withdrawal, the layers separate, creating a potential

difference between the electrodes that drives electron flow from the bottom to the top
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electrode through the external circuit via electrostatic induction, partially restoring
electrical equilibrium. At full separation, charge flow ceases and a new electrostatic
equilibrium is reached. When the force is reapplied, the layers contact again,
reversing the potential distribution and driving electrons in the opposite direction,
generating an alternating electrical output. This periodic contact-separation cycle

produces a continuous AC signal [161].

To examine the impact of increasing the concentration of SnO; nanofillers on the
output performance of TENG device, a systematic electrical characterization is
carried out using the manual palm tapping method. Prior to the acquisition of
operational voltage outputs, all the fabricated devices underwent baseline electrical

characterization to verify electrical neutrality.
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Figure 6.2: Output voltage performance by periodic tapping (a) PVDF (b) MP (¢) 2S-MP (d)
4S-MP (e) 6S-MP and (f) 8S-MP TENG device.

The absence of any measurable electrical signal across the device electrodes under
stimulus-free conditions confirmed a negligible offset voltage and minimal
background noise levels, thereby validating the integrity of the measurement setup.
The triboelectric energy harvesting performance of the fabricated all TENG devices
were systematically evaluated through open-circuit voltage measurements. The

corresponding peak to peak voltage profiles for all TENG devices are presented in
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Figure 6.2. The pure PVDF, MP, 2S-MP, 4S-MP, 6S-MP, and 8S-MP composite
films based TENG device configurations yielded mean open-circuit voltages of
approximately 50 V, 70 V, 110 V, 145 V, 210 V, and 150 V, respectively,
demonstrating a systematic dependence of the output voltage on the structural

configuration of the active layers.

The output performance of a TENG is fundamentally contingent upon three principal
parameters: the triboelectric surface charge density of the active layers (o), the
interlayer separation distance between the two opposing triboelectric surfaces, and the
relative velocity of mechanical displacement between the triboelectric layers during
operation[131]. Among these, the triboelectric surface charge density (o), intrinsically
linked to the capacitance of the TENG system, plays a important role in determining

the open circuit voltage Voc of the device. The VOC, is given by equations (6.1)

ox(t) _ CAV x(t) _ &AV x(t)

Voc = 6.1
&o ASO d
Where surface charge density is defined as equations (6.2)
g =50 = fElV 6.2

A d

Here, ¢, is the relative dielectric constant, AV is the potential difference and C is

capacitance of the triboelectric system.

Accordingly, the optimization of device performance necessitates the maximization of
the effective capacitance (C) of the triboelectric system, which is primarily
determined by the dielectric constant (&r) of the constituent triboelectric materials and

the effective frictional contact area at the triboelectric interface[131].

It can therefore be rigorously inferred from the aforementioned theoretical framework
that the output voltage of the TENG will exhibit a systematic enhancement with
increasing dielectric permittivity of the active materials. As documented in chapter 4,
with systematic increments in SnO: filler concentration (0, 2, 4, 6, and 8 wt%)
incorporated within the PVDF matrix, the measured er at a frequency of 1 kHz
underwent a progressive enhancement, increasing from 6 to 10, 12, 15, 30, and 18,

respectively[147]. This enhanced &r is leads to the spontaneous formation of a micro
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capacitor network architecture, accompanied by the generation of localized
microscopic dipole moments distributed throughout the composite matrix [161].
Consequently, the film possessing the maximum & have enhanced effective

capacitance, which leads to the highest output voltage.

Figure 6.3(a) represents a enlarge view of a complete output voltage cycle of the
TENG device. The triboelectric behaviour of the device is confirmed by the consistent
appearance of a negative voltage peak with a lower magnitude than the corresponding
positive peak, which is attributed to differences in the strain rate within the composite
film. The positive and negative rectified output voltage cycles of the TENG device are

shown in Figures 6.3(b) and 6.3(c), respectively
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Figure 6.3: (a) Magnified plot of peak to peak of TENG in single contact-separation cycle.
(b) Positive rectified output voltage (c¢) Negative rectified output voltage (d) Stability test
under repetitive tapping force for ~ 500 consecutive cycles (e) Output Power Density across a
series of load resistances (f) Variation of triboelectric output voltage of 6S-MP TENG device
(g) Capacitor charging curves of various capacitors 2.2 uF (Red curve) and 4.7 uF (Black
curve) (h) Glowing 31 LED Pannel.
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Further, the operational stability of the TENG device was assessed over
approximately 500 seconds consecutive manual palm tapping cycles. As shown in
Figure 6.3(d), the device maintained a stable average Voc of approximately 210 V
without significant degradation under consistent tapping force. The 6S-MP composite
film thus yields a flexible and durable TENG device with enhanced triboelectric
response even in the absence of an external poling. Consequently, the 6S-MP TENG

device electrical power generation performance was evaluated.

