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ABSTRACT

With increasing demand of energy, the emission of carbon is increasing in our environment and
also the limited resources of fossil fuels have brought the green and renewable energy
generation on high demand. Most of the electronic gadgets use batteries that also requires to be
recharged after some time. The advances in low powered electronics, wireless sensors and
micro electromechanical systems have tremendously raised the power requirement in the
existing digital world. In the present scenario, we are completely surrounded with several
electronics devices, such as, cell phones, tablets, [-pods, smart watches etc., which collectively
require huge amount of power for their operation. A green energy generating device, which can
harvest the energy from ambient sources present in our surroundings to fulfill the energy needs
of future technologies without polluting our surrounding is becoming more in demand. The
development of nanogenerators offers the best hope for the current global energy crisis rises
due to social globalization. Piezoelectric nanogenerators (PENGs) and triboelectric
nanogenerators (TENGs) are currently gaining a lot of attention for harvesting mechanical
energy from the ambient environment to serve as the power source for powering electronic
devices. When a piezoelectric material is used as one of the two components in the triboelectric
nanogenerator, these two effects can be coupled. It is possible to further improve the output
efficiency of the nanogenerator by integrating these two effects to form a hybrid nanogenerator.
The present thesis involves the synthesis of nanocomposite films based on PVDF and 2D
layered nanomaterials and the subsequent investigation of their applications within energy

harvesting devices, primarily through the utilization of piezoelectric and triboelectric effects.

With this aim, PVDF films with different nanocomposites have been synthesized, where the
systematic effect of the chalcogen atom of the Transition metal dichalcogenides (TMDCs)
(MoS,, MoSSe, MoSe>) and polyvinylidene fluoride (PVDF) based composites on the
piezoelectric performance of the fabricated piezoelectric nanogenerator has been investigated.
Raman and FTIR spectroscopy revealed the enhancement of piezoelectric behaviour due to
increase in the polar B-phase content of PVDF after addition of TMDCs in PVDF. Out of all the
fabricated piezonanogenerator, the PVDF/MoSSe based nanogenerator showed the maximum
peak to peak open circuit voltage of 31.2 V and short circuit current of 1.26 pA. This
enhancement was achieved just by adding TMDCs without any further treatment. The enhanced
piezoelectric performance is attributed to the synergistic contributions from inherent

piezoelectricity of synthesized TMDCs and intensified B-phase for the PVDF/TMDCs



composites. The highest output voltage for the PVDF/MoSSe device is ascribed to the lack of
reflection symmetry in MoSSe structure. The generated voltage was also used for lightning a

commercial LED and for charging of a capacitor of 4.7 uF.

After studying the effect of different TMDCs on the piezoelectric properties of PVDF, we have
checked the effect of different percentages of MoS» as a nanofiller in the PVDF matrix. The
concentration of nanofiller in the PVDF also contributes to the device output performance. To
check the ideal concentration of nanofiller, we have fabricated the different piezoelectric energy
harvesters based on PVDF-MoS; materials by varying the weight percentage (0 %, 2%, 5 %
and 7 wt %) of MoS,. The piezoelectric output of the PVDF was found to be increased due to
the incorporation of MoS». In comparison to bare PVDF film, the piezoelectric nanogenerator
based on 7 wt% of MoS: as filler in PVDF shows nearly 2-fold increase in peak-to-peak output
voltage from 9.4 V to 18.0 V. After that, we have also investigated the impact of MoS, weight
percentage on the triboelectric performance of PDMS/PVDF-MoS, based nanogenerator. The
results show that 7 wt% of MoS; is the optimum amount of doping for triboelectric energy
harvesting similar to the case of piezoelectric energy harvesting; above this level, the energy
harvesting performance of the nanogenerator abruptly decreased due to MoS» agglomeration in
the PVDF matrix. Therefore, the triboelectric nanogenerator with 7 wt% of MoS, exhibits
maximum output voltage of 189 V and a short circuit current of 1.61 pA. The TENG with 7
wt% MoS; produced a power density of 104.5 pWem-? which is ~2.7 times of the power density
produced by the bare PVDF based TENG. Further, a piezo-tribo based hybrid nanogenerator
(HNG) is fabricated by integrating the MoS,-PVDF film having 7 wt% of MoS, with PDMS
thin film as two layers required for the HNG device. Our study reveals that inclusion of MoS>
in the PVDF matrix stimulates the generation of B-phase and also the intrinsic piezoelectric
properties which contributes in the overall enhancement of the piezoelectric output of PVDF.
In addition to enhanced B-phase, the distribution of MoS; increase the surface roughness which
increases the contact area and also boosts the surface potential and dielectric constant thereby
increasing the triboelectric output of the device. Each of these factors combine to significantly
increase the performance of the hybrid nanogenerator. The fabricated TENG demonstrated the

practical application, by powering electronic stopwatch and scientific calculator.

After the analysis of the effect of filler concentration, to further improve the efficiency of the
PENG and TENG, the PVDF-MoSe; nanofibers were synthesized via electrospinning technique
with different wt% of MoSe: (0 wt%, 3 wt%, 5 wt%, 7 wt% and 10 wt%). In this work, hybrid

triboelectric nanogenerator coupling both the piezoelectric and triboelectric effects have been
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fabricated to drive the environment friendly approach of splitting the water for hydrogen
production. Here, electrospun PVDF-MoSe; fiber deposited over aluminium foil, and Nylon
fiber based triboelectric negative and positive material, respectively have been used for
fabricating the hybrid nanogenerator. The PVDF-MoSe>/Nylon based TENG exhibits
remarkable peak to peak open circuit voltage of 113.6 V and 26.5 pA of short-circuit current.
Moreover, it exhibits a high power density of 230.4 pWcem™ under piezo-tribo coupling, which
is even superior than the majority of previously fabricated similar type of devices. This TENG,
which has great output performance, can also capture energy from a variety of mechanical and
biological motions, and the device versatility has also been shown by its use in hydrogen

evolution.

It has been observed that material selection is critical for TENGs since the triboelectric
properties of the materials have significant effect on the performance of TENGs. Therefore,
after fabricating a high performance PVDF-MoSe; nanofiber based TENG, in the last part, we
have studied the effect of triboelectric layer material on the output performance of the TENG
device. In this study, the PVDF-MoSe> nanofiber film has been fixed as one of the triboelectric
layers, whereas the second layer material has been varied including PTFE, PDMS, PET, Paper
and Nylon. The TENG consisting of Nylon as second triboelectric material demonstrates the
maximum power density of ~231 pWem™. The effect of tapping frequency and force on the
triboelectric output of PVDF-MoSe,/Nylon was also studied and an increasing trend of output
voltage and current is observed with increasing force and frequency thereby producing a
maximum voltage of ~206 V. The increase in output performance of the TENG with increase
in frequency is attributed to faster charge transfers process, when the contact frequency is
higher. With the rise in contact force, the effective area and capacitance of the TENG also
increases which further results in the enhancement of triboelectric output of the nanogenerator.
This study proposes an effective approach for enhancing the performance of triboelectric

nanogenerator just by selecting the suitable material.
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Chapter 1 gives the brief introduction about the need and the different ways to produce
sustainable energy supplies using mechanical energy harvesters in order to complete the
increasing demand of energy. This chapter deals with the significance of green energy and ideas
to enhance the efficiency of mechanical energy harvesters. The increasing demands for power
have posed serious obstacles to the development of wireless and wearable devices. A renewable
power source for wearable technology is highly desired to address this issue. For harvesting
energy, numerous principles have been established over the years based on diverse
mechanisms, such as piezoelectric, electromagnetic, thermoelectric and triboelectric
phenomenon. Due to their wide range of potential uses, including energy harvesting from
human motion, mechanical motion, wind, and flowing water, as well as self-powered sensors
in various sensing applications, piezoelectric nanogenerators (PENG) and triboelectric
nanogenerators (TENGs), which convert mechanical energy into electricity, have drawn

significant attention.
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1.1 Overview

Energy harvesting is a transformative process involving the conversion of ambient energy,
traditionally dissipated and wasted, into a valuable alternate energy form, primarily in the
electrical energy. This harnessed energy reservoir holds the potential to enhance the efficacy of
pre-existing systems, furnish power to wireless sensors, or drive miniature electronic devices.
The importance of energy harvesting technology has grown as a result of the combination of
declining fossil fuel supplies and the rising ecological consequences. Furthermore, the spike in
technical advances over the last decade has resulted in a trend of device size reduction, resulting
in portability, efficiency, and manageability advantages, but frequently at the price of reduced
battery dimensions. As the traditional external power source for modern electronic gadgets,
lithium-ion batteries are primarily used. Nonetheless, these batteries are constrained by their
short operating lifespan and accompanying environmental issues [1, 2]. As a result, there is an
urgent need for energy solutions that are both efficient and ecologically friendly, while still
having a long operating lifespan. Simultaneously, the progress of nanotechnology has resulted
in significant decreases in power consumption for microelectronics, with power utilisation
shifting from milliwatts (mW) to microwatts (uW) [3, 4]. These advancements underpin

various applications like wireless sensor networks, implantable biodevices, and beyond [5].

Previously, these small wireless sensors were powered by small batteries that required
cyclic recharging. However, the current situation necessitates the pursuit of alternative energy
sources with minimum to no negative environmental consequences. Solar and wind energy are
commonly harvested energy types. Solar energy is a plentiful resource that manifests as light
and heat. Solar light may be converted to electrical energy by using solar cells, however, the
amount of solar radiation absorbed at a given location is determined by the sun's angle.
Environmental conditions also exert influence; instances include diminished solar panel
efficiency during cloud cover or night-time, potentially leading to electricity generation
reduction. Despite its high energy production, this energy harvesting technology is
inappropriate for powering small wearable and portable electronic gadgets. This technology is
designed to collect immobilised energy [6]. There are several options, including solar thermal
collectors and solar heat concentrators. These devices collect solar heat to power various
applications directly or via later energy conversion. Wind energy is another option; through
turbine spinning, electricity is generated. Wind turbines properly placed in agricultural regions
or rocky terrains of remote locations provide economic viability without polluting the

environment [7]. Wind and solar energy sources are both very unpredictable due to their high
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dependency to environmental conditions. Consequently, solely relying on them to directly
power critical electronic apparatus becomes unfeasible [8]. Mechanical vibrations, on the other
hand, are a separate energy category distinguished by their plentiful presence within the

ambient environment and are independent of external conditions.

Mechanical vibrations are a plentiful and underutilised reservoir that has yet to be
explored. This collection of mechanical vibrations has a wide range of amplitudes and
frequencies [9, 10]. Human or biological vibrations normally have a frequency range of 1-10
Hz, whereas machine vibrations have a frequency range of 10-100 Hz [11]. Exploiting
mechanical vibration energy, which may be derived from irregular airflow, ultrasonic waves,
tidal motions, and even human movements, is an attractive way owing to its ease of access and

ecologically friendly nature.

The current thesis, within this framework, elucidates novel approaches for capturing
mechanical energy by using piezoelectric and triboelectric phenomena. The primary focus is
on thoroughly unravelling the operational mechanisms while simultaneously developing
hybrid devices designed to improve energy harvesting performance. The primary goals are to
provide a simplified, resilient, and financially feasible method that prioritises ecological

compatibility.

1.2 Nanogenerators for Mechanical Energy Harvesting

Nanogenerators are a ground-breaking approach of converting mechanical energy into useful
electrical power. This topic is a continuously expanding field of study, with advances in
nanotechnology accelerating its expansion even further. Notably, Professor Zhong Lin Wang
and his research team established the manufacturing of a piezoelectric nanogenerator based on
ZnO nanowires in 2006 [12, 13]. Their approach included using a conductive AFM tip to apply
mechanical pressure on the nanowire and then measuring the resulting voltage output. This key
study pioneered a new paradigm for power production based on piezoelectric nanomaterials.
Following this watershed moment, the area has seen a slew of investigations aimed at
improving efficiency and deeper understanding of the different ways of power production
principles. After inventing the piezoelectric nanogenerator, Professor Zhong Lin Wang and his
research team proposed a unique way to harnessing electrical energy by utilising the
triboelectric effect in 2012 [14]. Following this pioneering work, significant advances in both
the design and uses of this technology have occurred. The advantages of nanogenerators are

their ease of production, low cost, and resilience [15]. A broad range of nanogenerator designs
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have developed in light of the various forms of mechanical energy, ranging from wind energy
[16-20] water waves [21-23] biological motions [24-26] and machine vibrations [11, 27]. These
designs capture otherwise wasted mechanical energy, which would normally be lost to forms
like as sound, heat, and other mechanical motions. Beyond their role in generating electricity
for small-scale electronic devices, nanogenerators possess the capability to serve as a sensor
device. Motion tracking [28], touch sensors [29], pressure [30], temperature [31], and wind
speed sensor [32] are among the array of sensing functions wherein the nanogenerators find
direct application. The forthcoming chapter provides an elaborate exposition of piezoelectric

and triboelectric nanogenerators, and their operational mechanisms.

1.3 Piezoelectric Nanogenerators

Piezoelectric nanogenerator (PENG) uses the piezoelectric phenomena to convert mechanical
energy into electrical power. When an external force acts upon a piezoelectric material, a piezo
potential is created. This potential gradient drives the movement of electrons between the two
opposing metal electrodes that are affixed to either surface of the films. Material refinement
and design optimisation have dominated research efforts in the piezoelectric nanogenerator
area. This aims to improve system flexibility and utility in a variety of applications, notably in
the field of flexible electronics. The next section looks into the materials used in PENG

fabrication, as well as the associated design structures.

1.3.1 Piezoelectric Materials

The invention of piezoelectric materials may be traced back to 1880, attributed to the
pioneering work of Pierre and Jacques Curie. Within the realm of naturally occurring
substances, several materials display inherent piezoelectric characteristics. Examples include
topaz, Rochelle salts, quartz, and cane sugar. Understanding the fundamental principles
requires an understanding of the crystal structures of inherent piezoelectric materials, as well
as the underlying physics regulating the piezo potential production. Mechanical pressure causes
polarisation in piezoelectric materials, and voltage causes material deformation, an distinctive
property of some materials. This characteristic demands the lack of a centre of symmetry within
the crystal structure. Figure 1.1 shows an excellent example of a hexagonal crystal structure
that exhibits piezo potential in response to mechanical pressure. As shown in Figure 1.1(a),
when a line is drawn in any direction, the charge distribution at a particular place is not equal
to that at an equidistant point in the opposite direction. Prior to the imposition of mechanical
strain causing structural deformation, the aggregate positive and negative charge centers

coincide, symbolized by point 'O', which serves as the net charge center. When mechanical
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stress is applied along the Y-axis, the locations of positive and negative charges along the
deformed axis change. This divergence prevents the negative and positive charge centres from
overlapping, causing polarisation along the applied force vector. Subsequently, when a force is
exerted along the X-axis, polarization occurs along the Y-axis, as depicted in Figure 1.1(c).
This illustrates the mechanism of generating polarization in different directions corresponding

to the applied forces.

Figure 1.1 Hexagonal structure of crystal (a) without stress, (b) when stress is applied along

Y-axis, and (c) when stress is applied across X-axis.