The output power delivered by a TENG device is intrinsically dependent upon the
magnitude of the externally coupled load resistance. Thus, the corresponding output
voltage was measured across a systematically varied series of discrete load
resistances. The instantaneous output power density was calculated using equation

(6.3).

p=_" 6.3

- Ry xArea

Here, V represents the output voltage measured across the external load resistance
RL, while the effective contact area of the fabricated TENG device is approximately
6.25 cm?[166]. The corresponding power density plot (Figure 6.3(e)) indicates that the
device attained a peak instantaneous power density of approximately 1.01 mW/cm? at
an optimal load resistance of 7 MQ. Furthermore, as illustrated in Figure 6.3(f), the
output voltage exhibited a continuous increase with increasing load resistance

throughout the investigated range.

To evaluate the energy-harvesting capability of the 6S-MP TENG, two capacitors of
capacitance 2.2 uF and 4.7 pF were charged under mechanically induced repetitive
tapping, as shown in Figure 6.3(g). Within 50 s, the terminal voltages of the 2.2 uF
and 4.7 pF capacitors reached 1.76 V and 580 mV, respectively, demonstrating
efficient transfer of harvested mechanical energy to capacitive storage over a short
duration. Additionally, the TENG directly and instantaneously powered an array of 31
commercially available blue and red LEDs under low-amplitude tapping, without any
external or auxiliary energy storage. The corresponding luminescent states of the LED

array are shown in Fig. 6.3(h).
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6.3 Conclusion

In summary, the TENG device fabricated using a SnO>/MXene/PVDF composite film
paired with ITO coated PET electrode exhibited substantially improved electrical
output compared with bare PVDF based device prepared by solution casting method.
Among all the fabricated TENG devices, the 6S-MP TENG device achieved the
maximum output voltage of 210 V along with a maximum power density of
approximately 1.01 mW/cm?. In addition, the device demonstrated excellent energy
storage capability by charging 2.2 uF and 4.7 uF capacitors to 1.76 V and 580 mV,
respectively, within 50 seconds under repeated manual tapping. The harvested
mechanical energy was also sufficient to illuminate 31 LED panels simultaneously.
These findings provide a deeper understanding of the factors responsible for the
enhanced triboelectric performance of the developed TENG while highlighting its
potential as an efficient and practical solution for sustainable mechanical energy

harvesting applications.
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CHAPTER 7
CONCLUSIONS, FUTURE SCOPE AND SOCIAL IMPACT

The main goal of this chapter is to highlight the key findings, significant observations, results
and discussions arising from our current research work. In addition, this chapter presents the

salient outcomes of the thesis, along with how the limitations of our current research study

have opened pathways for future research.
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7.1 Summary of Research Work

The key contributions discussed in the various chapters of the present thesis are

summarised as follows:

Chapter 1- This chapter presents a comprehensive overview of the growing demand
for sustainable energy solutions, emphasizing the pivotal role of energy harvesting
technologies in addressing the increasing global energy requirements. With the rapid
proliferation of wearable electronics, portable devices, and smart systems, there is an
urgent need to replace conventional power sources with clean, renewable, and
sustainable alternatives. Mechanical energy harvesters have attracted considerable
attention owing to their ability to convert ambient mechanical energy, including
vibrations, human motion, and low-pressure fluctuations, into usable electrical energy
through piezoelectric and triboelectric nanogenerators. These nanogenerators provide
an efficient and sustainable power solution for low-power electronic systems by
enabling continuous energy generation without dependence on conventional power
grids or frequent battery replacement. Consequently, they have emerged as promising
candidates for powering next-generation wearable electronics, self-powered sensors,
and distributed [oT devices. Furthermore, this chapter discusses the fundamental
operating principles, recent advancements, and application potential of piezoelectric
and triboelectric nanogenerators. Owing to their high energy conversion efficiency,
mechanical flexibility, scalability, and ease of integration into diverse electronic
platforms, these technologies represent viable alternatives for self-powered systems.
Their continued development is expected to play a significant role in addressing the
escalating energy demands associated with the widespread deployment of smart
devices, thereby contributing to the realization of a sustainable, energy-efficient, and

environmentally friendly future.