The linear correlation between the applied stress, denoted as Tj, and the resultant polarization,

P, is mathematically represented as:

Here, dij signifies the piezoelectric coefficients, with i and j denoting specific directions.
Analogously, the deformation elicited within the material, represented as Sj, in response to an

applied electric field, denoted as Ei, is expressed as:

Lead zirconate titanate (PZT) has the highest piezoelectric coefficient (d33 =480 pm/V) among
the different available piezoelectric materials. Nevertheless, the presence of toxic Pb* within
PZT raises environmental concerns. In response, scientists have directed their efforts toward

identifying lead-free piezoceramics, such as KNaNbO3 (KNN), BiNaTiOs, BaTiOs, etc.
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1.3.2 Evolution of Piezoelectric Nanogenerators

The evolution of PENG design has been a progressive journey, in its initial stages, the
fundamental configuration of PENG involved the synthesis of nanowires and nanorods,
subsequently linking them individually to metal electrodes. This connection was established
using either interconnecting electrodes or through the design of interdigital electrodes, as
depicted in Figure 1.2. For device manufacturing, a wide range of nanowires were used,

including CdS [33], ZnS [34], PZT [35], ZnO [36], and others.

Zn0
nanowire

PDMS polymer

PZT nanofibers

Extraction electrodes

(b) (c)

Figure 1.2 (a) The construction of a PENG device involves the utilization of a Kapton film
with integrated ZnO nanowires [38], (b) PZT nanofibers are interconnected and linked by
interdigital electrodes, which are supported by a flexible PDMS layer [39] and (c) The

configuration comprises a side-by-side alignment of ZnO nanowire arrays [37].

Nanofibers and nanowires structured as single units exhibit remarkable pressure
sensitivity, even a modest strain of 0.19% can yield a substantial voltage output of 1.26 V,
sufficient to recharge an AA battery [37]. Nevertheless, the fabrication process for these

structures demands intricate methodologies. Additionally, when these devices encounter
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repetitive mechanical stresses, there exists a risk of early breakdown. As a result, a new
research path has evolved in pursuit of flexible, freestanding film based PENGs. A fundamental
polymer matrix is developed in this design paradigm, into which piezoelectric nanostructures
are inserted, while flexible films serve as electrode deposition substrates. Polyvinylidene
fluoride (PVDF) is a well known polymer due to its high piezoelectric coefficient. The
integration of piezoelectric contributions from both the polymer and the incorporated
nanostructures holds the potential to enhance output power. In later sections the structure of

PVDF and several methods for increasing its piezoelectric coefficient will be discussed.

1.4 Triboelectric Nanogenerators

Triboelectric nanogenerators (TENGs) work on the basic idea of triboelectrification. This
phenomenon arises when two materials make contact, leading to the generation of charges on
their surfaces. This effect has been recognized for an extended duration, with a notable
illustration being the occurrence of negative charges on a plastic comb when it is used to comb
dry hair. This process is known scientifically as "contact electrification,”" and it emphasises the
generation of charges through the contact of two different materials. Triboelectrification occurs
in solids, liquids, and gases, encompassing a wide range of materials. This phenomenon gained
substantial attention subsequent to the introduction of the triboelectric nanogenerator by
Professor Zhong Lin Wang in 2012 [14]. The operation of a Triboelectric Nanogenerator
(TENG) is based on the interaction of triboelectrification and electrostatic induction. TENGs
are versatile in design, allowing fabrication in various configurations to capture mechanical
energies originating from diverse sources, such as body movements (e.g., bending, walking,
tapping, clapping) [1, 40], ocean waves [41], interactions with objects like keyboard pads [42]
and backpacks [43], rotational motions [44], and wind energy [16]. The generated electricity
can be either stored for alternative applications or utilized directly within the device, which can

also serve as a sensor.

1.4.1 Triboelectric Materials and Triboelectrification

Several ideas have been proposed to explain the mechanics underlying charge creation via
triboelectrification. The Kelvin probe microscope has evolved as a powerful method for
inspecting and analysing surface charges. Among the several ideas that explain the charge
transfer process, the electron transfer hypothesis is widely accepted as the explanation for the
beginnings of triboelectrification. According to this theory, when two materials make contact,
the electron clouds enveloping the atoms of these materials intersect. This intersection results

in the migration of electrons from one atom to another, a phenomenon depicted in Figure 1.3.
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Electrons stay firmly connected to their respective atoms when materials A and B are separated
by a distance 'd'. Mechanically reducing the separation distance to the point where electron
clouds overlap or atomic bonding length reduces on the other hand, results in a decreased
potential between the atoms. This transition causes contact electrification, which is
characterised by the transfer of electrons from one atom to the other. When two atoms separated
(as seen in Figure 1.3(c)), one gains an electron while the other loses one. These resulting
charges persist on the surfaces of the interacting materials. The mechanical forces sole function
is to facilitate intimate contact at the atomic level, but only in specified locations, despite the
fact that the whole surface of the material does not achieve such closeness [45]. Thus, to
augment contact electrification, an effective strategy involves employing a soft material to rub
against a hard or tightly-bound material. This action ensures increased points of contact,

resulting in the transfer of more charges.

m A~ © & -

T o e

Atom of Material B

Atom of Material A

Figure 1.3 A schematic diagram illustrates the process of contact electrification. The diagrams
depict the electron cloud and potential energy profile of two distinct materials, labelled as A
and B. In the initial state (a), before these materials come into contact, as they make contact
(b), their electron clouds begin to overlap, leading to the transfer of electrons between the two
materials. After separation (c), it becomes evident that the atom of material B has gained
electrons, resulting in a negative charge, while the atom of material A has lost electrons, leading

to a positive charge.

Given that triboelectrification occurs between two distinct materials, a smart selection
strategy comprises selecting one material from the lower positions of the triboelectric series
and the other material from its higher position. The triboelectric series categorises materials
according to their tendency to gain or lose electrons. Elements near the top of the series are

more likely to quickly surrender electrons when they come into touch with elements at the

8
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bottom of the series. When two contacting materials have significant differences within the
triboelectric series, higher electron transport discrepancies are expected. Surface modification
of materials has been identified as a means to augment the triboelectric effect. In the pursuit of
flexibility, the selection of flexible polymer materials like polyethylene terephthalate (PET),
Kapton (Polyimide), Polydimethylsiloxane (PDMS), Nylons, and Polytetrafluoroethylene
(PTFE) films given preference over other materials. Numerous devices have been engineered
wherein human skin is incorporated as one of the contacting materials, coupled with a material

from the negative (lower) position of the triboelectric series.

1.4.2 Design and Operating Mechanism of TENG

As previously indicated, the phenomenon of contact electrification manifests across solids,
liquids, and gases. Devices based on solid-solid triboelectrification (the interaction of two solid
or rigid materials) and solid-liquid triboelectrification (where one material is solid or rigid and
the other is a liquid (such as water) have been developed in the context of Triboelectric
Nanogenerator (TENG) construction. Categorized by their operational principles, four
distinctive modes of TENG have emerged: (i) vertical contact-separation mode, (ii) lateral
sliding mode, (iii) freestanding triboelectric layer mode, and (iv) single electrode mode [46-

49]. These modes are illustrated in Figure 1.4.

(i) Vertical Contact Separation Mode (ii) Lateral Sliding Mode

A—

I-I-lll L E X XL E XK. - - = = —
sk g e
+ 4+ +

L L B N L R

(iii) Freestanding Triboelectric Layer Mode (iv) Single Electrode Mode
-
"'|‘|"|"|"|'+ +.|.+.|..|,|* 4+ ko *

Figure 1.4 The distinct operational modes of TENG encompass: (i) the vertical contact-
separation mode, (i1) the horizontal sliding mode, (ii1) the freestanding triboelectric layer mode

and (iv) the single-electrode mode.