Chapter 2-In this chapter, a comprehensive description of the experimental
methodologies employed for the synthesis and characterization of SnO> and MXene
nanomaterials, as well as their heterostructures. It provides a detailed of the solution-
casting method utilized for the fabrication of PVDF-based composite films. A

thorough overview of the characterization techniques is also included, comprising X-
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ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR) for
structural analysis and phase identification, field-emission scanning electron
microscopy (FESEM) for detailed morphological and microstructural investigations,
and UV—Visible spectroscopy and a Universal Testing Machine (UTM) for evaluating
the optical band gap and mechanical properties, respectively. Furthermore, the
dielectric characteristics of the fabricated composite films were investigated using an
impedance analyzer. The piezoelectric and triboelectric performance of the all-
fabricated devices was assessed by applying a mechanical force through manual
finger tapping, while the generated open-circuit voltage was recorded using a digital
storage oscilloscope. In addition, external load resistances were connected to the
fabricated devices to evaluate the output power generated by the fabricated energy-

harvesting systems.

Chapter 3- In this chapter, SNMX/PVDF composite films were successfully
fabricated by incorporating SNMX nanocomposites into a PVDF matrix and
systematically investigated for electroactive phase formation, dielectric behavior, and
piezoelectric energy harvesting performance. The incorporation of SNMX
nanocomposites significantly enhanced the electroactive phase content and dielectric
properties of PVDF over a broad frequency range (20 Hz—1 MHz). Among the
investigated compositions, the composite film containing 0.75 wt% SNMX exhibited
the highest electroactive phase fraction, indicating its optimum filler concentration for
maximizing functional performance. FTIR and XRD analyses confirmed the effective
nucleation and growth of electroactive crystalline phases within the SNMX/PVDF
composite films. Dielectric studies revealed a substantial enhancement in relative
dielectric permittivity upon SNMX incorporation. Specifically, the films containing
0.50 wt% and 0.75 wt% SNMX exhibited high dielectric constants of 150 and 165,
respectively, at 20 Hz and room temperature while maintaining comparatively low
dielectric loss values. Temperature-dependent dielectric measurements further
demonstrated a pronounced increase in dielectric permittivity for the composite films
relative to pristine PVDF, highlighting the positive influence of the nanocomposite
filler on polarization mechanisms. Furthermore, the piezoelectric energy harvesting

performance of the fabricated films was evaluated through flexible piezoelectric

122

zl’—_l turnitin Page 156 of 173 - Integrity Submission Submission ID  trn:oid:::27535:154740599



(ll—_l turnitin Page 157 of 173 - Integrity submission Submission ID _ trn:oid::27535:154740599

Chapter 7

nanogenerator (PENG) devices. The PENG based on the 0.75 wt% SNMX/PVDF
composite film generated the highest peak-to-peak output voltage of 105 V,
demonstrating its superior electromechanical energy conversion capability. The
simultaneous enhancement in electroactive phase content, dielectric characteristics,
and piezoelectric output performance suggests that the optimized SNMX/PVDF
composite films are promising candidates for advanced electronic and energy-related
applications, including power conditioning systems, flexible dielectric capacitors,

self-powered devices, and pulsed power generation technologies.

Chapter 4- In this chapter, PVDF-based composite films incorporating varying
concentrations of SnO: nanoparticles and a fixed content of 2 wt% MXene were
successfully fabricated via the solution-casting technique. Comprehensive
characterization revealed that the composite containing 6 wt% SnO: and 2 wt%
MXene (6S-MP) represents the optimum nanofiller composition for enhancing the
structural, optical, mechanical, dielectric, and electrical properties of the PVDF
matrix. XRD and FTIR analyses confirmed a significant increase in the electroactive
B-phase content within the composite films. FESEM micrographs of pristine PVDF
exhibited predominantly fibrillar morphologies associated with a-phase spherulites,
whereas such structures were absent in the composite films, indicating a notable
modification in the crystalline phase and morphology upon nanofiller
incorporation.Optical investigations based on Tauc plot analysis demonstrated a
reduction in both direct and indirect optical band gaps from 5.36 and 5.11 eV for
pristine PVDF to 4.88 and 4.61 eV, respectively, for the optimized composite film.
Mechanical characterization revealed that the 6S-MP composite exhibited an
approximately 82% enhancement in tensile strength compared to pure PVDF.
Furthermore, the optimized composite displayed a dielectric constant of 30 at 10° Hz
while maintaining a relatively low dielectric loss tangent of 0.1, indicating its
suitability for energy storage applications. Notably, a further increase in SnO:
concentration to 8 wt% resulted in a deterioration of the composite properties,
suggesting the existence of an optimal filler loading beyond which agglomeration and
interfacial defects may adversely affect performance. The enhanced electroactive