Chapter 1

In the vertical contact-separation mode, the two dielectric materials involved move
exclusively in the vertical direction. Conversely, the lateral sliding mode entails the sliding
motion of the two contacting materials over each other. The only difference between these
modes is the method of causing contact and separation via mechanical force application. Metal
electrodes are placed on the non-contacting surfaces of the interacting materials in both cases,
with both materials interconnected. However, the latter two modes-the single electrode mode
and the freestanding triboelectric layer mode-deviate from the preceding pair. In these modes,
solely one dielectric material and one metallic material are employed. In this case, the metallic

or conducting material that makes contact also serves as the electrode.

The operating mechanism of TENG is depicted in Figure 1.5 by taking the example
PVDF-MoSe:> and Nylon. Since no charge exists prior to the contact between the layers of

TENG, resulting in zero potential difference between the layers (Figure 1.5(a)).
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Figure 1.5 Schematic illustrating the working of PVDF-MoSe»/Nylon based TENG in vertical

contact-separation mode.

Using a dynamic shaker, both triboelectric layers are pushed into contact, leading to
electrons movement from Nylon surface towards the PVDF-MoSe; surface via contact
electrification. As a result, the Nylon surface charges positively, whereas the PVDF-MoSe,
surface charges negatively. (Figure 1.5(b)). Because of the polymer films insulating nature,
these charges will not flow away or be neutralised quickly. When these layers are separated, an

electrical potential difference among their associated electrodes is created, causing electrons to
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travel via an external circuit, leading to an electrical signal (Figure 1.5(c)). Once the separation
distance is maximised, the electric potential difference between the electrodes is entirely
neutralised by electron transfer, and in the external circuit no electrical signal is produced
(Figure 1.5(d)). When the TENG is compressed again, an opposite electrical signal is produced
due to back-flow of electron (Figure 1.5(e)). As a result, despite being repeatedly driven by an

external force, TENG could generate a continuous alternating electrical output.

Figurel.6 depicts two contacting dielectric materials, indicated as 1 and 2, with
thicknesses di and d», respectively. Following contact, these materials subsequently separate,
resulting in charges accumulation on their surfaces due to triboelectrification. Under the
assumption that equivalent yet opposite charges accumulate on both surfaces, the charge
density on material 1's surface is '+c', while material 2's surface bears '-c'. This charge creation
causes the induction of an electric potential, which results in the transfer of a charge quantity
'Q' between the two electrodes. In the framework of Gauss theorem, we can think of each
material as an infinite number of dielectric plates. The electric field contained within dielectric
material 1 (E1), dielectric material 2 (E>), and the intervening air space (E3) may be calculated

using this theorem [50].

__—Q
By = (1.3)
_ _—Q
By = 5 (1.4)
)
By = -~ (1.5)

Here, S denotes the surface area of the plates, €o represents the absolute permittivity, and €1

and &y correspond to the relative permittivity of material 1 and 2, respectively.
The resulting electric potential between the two electrodes may be calculated as follows:
V = E1d1 + Ezdz + E3x(t) (16)

Using the previous equations, we get:

V=—Q<&+:—2+x(t)>+m (1.7)
r2

S \&r1 €9

This equation can be simplified further by incorporating do as the effective thickness constant,

which is equal to the sum of (di/e;1 + d2/er). As a result, the ultimate expression describing the
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voltage created between the two electrodes 1is:

ox(t)

€0

V=—%(do+x(®) + (1.8)

This equation, often known as the V-Q-x relation, summarises the relationship describing the

voltage generated between the two electrodes.

Charge Amount at Metal 1 (-Q)

Metal 1
Dielectric 1 +
d1 b G B B N G BN
+0
X (t) Air \Y

-0
Metal 2

Charge Amount at Metal 2 (Q)

Figure 1.6 Illustration depicting the separation of the two interacting materials subsequent to

the creation of equally opposing charge densities (o) on their respective surfaces.

1.5 Design of Hybrid Device for Mechanical Energy Harvesting

A single device cannot capture many types of energy, therefore by combining two or more
devices is a proficient and inventive technique for increasing energy harvesting efficiency.
Within this context, the present study has realized the creation of hybrid systems by integrating

both piezoelectric and triboelectric effects within a single nanogenerator.

Piezoelectric and triboelectric nanogenerators are both excellent at producing power from
mechanical vibrations or motions. As a result, using two nanogenerators to generate electricity
from a common mechanical force is a simple and effective technique. To attain this purpose,
several techniques have been tried. Yang et al., for example, initiated the construction of a
hybrid device in which vertically oriented ZnO nanorods serve as both the piezoelectric
material and the contact material for the triboelectric effect [51]. A prevalent technique for
device fabrication involves employing a piezoelectric polymer such as Polyvinylidene fluoride

(PVDF) and its copolymers as the designated piezoelectric material [52-54]. Nonetheless,
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despite several approaches developed to enhance piezoelectric properties of PVDF, researchers
have yet to thoroughly study its optimisation to serve as an adept triboelectric material in its

own right.

1.6 Polymers for Piezoelectric Nanogenerators and Applications

Flexible polymers have emerged as particularly favourable materials in the development of
nanogenerators, whether they are piezoelectric or triboelectric in nature. Their ability to
properly absorb vibrations, along with their eco-friendly composition and durability, makes
them an excellent choice. This has attracted the interest of researchers towards electroactive
polymers, which have found utility in a variety of applications, including actuators, sensors,
and energy harvesting. Because of their diversified characteristics, they have acquired the label
of smart materials [55]. Previously, it was thought that the concept of piezoelectric capabilities
was limited to ceramic materials, however the discovery of piezoelectric characteristics in
polymers began in 1963, when such qualities were discovered in two particular polymers:
poly(vinyl chloride) (PVC) and poly(methyl methacrylate) (PMMA) [56]. Kepler was the first
to notice the piezoelectric property of polyvinylidene fluoride (PVDF) [57]. Following that,
Kepler and Anderson discovered the ferroelectric properties of PVDF in 1978 [56]. Other
polymers with piezoelectric capabilities include parylene-C, Nylon-11, polyamide, poly(lactic-
co-glycolic acid) (PLGA), and polylactic acid (PLLA) [55]. Among the many piezoelectric
polymers, the ones containing PVDF and its copolymers have the greatest piezoelectric
coefficients. Nonetheless, when compared to piezoceramics, their piezoelectric characteristics
are low. The fundamental limitation of piezoceramics is their inability to be shaped to meet a
variety of applications [58]. Furthermore, repetitive stress exposure frequently results in the
formation of cracks over time, leaving them non-functional. As a result, current research efforts
are primarily focused on the development of flexible piezoelectric polymers. These materials
have an outstanding capacity to absorb mechanical vibrations and have the added benefit in
fabrication of nanogenerator into a variety of shapes while remaining stable. Polyvinylidene
fluoride (PVDF) has received a lot of attention in this field because of its biocompatibility,
environmental stability, and most importantly its intrinsic piezoelectricity. Higher piezoelectric
qualities are seen accompanying strong mechanical features among the range of piezoelectric
nanostructures of 2D transition metal dichalcogenides (TMDCs) [59-61]. As a result, they are
sustainable and attractive alternative for creating devices that capture mechanical energy.
Furthermore, the high surface-to-volume ratio of these nanostructures allows them to easily

integrate with polymeric chains in the formation of composite films, such as those created with
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PVDF and PDMS [62, 63]. As a result, these composite films have outstanding mechanical
properties. In the following part, we will devote our attention to exploring into the structure
and characteristics of PVDF and 2D nanostructures, a crucial investigation within the scope of

this thesis.