phase content, reduced energy band gap, and improved dielectric characteristics
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collectively demonstrate the potential of the optimized 6S-MP composite film for
advanced applications in piezoelectric energy harvesting, ultraviolet shielding, and

high-performance energy storage devices.

Chapter 5- In this chapter, the fabricated flexible composite piezoelectric energy
harvesting (FCPEH) devices exhibited significantly higher open-circuit voltage
outputs compared to the pristine PVDF-based FCPEH device under identical
mechanical excitation conditions. Among the developed devices, the 6S-MP FCPEH
device demonstrated the highest performance, achieving a maximum output voltage
of 65 V and a power density of 43.8 uW cm™2. The fabricated FCPEH devices
effectively harvested biomechanical energy generated from various human motions,
including finger tapping, heel movement, and toe movement. Furthermore, the
FCPEH device exhibited excellent energy storage capability, successfully charging 1
uF and 2.2 pF capacitors to voltages of 2.1 V and 1.3 V, respectively, within 80 s
under periodic finger-tapping excitation. The harvested energy was also sufficient to
illuminate 11 LED panels, demonstrating the practical applicability of the device for

self-powered electronic systems. .

Chapter 6- In this study, TENG device fabricated using a SnO»/MXene/PVDF
composite film paired with an ITO-coated PET electrode exhibited significantly
enhanced electrical output compared with the bare PVDF-based device fabricated via
the solution-casting method. Among all the fabricated TENG devices, the 6S-MP
TENG demonstrated the highest performance, delivering a maximum output voltage
of 210 V and a peak power density of approximately 1.01 mW cm™. Furthermore, the
device exhibited excellent energy-storage capability, charging 2.2 puF and 4.7 pF
capacitors to 1.76 V and 580 mV, respectively, within 50 s under repeated manual
tapping. The harvested mechanical energy was also sufficient to simultaneously
illuminate 31 LED panels, thereby demonstrating the practical feasibility of the
fabricated TENG for self-powered energy-harvesting applications.

These findings provide a promising pathway for the development of environmentally

sustainable and high-performance flexible composite materials for next-generation
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energy harvesting applications, with particular emphasis on long-term operational

stability and real-world functionality
7.2 Future Perspective

The material design strategies and device architectures developed in this thesis
provide a robust foundation for the advancement of next-generation flexible electronic
systems. Furthermore, the findings of this research establish a framework for future
investigations and open several promising avenues for continued exploration and

technological development.
Material Design Strategies and Morphological Engineering

The synthesized nanofiller systems and the nanogenerators developed in this study
provide a versatile platform for the rational design and engineering of advanced
nanofiller architectures. Future research may focus on exploring a wider range of
hybrid nanofiller systems by integrating conductive materials with inorganic metal
oxides exhibiting superior dielectric properties, such as MXene combined with
various high-permittivity metal oxides. Furthermore, systematic investigations into
different crystallographic phases and structural morphologies of SnO., including
nanorods, nanowires, nanofibers, and mesoporous nanospheres, may provide deeper
insights into interfacial polarization mechanisms and the nucleation of the
electroactive 3 -phase, thereby facilitating the development of high-performance

piezoelectric nanocomposites.