1.6.1 PVDF: A Ferroelectric Polymer

The polymer chain of polyvinylidene fluoride is composed of recurring CH>-CF, monomer
units. Predicated on the arrangement of these monomers, PVDF exhibits various crystalline
phases (B, a, v and 0), predominantly the B and o phases. In the B-phase, an all-trans
conformation (TTTT) gives rise to its formation, while an alternate trans and gauche
conformation (TGTG) leads to the a-phase [55]. The schematic depictions of the f and o phases
of PVDF are depicted in Figure 1.7 (a) and (b), respectively. The substantial difference in
electronegativity between hydrogen and carbon atoms compared to fluorine atoms engenders
a pronounced dipole moment within each PVDF monomer unit. This dipole moment attains its
highest value per unit cell due to the parallel alignment of monomer units in the B-phase.
Conversely, the a-phase, characterized by an antiparallel monomer unit arrangement, results in
a nullification of dipole moments, thus yielding no net dipole moment. As y-phase is the
intermediate stage between a, and B-phase, therefore, it also exhibit a dipole moment but less
than that of B-phase [55, 64]. As a result, ensuring a sufficient fraction of B-phase content in
PVDF becomes critical for maximising its viability for applications involving piezoelectric
capabilities. The piezoelectric properties of PVDF are primarily determined by the presence of

the electroactive polar B-phase [65-68].

e

(a)
(b)
@ C @F oH

Figure 1.7 A schematic illustrating the orientation of (a) B-phase, (b) a —phase of PVDF
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1.6.1.1 Methods for Enhancing the Piezoelectric Properties of PVDF

In order to efficiently utilise PVDF in energy harvesting systems, nucleation of B-phase is
important. The B-phase in PVDF may be grown via sophisticated film preparation processes
such as melt annealing [69], rapid cooling [70], low supercooling melt crystallisation [71],
mechanical stretching [72], and the insertion of external fillers [73-75]. Among these strategies,
the incorporation of external fillers offers significant advantages, owing to its ability to control
the B-phase nucleation process. The introduction of nanofillers is well recognised to disturb
PVDF ordered crystal structure, promoting the formation of crystalline electroactive B-phase.
External nanofillers such as TiO2[76], BiVO4[77], Fe304[74], CuS [73], and others have been
incorporated into PVDF matrices to efficiently convert vibrational energy into electrical
energy. The goal of this selective inclusion is to control the formation of the polar B-phase
inside PVDF. In addition, nanofillers having inherent piezoelectric properties, such as rGo [ 78],
MoS: [79], (Nao.sKo.5)NbO3 (NKN) [80], PbZro.52Ti0.4s03 (PZT) [81], BaTiOs [82], and, have
been included. This purposeful addition intends to improve the piezoresponse of PVDF
nanocomposites by utilising the piezoelectric capabilities of these nanofillers. Furthermore,
critical nanoparticles with strong piezoelectric properties, such as PZT, have been easily
integrated into the PVDF matrix to boost the overall piezoresponse. This enhancement includes
both the B-phase contribution and the intrinsic piezoelectric properties of the material [81].
However, the toxicity and complicated production techniques, the use of PZT as a nanofiller in
PVDF remains limited. Our method in this thesis focused on the introduction of piezoelectric
2D TMDC nanostructures into PVDF. Our research looks at the fundamental factors which are
responsible for the enhancement in piezoelectric properties of PVDF. We have also investigated

its ability as an active material within the context of the triboelectric nanogenerator.

1.6.2 2D TMDCs

Recently, 2D layered transition metal dichalcogenides (TMDCs) such as MoS», MoSe>, MoTe,

WS,, WSe», etc. have been attracting attention of materials scientist due to their favourable

electronic, optical, mechanical properties and non-toxic nature [83, 84]. Furthermore, 2D

nanomaterials with an extraordinarily thin layer of crystalline structure are employed as fillers to

improve the B-phase and dielectric characteristics of PVDF [83, 84]. The inherent piezoelectric

properties of 2D materials is responsible for the enhanced piezoelectric output of the

nanogenerator [59, 85]. The density functional theory (DFT) at the generalized gradient

approximation level has been used for evaluating the piezoelectric properties in terms of the

piezoelectric and stiffness coefficient for the 2D TMDCs [86]. It has been observed that
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piezoelectric coefficient di; for the flat 2D monolayer materials, which relates the polarization
induced as a function of applied stress increases while moving downward until MoTe» across the
group 16 (chalcogenides) of the periodic table. Duerloo et al. calculated the piezoelectric
coefficients based on DFT results and is found to be 3.65, 4.55 and 7.39 pm/V for MoS,, MoSe>
and MoTe,, respectively [59]. While, TENGs output performance is improved by the maximising
surface charges generated by high surface to volume ratio and the ultrathin structure of 2D
nanomaterials [87, 88]. To improve the output performance of PVDF based PENGs and TENGs,
recent works have referenced 2D materials as fillers, such as MoS», MoSe», black phosphorus [89-
91]. Therefore, these combined effect of addition of the nanofiller in the PVDF have opened the
potential of fabricating flexible, low cost piezoelectric and triboelectric nanogenerator to enhance
the nanogenerator performance for powering wide range of electronic devices. As a result, the
present study suggests a feasible, economical approach to fabricate a high-performance
piezoelectric and triboelectric hybrid nanogenerator by combining both the piezoelectric and

triboelectric effects which may be utilized to drive the wearable electronic devices.

1.7 Primary Challenges and Strategies

Despite significant advances in the design and fabrication of nanogenerators for mechanical
energy harvesting, there is still a significant gap in research concerning the comprehensive
understanding of material properties that have a significant impact on the operational efficiency
of both piezoelectric and triboelectric nanogenerators. Furthermore, the need to scale up energy
generation from these devices is obvious in order to widen their scope of applicability for
powering other devices. A path for efficiently improving material piezoelectric qualities occurs as
a result of the rapid advances in nanotechnology, which allows us to carefully modify material
properties through size manipulation. Among the alternatives, producing lead-free piezoelectric
nano materials such as NaNbOs, BaTiO3, rGo, MoS,, MoSe;, etc. is a feasible choice. After
combining these nanomaterials with PVDF, a nanocomposite is formed that enhances the
piezoelectric properties of PVDF. Given that the effectiveness of a triboelectric nanogenerator is
dependent on the surface features and material qualities of the contacting substance, research into
optimising a piezoelectric polymer to produce a stronger triboelectric effect offers promise. The
choice of a piezoelectric polymer over other polymers for the triboelectric nanogenerator is based
on its ability to enable the combined effort of piezoelectric and triboelectric phenomena in a single
device. Given that both devices require mechanical input for electricity generation, this
combination offers the possibility of extracting more power from a single mechanical force. Given

the wide range of mechanical movements spanning over various frequencies, it becomes critical
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to combine devices in a manner that enables the simultaneous harnessing of higher and lower

frequency mechanical vibrations within a singular apparatus for electricity generation.

1.8 Thesis Problem

The primary goal of present thesis is to improve the output efficiency of PVDF based
nanogenerators while also investigating the impact of TMDCs as nanofillers on the overall
performance of nanogenerators. The research also includes the use of PVDF nanocomposite films
as the active component of triboelectric nanogenerators, as well as a thorough examination of the
TENGs operational principles. Furthermore, a significant portion of the thesis highlights the
advantages of developing hybrid devices with the goal of increasing output power and as a result,

expanding the scope of nanogenerator applications.

1.8.1 Thesis Objectives
The central focus of this thesis involves the synthesis of nanocomposite films based on PVDF and
2D TMDCs and the subsequent investigation of their applications within energy harvesting

devices, primarily through the utilization of piezoelectric and triboelectric effects.
The following are the key objectives of the thesis:

1. To study the effect of the different chalcogens (S, Se, SSe) in the output performance of
the PVDF-TMDC:s based flexible piezoelectric nanogenerator.

2. To study the effect of wt.% of MoS, on the piezo response of PVDF-MoS, composite
based flexible piezoelectric nanogenerator.

3. To study the effect of MoS, wt% in the output performance of PDMS/PVDF-MoS,
composite based flexible piezo-triboelectric hybrid nanogenerator.

4. To study the improved performance of composite flexible thin film based on Nylon/PVDF-
MoSe: hybrid triboelectric nanogenerator with MoSe, wt.% variation.

5. To study the effect of variation of different polymers as second layer in the enhancement

of triboelectric performance of the PVDF based triboelectric nanogenerator.

1.8.2 Thesis Layout
A thorough set of experiments and detailed analyses have been methodically carried out inside

this thesis, all in accordance with the previously mentioned objectives.

The findings of current thesis are described in the subsequent chapters:
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Chapter 1. Introduction

Chapter 1 gives the brief introduction about the need and the different ways to produce
sustainable energy supplies using mechanical energy harvesters in order to complete the
increasing demand of energy. This chapter deals with the significance of green energy and ideas
to enhance the efficiency of mechanical energy harvesters. In the past few years, portable
electronic gadgets have become more and more popular in a variety of fields, including wireless
sensor networks, smart homes, health monitoring, artificial intelligence, human-machine
interface, and the Internet of Things. The increasing demands for power have posed serious
obstacles to the development of wireless and wearable devices. Because of their short lifespans,
conventional batteries are subject to numerous constraints in wearable and wireless electronics.
A renewable power source for wearable technology is highly desired to address this issue. For
harvesting energy, numerous principles have been established over the years based on diverse
mechanisms, such as piezoelectric, electromagnetic, and triboelectric phenomenon. Due to
their wide range of potential uses, including energy harvesting from human motion, mechanical
motion, wind, and flowing water, as well as self-powered sensors in various sensing
applications, piezoelectric nanogenerators (PENG) and triboelectric nanogenerators (TENGs),
which convert mechanical energy into electricity via triboelectric charging and electrostatic
induction, have drawn significant attention. Thorough literature review of the mechanical

energy harvesting has been composed in chapter 1.

Chapter 2. Synthesis and Characterization Techniques

Chapter 2 outlines various experimental methods which have been employed to synthesize and
analyse the prepared samples, along with the pertinent theoretical underpinnings using
COMSOL software. 2D Transition metal dichalcogenides (TMDCs) have attracted researchers
attention because of their unique electronic, optical, mechanical properties and non-toxic
nature. PVDF and its copolymers are also of great interest in the fabrication of PENG and
TENG because of their lightweight, high flexibility, cost effective and simple processing. In
the present chapter, hydrothermal technique used for the synthesis of TMDCs has been
discussed first, after then methods used for the fabrication of PVDF and PVDF-TMDCs
nanocomposite films by using drop casting and electrospinning have also discussed briefly.
Characterization methods used to examine prepared samples, such as powder X-ray diffraction
(XRD), scanning electron microscope (SEM), Fourier transform infrared spectroscopy (FTIR),
Raman, atomic force microscopy (AFM), kelvin probe force microscopy (KPFM),

polarization-electric field (PE) loop tracer, dielectric analyser etc., are presented in depth.

18



Introduction

Chapter 3. Effect of the different chalcogen atoms (S, Se, SSe) of transition metal
dichalcogenides (TMDCs) on the output performance of the PVDF-TMDCs based flexible
piezoelectric nanogenerator.

In this chapter, we have demonstrated a high performance piezoelectric nanogenerator based
on PVDF/(TMDC:s) for generating electrical power. The addition of 2D nanosheets of MoS,,
MoSe; and MoSSe in the PVDF matrix for studying flexible nanogenerators has been carried
out. It was found that the piezoresponse of PVDF/TMDCs based nanogenerators was greatly
enhanced in comparison to pristine PVDF as a function of chalcogen atoms (S, Se, SSe) of
TMDCs. The effect of variable vibrating frequency applied is also investigated for all the
nanogenerators and is found that all the devices shows the maximum response at a vibrating
frequency of 7 Hz. The maximum output voltage, short circuit current of PVDF/TMDCs
composite based devices reaches up to 31 V, 1.26 uA for PVDF/MoSSe which is 3.3 times
higher than those of pure PVDF films. The excellent performances of PENG are ascribed to
the synergistic contribution due to the nucleation of the electroactive polar B-phase content of
the PVDF in the composite films, contribution of inherent piezoelectric property of TMDC
(MoS;, MoSe») due to in-plane asymmetry, and finally addition of piezoelectric contribution
due to the breaking of out-of-plane symmetry in PVDF/MoSSe based PENG. The current study
promises the usage of 2D TMDCs, which are ultrathin, mechanically stronger in the field of

energy harvesting for self-powering wearable electronics.

Chapter 4. Effect of variation of weight percentage of MoS: in PVYDF-MoS: drop casted
films for flexible piezoelectric and triboelectric nanogenerator for powering electronic
devices.

In the chapter 3, we have studied that the addition of TMDCs enhances the piezoelectric
properties of PVDF, however, the concentration of nanofiller in the PVDF also contributes to
the device output performance. To check the ideal concentration of nanofiller, we have
fabricated different piezoelectric and triboelectric nanogenerators based on PVDF-MoS» by
varying the weight percentage (0 %, 3%, 5 %, 7 wt %and 10 wt%) of MoS.. The piezoelectric
output of the PVDF was found to be increased due to the incorporation of MoS». In comparison
to bare PVDF film, the piezoelectric nanogenerator based on 7 wt% of MoS: as filler in PVDF
shows nearly 2-fold increase in output voltage from 9.4 V to 18.0 V. The triboelectric
nanogenerator with 7 wt% of MoS; also exhibits maximum output voltage of 189 V and a short

circuit current of 1.61 pA. The TENG with 7 wt% MoS; also produced a power density of
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104.5 pWem-? which is ~2.7 times of the power density produced by the bare PVDF based
TENG. The results show that 7 wt% of MoS; is the optimum amount of doping for both
piezoelectric and triboelectric energy harvesting; above this level, the performance of the
nanogenerator abruptly decreased due to MoS; agglomeration in the PVDF matrix. Further,
PVDF-MoS,/PDMS based piezo-tribo based hybrid nanogenerator (HNG) is fabricated which
generated the power density of ~220 uWem™. Our study reveals that inclusion of MoS; in the
PVDF matrix stimulates the generation of B-phase and also the intrinsic piezoelectric properties
which contributes in the overall enhancement of the piezoelectric output of PVDF. In addition
to enhanced B-phase, the distribution of MoS: increase the surface roughness which increases
the contact area and also boosts the surface potential and dielectric constant thereby increasing
the triboelectric output of the device. Each of these factors combine to significantly increase
the performance of the hybrid nanogenerator. The generated output power was used for

powering of electronic stopwatch and scientific calculator.

Chapter 5. Energy harvesting performance of PVDF-MoSe: electrospun fiber based
flexible nanogenerator for generating green hydrogen.