In addition to compositional optimization, advanced physical surface engineering
strategies, such as controlled ion irradiation for precise modulation of the surface
roughness and electron affinity of polymer matrices, offer significant potential for
enhancing the triboelectric and piezoelectric performance of nanocomposite systems.
Furthermore, the integration of machine learning and data-driven optimization
approaches could facilitate the prediction of optimal nanofiller concentrations, filler
morphologies, and triboelectric material pairings. Such computational frameworks
would accelerate material discovery, minimize experimental trial-and-error, and

enable the rational design of high-performance energy harvesting nanocomposites.
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Large-Scale Industrial Fabrication

Flexible PVDF-based nanocomposite films and the corresponding nanogenerators
developed in this study exhibit exceptional performance under laboratory-scale
conditions, their successful translation to industrial-scale production remains a critical
challenge. Future research should therefore prioritize the development of scalable
fabrication strategies, including continuous roll-to-roll printing and other high-
throughput manufacturing techniques, to facilitate cost-effective, large-area
production and accelerate the commercial deployment of these flexible energy-

harvesting devices.

The developed PVDF-based nanocomposite films hold significant potential for
application as high-performance flexible dielectric materials and energy-harvesting
nanogenerators in next-generation microelectronic and smart wearable systems
requiring continuous, self-sustained power. Their integration into wearable platforms,
such as smartwatches, biometric textiles, and intelligent footwear, would enable the
efficient conversion of biomechanical energy into electrical energy, thereby providing
a sustainable, battery-free power source for remote loT sensors, wireless electronics,
and real-time healthcare monitoring systems. Such capabilities highlight their promise
for advancing self-powered wearable technologies and intelligent sensing

applications.
7.4 Social impact
Ecological Sustainability and Mitigation of Electronic Waste Generation

Conventional wearable electronic devices have historically been reliant upon
chemical-based battery systems, which inherently incorporate hazardous lithium and
lead along with toxic compounds that are known to infiltrate terrestrial and aquatic
ecosystems through leachate contamination. The cumulative annual disposal of such
battery systems has precipitated a global electronic waste crisis of significant
environmental concern. The PENG and TENG device developed in the present
investigation adopt an environmentally conscientious fabrication methodology

through the deliberate selection of lead-free PVDF, SnO,, and MXene. Moreover,
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through the effective transduction of ambient mechanical energy into a renewable
electrical energy supply, these devices represent a net zero-emission energy
conversion technology. The substitution of conventional electrochemical batteries
with mechanical energy harvesting systems, as demonstrated in this thesis, constitutes
a direct and meaningful contribution toward the substantial reduction of toxic
electronic waste and the environmental degradation attributable to heavy-metal

extraction and processing.
Enhancement of Quality of Life and Advancement of Healthcare Technologies

Contemporary society exhibits an escalating dependence on compact, wearable
electronic devices encompassing smartwatches, physiological fitness monitors, and
continuous biomedical surveillance systems. Nevertheless, the practical constraint
imposed by the necessity of periodic battery recharging has emerged as a considerable
technological limitation. The flexible PENG and TENG nanogenerators engineered
within the scope of this thesis demonstrate considerable potential to enable complete
self-sufficiency in small-scale electronic systems. Through the harvesting of pervasive
biomechanical energy generated by routine human physiological activity including
ambulation, upper-limb movement, and cardiac vibrations these devices are capable
of sustaining uninterrupted and autonomous operation of wearable electronic
platforms. This recharge-independent operational capability substantially elevates the
quality of daily life by enabling the seamless assimilation of electronic technology
into routine human activity. Furthermore, such systems hold the potential to provide
life-critical operational reliability for implantable medical devices and continuous

patient health monitoring applications.
Technological Democratization in Geographically Underserved Regions

A persistent sociotechnological disparity in developing nations arises from the
inadequate or absent centralized electrical grid infrastructure in rural and
geographically isolated communities. Given that the proposed nanogenerator systems
function with complete independence from centralized power distribution networks,
they embody substantial potential to facilitate the democratization of technological

access. Specifically, these devices are capable of supplying localized electrical power
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to essential low-power instrumentation including agricultural soil condition sensors,
remote meteorological monitoring units, and point-of-care diagnostic systems thereby
ensuring that geographically marginalized communities are not systematically

excluded from ongoing digital and healthcare advancements.
Congruence with Strategic National Missions of the Government of India

The scientific outcomes and technological contributions of this research demonstrate
strong alignment with several active national policy frameworks. The Perform,
Achieve and Trade (PAT) scheme, the national action plan on climate change, Make
in India , and Aatmanirbhar Bharat initiatives underscore the imperative for the
development of indigenously conceived technologies and the strengthening of
domestic manufacturing capabilities. Through the development of scalable, high-
performance nanogenerators for flexible electronic applications, this research actively
reinforces national technological self-sufficiency while simultaneously reducing
dependency on imported electronic components and critical raw material supply

chains.
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ARTICLE INFO ARSTRACT