After the analysis of the effect of filler concentration, to further improve the efficiency of the
PENG and TENG, in this chapter, the PVDF-MoSe; nanofibers were synthesized via
electrospinning technique with different wt% of MoSe> (0 wt%, 3 wt%, 5 wt%, 7 wt% and 10
wt%) in PVDF fibre matrix. It has been reported that fabrication technique also plays an
important role in the structural and morphological properties of thin films. As a result, the
electrospun PVDF films exhibit increased piezoelectric characteristics without the post-poling
step commonly utilised in other fabrication processes. In this chapter, we have developed a
self-powered water splitting system for generation of H, as a source of green energy by
capturing mechanical energy using fabricated triboelectric nanogenerator. We have shown that
incorporation of MoSe, nanosheets can considerably improve the piezoelectric and
triboelectric performance of PVDF. The PENG with 7 wt% of MoSe: has generated maximum
output voltage of 64.8 V and a short circuit current of 13.4 pA. Furthermore, a high
performance PVDF-MoSe>/Nylon TENG based on this improved negative triboelectric
material has been successfully produced. The TENG with 7 wt% of MoSe: exhibits excellent
triboelectric performance by generating an output voltage of 113.6 V and a short-circuit current
of 26.5 nA. TENG with MoSe: also generated a power density of 230.4 uW/cm2 that is 2.9
times more than the maximum power density produced by bare PVDF based TENG. The

impact of tapping frequency, and impact force on the triboelectric performance of the TENG
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has been also examined. Finally, a self-sustaining water splitting system for generation of
hydrogen was presented by employing TENG as a power supply resource. As a result, the
current study proposes a feasible, low-cost way for creating a high-performance triboelectric

nanogenerator for the application of clean and sustainable energy.

Chapter 6. Effect of variation of triboelectric layer material on output performance of
the PVDF-MoSe: based flexible triboelectric nanogenerator.

Therefore, after fabricating a high performance PVDF-MoSe; nanofiber based TENG, in the
last part, we have studied the effect of triboelectric layer material on the output performance of
the TENG device. In this study, the PVDF-MoSe> nanofiber film has been fixed as one of the
triboelectric layers, whereas the second layer material has been varied including PTFE, PDMS,
PET, Paper and Nylon. The TENG consisting of Nylon as second triboelectric material
demonstrates the maximum power density of ~231 pWem™. The effect of tapping frequency
and force on the triboelectric output of PVDF-MoSe>/Nylon was also studied and an increasing
trend of output voltage and current is observed with increasing force and frequency thereby
producing a maximum voltage of ~206 V. The increase in output performance of the TENG
with increase in frequency is attributed to faster charge transfers process, when the contact
frequency is higher. With the rise in contact force, the effective area and capacitance of the
TENG also increases which further results in the enhancement of triboelectric output of the
nanogenerator. This study proposes an effective approach for enhancing the performance of

triboelectric nanogenerator just by selecting the suitable material.

Chapter 7. Conclusions and scope for future work

This chapter provides a summary of all findings in this work and comparison with available
literature on different mechanical energy harvesters. This chapter also include the future scope
of this research work and challenges.
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CHAPTER 2

Synthesis and Characterization Techniques

[Characterization
|  Techniques

This chapter provides comprehensive insights into the synthesis of nanostructured materials,
the preparation of nanocomposite films, and the variety of characterization techniques
employed in the scope of this research. Additionally, it delves into the fabrication process of
nanogenerators and instruments used for the electrical characterization of the fabricated
devices. The hydrothermal approach is used to synthesize nanostructured materials, whereas
the drop-casting process and electrospinning technique is used to fabricate nanocomposite
films. X-ray diffraction (XRD) is used to examine the crystal structure of the synthesized
nanostructures and films. Quantification of distinct phases within the films is conducted using
Fourier transform infrared spectroscopy (FTIR). The surface morphology is explored through
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Atomic
force microscopy (AFM) is used to thoroughly evaluate surface topography. Polarisation versus
electric field (P-E) loop measurements and Kelvin probe force microscopy (KPFM) are used
to determine the ferroelectric properties and surface potential distribution of nanocomposite
films. Thermal evaporation is used to deposit metal electrodes on the synthesized thin films in
order to fabricate nanogenerators. This chapter also encompasses the determination of the
dielectric constant, as well as voltage and current measurements of the fabricated devices. All

of these approaches are briefly summarized in this chapter.
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2.1 Synthesis of Transition Metal Dichalcogenides (MoS2, MoSe: and MoSSe)

Various techniques are available for the synthesis and modification of TMDCs, enabling the
tailoring of structures and properties to meet diverse applications. These approaches may be
divided into two categories: 1) Top down, and 2) Bottom up. The Top-down strategy involves
exfoliating bulk material into layers by overcoming interlayer forces such as Van der Waals
interactions using methods such as mechanical, chemical, or ultrasonic means. The Bottom-up
approach, on the other hand, comprises the building of nanosheets from individual atoms, in
which precursor materials comprising Molybdenum (Mo), Sulphur (S) and Selenium (Se)
atoms are first dissolved, then assembled into MoS,, MoSe> and MoSSe structures. The
selection of an appropriate synthesis route is crucial before delving into property investigation
and targeted applications. Achieving successful commercialization and industrialization
necessitates the synthesis of high yields of quality 2D nanomaterials [1]. Thus, for the synthesis
of TMDCs nanostructures in our work, we used a simple and ecologically hydrothermal
approach.

2.1.1 Hydrothermal Synthesis Route

Karl Emil von Schathéutl, a German geologist, published the first report of crystal formation
by hydrothermal techniques in 1845. Subsequently, a collaborative effort of researchers and
scientists worldwide has contributed to the advancement of this technique. Hydrothermal
synthesis is the process of creating nanomaterials by chemical reactions that occur within a
sealed stainless-steel autoclave lined with Teflon and loaded with reagents dissolved in water,
all under particular temperature and pressure conditions. A precise volume of aqueous reagents
is poured in the Teflon liner to provide the pressure required to produce nanomaterials with
desired properties and morphology. Also, it is essential to prevent overflow of Teflon during
the reaction. A significant yield of well-crystallized nanomaterials may be obtained by
optimising temperature, pressure, and reaction time in a high-temperature oven [2]. Figure 2.1

depicts the hydrothermal autoclave arrangement used for this purpose.
The constituents involved in the hydrothermal reaction are detailed as follows:

1. Reactant Precursors: These compounds are the initial reactants that engage in chemical
reactions within appropriate solvents, ultimately resulting in the formation of the intended final

product.

2. Mineralizing Agents and Supplementary Additives: Throughout the reaction, diverse

acids and bases are incorporated to achieve a specific pH level. These compounds, referred to
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as mineralizers, play a crucial role in the process. Additionally, there are supplementary
additives like reducing agents, chelating agents, capping agents, and stabilizers. These

additives are essential for shaping the desired morphology of the resultant nanomaterial.
The Hydrothermal method offers several advantages, including:
1. This technique is well-suited for the economical and large-scale production of nanomaterials.

2. The method enables precise control over the size and morphology of the resulting

nanomaterials, contributing to tailored material properties.

3. Hydrothermal synthesis can be seamlessly integrated with other techniques such as
sonochemical and electrochemical microwave synthesis, thereby expanding the possibilities

for creating novel nanomaterials.

4. The setup for hydrothermal synthesis is straightforward, facilitating its repeated use for

multiple cycles of nanomaterial synthesis.

Spring

Stainless Steel
Lid

Teflon

Solution of
Precursors in Di-
‘Water

Stainless Steel
Autoclave

Figure 2.1 Schematic of autoclave used for hydrothermal synthesis

2.2 Deposition of Thin Films

Drop casting and Electrospinning techniques were used for the fabrication of thin films.

2.2.1 Drop Casting Method
The drop-casting approach was used to create flexible nanocomposite films in this work, which

is a simple procedure that includes dissolving solutes in specified solvents at a constant
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concentration. The drop-casting method is a widely used technique for depositing thin films
onto various substrates. It offers a straightforward and cost-effective approach to create thin
films with controlled thickness and composition. This method is particularly suitable for
research and development purposes, where precise control over film properties is essential. The
concentration of the solutes in the solution can be adjusted to achieve the desired properties of
the thin film. The solution is then mixed thoroughly through magnetic stirring to ensure
homogeneity. A predetermined volume of the solution is drawn into a micropipette and
deposited onto a flat substrate, such as a glass substrate as shown in Figure 2.2. By carefully
controlling the volume of the solution and the rate of deposition, a uniform film can be achieved
on the substrate. The coated substrate was subsequently dried within a temperature-controlled

oven.