Hrraerds: Hozadn, we invemigate the impact on dectroactve phie and ddeerie propestie of palyvinylidae Auorids
{FVDF) oo sddition of hydrothermally smonsieed SnOyMiene [SHMX] manccwnpralte with different coo-
ermdratis (025 with, 0.50 with, 075 wit) &8 panofillery The puss and SNNOOTVDF compoaine Hlm wers
Eutaripatadd uaing solution cating method. Morpbalogical and stpuctiral anabyees sevealed o medifled sphemibine
structure, mdieating o ransoemation from the son-palar phase (52 %) to the polar {f + 7] phase (B %) The
s were cond over o frequency ranpe of 20 Bz to 1 MHs i different opemting
RO pETECUTE: T ETRENine The VAFIOUS pEmaTions occusying in the polymes. AL 25 “Cand an applicd feld froguasy
of 20 He, the relative dislertric pemaltivigy of the SNMX,/PVDF mmpesite film (0.75 wite) devates appee-
enatedy 26-fodd pelarive to the pratine PVDF film, with & concomitas meduction bs lom tangest. Futher, the
relative dloketrle permirtvity of all fllms et winh rising operating temperunere. AL 100 °C, the relative
dighatrle permitivity amplifies from 165 0 250 compased to room temprmrane b the 075 with nanofiller
ennoentmacioe The b ud.ld.u::ru bes with addidion of SNMX are -un.uadmumm
ot off the HmmmghugwmhMWM i it b the pressnes of So0, i
Sayer om thi surface of MYXene Flakes that prevent formation of conductive pathways, this Improves e e
facial pnllnur.b.h through the Marwell-Wagner-S8las (MWS) effers in sddition fo dipolar polarization. A
fbexibie or (FENG] Ealwicaied froen the 0.75 wits SNMIOTVDF mancenmposie film
generared o mavioem peak o posk woltage & 105 V.

1. Introduction toughness. As a reslt, their use in flexdble nanoelectronics is con-

sizained [5].

In racent years, flexibie dielectric materials have garmered significant
imterest due 1o their potential applications in the mpidly developing
field of fexibls nanoelectronics. In this condext, dieleciric polymers have
attracted considerable attention hecause of their desirable physical and
chemical propertiss [L- 7). However, pulfnmrwl]iy exhibit lower
dielectric comstants compared fo morganic materials. For instance,
palyvinylidene Muearide (FVDF)L a prototypical diskectric polymer, hava
dielectric constant of approximately &8 and a ks of aboot 00184 at 1
kHz, awing o its fuorinated strsctore [4]. In coatras, inorganic ma-
terials such as Inid, Tidk, and BaTily demongrie much higher didlec
tric constants &t room temperature [5 ‘] I.Ielptl- excellent dislectric

properiies, inorganic cemmics possess 1 inchsding brirl
bmited tmability, susceptibility o diclecric i:r:thlcnm. amd low

¥ wupneﬂmg authar.
E.mal sdiress dealirsjimsenagiden a2 i (1. Meena)

BEipeAdalarg, T 00 64 mssp O35, | IFRE0T

In contrast, PVDF offers strong Aexibility, and excellent mechanical
strength which maks it suitable for fiexible nanodevices. Howsver, due
its law dieleciric constamt them the inorganic materials hinder its
application to nanoelsctronics devices. This, researchers are trying 1o
improvs the dislectric constant and lactroactive phase of PVDE, It exists
in three phasess @, §, and y with the § and y phases being dlectroadtive
[4]. In recent times, polymer nanocomposites, incorporating inorganic
manofillers into the pelymer matrix, enhancing PYDFs dislectric prop-
erties while retaining the advantages of both materials [1], However,
increasing the Aller content raises the dielecinic constant, bt it also
leads in higher diebectric low, reduced Aexibility and crystallfinity [
10].

The choice af nanofller also nfloences phase transtions within the

hmed.ufﬂ:mnry!ﬂﬁ.ﬂmﬁmlnmm?hpﬂl 30I5; Accepted 1 April 2025

1369-B001 G 2025 Elsevier 114 All fghts ane secived. including thoee for text and daa il

12, Al TEalnbey, and similer neshinologies.
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Optimization of Sn0O,/MXene,/PVDF composites films to enhance
structural, optical, mechanical, dielectric, and electrical characteristics
rowards next-generation flexible optoelectronic and energy storage devices
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ABSTRACT

I This peport, we synthesized FYDF composite films consiaing of 2wkt MYene nanoshests and 1 with of 8005 nanoparticles (1 = 0.0, 2.0, 4.0, 6.0, 8.0) using the
solution casting method and chareenerined them ming different eohnbues. Intesestingly, the &5-MP composite flim, containing 6 with So0y and T wits Mene,
exkihirs apoimlzed opteal, mechanieal dislerrric, sod elotrizal sondustivity praperties. X-ray difeserion {XRD) snalysis indicansd the vansformarion of che non-
polar phise o e polar phise in the FVDP composine film. FTIR mensemnt revealed o anhanessent in the § phise soatent from 65 % ln peistine PVDF to
BD % i the &5.MP ecenpasite film. FESEM micrographs confirm the famuation of Sn0s nansparticles and the sharscberistie aevordion. ke sbrueture of the synthesized
Bene. Additionalhy, the nrodocton of nanofiBens disnipied the uniformicy of the FYDF matniy, sesulting n disieet monphalogical changes b the oomgpesioe flms.
Ther Tarae phot analysis eovealed thet as the nancdiller comtent Incressed, the ealeulated disees and Indieect bandgap energies decroised from 596 eV 1o 4308 oF and
from 1T &V to 461 &V, respoctively. Famhermore, e addmon of nanofilleas ehaneed the tensile srengeh and slasticicy of the compasite Mlms Disectric
medsurements {10°-107 He) showat that st 1 kHz, the relative dielererie perminivin of hnﬁs-H:l"-:nup-uu film e e I'I.mhldda-mpa.rﬁd:n prsess PVDE, with

redatively jow los mngent (fan 5) of 0.0, Acconding T Joee ey mule, the AT ok

ductivity of the ¢ flees ineressed with the amofliler oo

cenrrarion and exhibicod non-Debye type bebavionr. The aptimized optical, mechaniral, dislectrie, and slerrical condurtiviry progesties of G5-MT film are due to 55

ol fldm casn b used for fabricating ness gesesation

H@hﬂﬁpﬁﬂm},bﬂmwﬂmj nanopartheles aod i
) ke devices with emh l eharge-sorage capabilicies.

p—

Thiss, the oipei

1. Introduoction

With the mpid advancement of the Intemet of Things, flexible
polvmer composites based on low.-dimensional nemomaterials exhibiting
miperior emergy stomge and energy harvesting  capabilities  have
gamersd increasing interest for indeyration imto wearable and flexible
ebectronic systems. The development of Lightweight, Aexible, and sasily
synthesizable polymerbased composite films has received inemendons
attention due o their uniqee combination of high mechamical strength,
excellent flexbility, superior elecrical breakdown strength, enhanced
relative diclectric permittivity., and low dielectric loss [1- 9], Therefore,
the=st: materials are becoming imreasingly essendial for next-generalion
flexible manoelscironics and gorage devices.

Among variows palymer composites, polyvinylidene  fuworide
(PVDFFbased composites have been extensively stixlied owing 1o their
remarkable electroactive phases, desirable mechanical stability, and
relatively high dielsctric strength. Moreover, PVDF composifes offer
emvimaomentally fiendly procesing methods and facile synthesss,
frther supporting their applicability in flexible electronic devices

* Corresponding author.
E-mall obiress: deborjm el e e (D, Meenal

betpaz el e L B 01 06 e DM

[3-A].

Hecent stodies have repocted significant improvements in energy
stomge density, emergy conversion efficiency, sensilivity, and biocom-
patibility for PYDF-based composites, highlighting their potential for a
broad spectrum of applications [4- 7]. A& variety of nannfillers have been
incorporated info FVDF malrices o enhance their electrical and
dielectric performance. The incorporated oanofillers can be dassified
into thres main categories inorganic, organic, and hybrid compaosites
cumbining imorganic and organic namafillers [A- 101

Incomparating inorganic nancfilers indo the polymer matrix -
hances the: digleciric properties of PYDF while preserving the benefits of
both companents. However, the independent wse of inorganic nanc-
Fillers, msch as Tidy, Snly, BaTildy, rlic., ofien results in trade-offs, such
as increayed dislectric loss, reduced mechanical Sexibility and crystal-
linity of the FYDF [10-12]. This is primarily abtributed to the high
mancfiler concentraticns and the larger dielectric gradient, To address
the limitations of morganic ranafillers, organic/condudtive nanofillers
sisch as rechsced graphens oxide (150, MYene, and multi-walled carban
manctobes (MWCNTs) have been incomporated into polymer matrices
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Design and development of a high performance PVDF based flexible
composite piezoelectric energy harvesting device for wearable electronics
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ARTICLEINFO ABSTRALCT

Kepwords Dmanl nanafillers desigeed for pobymer nanccomposites are sxpected to obtain excellent biomechanical snergy
FHEECE ity rTesing demcs harvesting performancs by virtue of bybrid morphiologies, chargs transfer capability sand interaction with surfacs

:?“t*d“‘:w“ charge In this study, o doal nanofillers MYene (T5,0.T,} nanocheets anid tetragonal tin oxide (Sny) nano
i = . particles are incorporated into a FVDF matric. At a fixed concentration of 2 with MXene and varying concen
1‘ servsiry tratinns of Sndl; nanoparticles (2 wit, 4 wite, 6w, and B wits}, composite PVDF flexible flms were fabricated

using the solution-casting method. FITR analysis identified 2n optimal composition of 2 wis MYene and 6 with
Snilky (65-MY), which shows & madmum p phase content of 8086 due to uniform distribation of the napofillers as
confirmed by the FESEM imnges. The 65MF fexible composite pieznelsctric energy harvester (FCPEH) devics
gemerated maximum open circuit voltage (V) of 65 V and & power density of 42,8 pW//om? under perfodic palm
tapping. The improved results of the device ativibuted to {a) the wiformly disributed MXene provides a largs
surface area for efficient charge mansfer, (b) the Snl); nanoparticles act as nuclzating agent to promaote the o to §
phine= transitian (<} the improved interfacial polarization due to synergistic affect of So0), and M)ene into PVDE
Matrix. The FCPEH device malntsinsd a stable sverage cutput voltags during 1000 seconds on periadic palm
tapping, which indicate the robustness and sability of the device. The optimived &5 MP FUPEH davice was
employed to {1] eficiently detect biomechanical motion such 2= heel movement, tne movement, bending,
pinching and different finger tapping, (2] charge the 1 pF and 2.2 pF rapacitor to 2.1 V and 1.3 V, respactively,
within andy B0 s=conds, and (3} glowing the 11 LET} Pannsd throwgh periodic palm tapping. Thus, this work is
significant step towards the development of eficient FOPFH device for high performance biomechanics] snergy
harvesting towards self-powered wearshle electronics,

L Introduction biomechanical sowrces, particulady from body movement or tapping,

triboelecric and piecoslecric emergy harvesing devices have been

Az smart technologis=s become increasingly integraced into sverpday
lif= dheir dapendence on barteries and electrochemical cells precent
significant challenges. These conventional power zources often mfer
from chort lifecpans, environmental hazards, high maintenance coctz,
anil the conotant need for recharging [1-5]. To overcome theze limits-
tionz, developing self-powered devices haz become crucial not only to
reduce dependence on foszil foels bur almo to minimire their smvison-
mental impact [4]. In thiz context, emerging technologies are being
developed to effidently hamess, low-frequency, and disordered me-
chanical energy abundant in ambient emvironment for electrical energy
generation [5],

In order w scavenge energy from ambient environmental and

ing author.

Correspond
Emaf address dechraymessaifdiunocin (L Mssnn).

hitpse/d ol ong 1 1016 srfin. 2006, 1097 48

thesoughly studied in recent years [1,6-0]. These devices are suitable
for flexible, partable elecromics that operats at low freguencies.
Compared to other unconvensional energy sources, triboslectric and
piezoelectric snergr-harvesting devices are relagvely nexpencive [21.
However, triboelectric devices have several major drawbacks, including
complex construction, poor stability, low durability, industrial-ccale
packaging challenges in humid environments. Also, their high oumpat
voltages that may damage eleconic drouits or pose fire hazands ecpe-
cially in applications whers only low power iz required for general
electronic cirouitry [7-121

In contrast, piesoelectric device offers advantages over tiboelectic
device in terms of eagier integration into electronic devicez, mimpler
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