4 ’ Drying at 90°C
Glass Substrate

PVDF + DMF Solution PVDF Film casted over Glass PVDF Flexible Film peeled
i from substrate

1
!
TMDCs Flakes I
§

+ ’6 Drying at 90°C
dmlnl/ =

Glass Substrate

PVDF + DMF Solution PVDF/TMDC composite
casted over substrate PVDF-TMDCs Thin Film

Figure 2.2 Schematic showing the synthesis of thin films via drop casting technique

One of the benefits of the drop-casting method is its simplicity and versatility. It enables
researchers to quickly investigate the effects of different solute concentrations, solvent
selections, and deposition circumstances on the resultant thin film characteristics. However, it's
important to note that the method may result in some degree of film thickness variation, and
the final film characteristics can be influenced by factors like solvent evaporation rate and

substrate surface properties.

2.2.2 Electrospinning Technique
The electrospinning method is a versatile and widely employed technique for fabricating

nanofiber-based thin films. It offers a precise control over the morphology, structure, and
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properties of nanofibers, making it a valuable approach in various fields such as materials
science, tissue engineering, and electronics. The electrospinning process involves the use of an
electric field to create a thin continuous jet of polymer solution or melt from a charged needle
or nozzle. This jet undergoes elongation and thinning due to electrostatic repulsion, resulting
in the formation of ultrafine fibers that are collected onto a grounded substrate, typically in the

form of a rotating drum or a stationary collector.

Pump

s High Voltage | ==
Supply

Syringe

Polymer Solution

Needle

Taylor Cone

Nanofibers

Rotating Drum —
Collector

Figure 2.3 Schematic illustration of electrospinning system showing the fabrication of

nanofibers.

The basic setup consists of a high-voltage power supply connected to the needle or
nozzle, a syringe or reservoir containing the polymer solution, and a grounded collector as
shown in the Figure 2.3. As the polymer solution is ejected from the needle, the electric field
induces charge separation in the solution, causing the solvent to evaporate rapidly and leaving
behind solid polymer fibers. Several factors influence the electrospinning process, including
solution viscosity, electrical field intensity, distance between the needle and collector, flow rate,
and surrounding factors. These variables together determine fibre diameter, alignment, and
uniformity. Researchers may modify the final nanofiber shape to match specific requirements

by altering these factors. Furthermore, electrospinning enables the fabrication of continuous
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and porous nanofiber networks with high surface area-to-volume ratios, making them useful

for a variety of applications.

2.3 Characterization Techniques

Various characterization techniques are employed to confirm the successful formation of
TMDCs nanostructures and PVDF-TMDCs based thin films. X-ray diffraction (XRD) is used
to begin the structural study, which is then followed by morphological analyses using scanning
electron microscopy (SEM), field emission scanning electron microscopy (FESEM), and
transmission electron microscopy (TEM). Raman spectroscopy is also used to confirm the
presence of multilayer structures. To investigate the attachment of desirable functional groups,
Fourier transform infrared spectroscopy (FTIR) is used. Additionally, atomic force microscopy
(AFM) is used to analyse the topography and surface potential of the thin films were measured
using KPFM. This section that follows offers a brief review of the operating principles of each

of these characterisation approaches that we have used in our work.

2.3.1 X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is utilized for a wide range of applications including crystallography,
the identification of compounds, measurement of strain, determination of crystallite size,
assessment of coefficients of expansion and densities, investigation of crystal texture,
quantification of sample crystallinity, evaluation of dislocation density, and various other
analytical processes [3]. Almost a century has passed since the influential contributions of
Debye, Scherrer, and Hull in 1916-17, which represented the first ventures into powder X-ray
diffraction research [4, 5]. While these pioneers and others established the fundamental
concepts of powder diffraction in the early years, the unanticipated advancement of computing
technology and its computational powers in the twenty-first century could not have been
predicted at the time. Hugo Rietveld brought a dramatic change in the field of powder
diffraction around fifty years after the development of the first powder diffraction patterns.
This shift was driven by the widespread availability of computational power, as demonstrated
by his innovative concept of computer-assisted comprehensive fitting of entire powder
patterns. This was a watershed moment in the history of powder diffraction analysis. In modern
practise, sophisticated algorithms are used to analyse and recognise crystal structures inside
powder samples. The goal of this historical overview is to highlight significant advances in the
field of powder diffraction throughout the preceding century. These advances include the first

transmission experiments and the identification of fundamental cubic crystal formations, which
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culminated in modern approaches that allow for the detailed refining of thousands of atoms

contained inside a single unit cell [6].

A vacuum tube is used to produce X-rays. These x-rays are type of electromagnetic waves with
wavelengths ranging from 0.1 A to 100 A. Electromagnetic waves with wavelengths ranging
from 0.5 A to 2.5 A are used during diffracting from crystals because of the same size of
crystals. The schematic of x-ray generation setup is shown in Figure 2.4 which comprises of
the x-ray tube, and a vacuum chamber with a cathode and anode. The cathode is tungsten
filament, whereas the anode is copper metal. The tungsten filament emits high-energy electrons
that rush towards the anode with a powerful accelerating force ranging from 30 to 60 kV. When
these high-energy electrons collide with copper metal, they eject the electrons from the
innermost shell. As a result, electrons from the L and M shells move to the K shell to fill the
vacant electron positions. This process generates radiations known as CuK, and CuKg, with
wavelengths of 1.54 A (from L to K) and 1.39 A (from M to K) respectively. To attain the
desired monochromatic radiation of 1.54 A, a filter made of nickel (Ni) is employed. This filter

effectively eliminates the CuKg radiation with a wavelength of 1.39 A [7].

Heated filaments emits
electrons by thermionic
emission

Electron are accelerated by a
high voltage

Glass envelope

Figure 2.4 Schematic showing the generation of X-rays in X-ray tube.

W. H. Bragg and W. L. Bragg discovered in 1913 that crystalline materials reveal a
characteristic pattern of X-rays being reflected. This phenomenon is identified by significant
scattered radiation peaks at certain incidence angles and wavelengths. According to W. L.

Bragg's postulation, a crystal can be regarded as a congregation of parallel planes, with a
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specified spacing indicated as 'd'. When X-rays are reflected by ions inside these parallel
planes, a distinct and sharp peak arises, and when these rays originate from successive parallel
planes, they participate in constructive interference, as seen in Figure 2.5. To establish Bragg's
condition, it's necessary for the path difference between these rays, represented as 2dsin6, to

be equivalent to an even integer multiple of half the wavelength, given by the equation:
2dsing = ni (2.1)

Here, the integer "n" denotes the order of diffraction.

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

Bragg's reflection occurs within the X-ray range for wavelengths A < 2d, making it the
domain where crystalline diffraction occurs. The subsequent factors influencing peak
positioning encompass the unit cell's size, space group symmetry, and crystal symmetry. This

collective interaction determines the peak's intensity, as described by equation:
Fhkl — anezm(hunkvnlwn) (2‘2)

Here, the element coordinates are represented by uvw, the Miller indices by hkl, and the
electron scattering density by fn. As this methodology is commonly applied to samples in a
powdered state, the powder substance interacts with incident radiation, engaging with all

feasible planes within the material, adhering to Bragg's law. Peaks appear for parallel planes
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and at different angles, indicating constructive interference [8]. X-ray diffraction may be used

to retrieve information on crystallite diameters by using the correlation shown in equation:
D = kA/Bcos6 (2.3)

The D8 Advance Bruker instrument (shown in Figure) X-ray diffractometer was utilized to
generate the XRD pattern for this study with CuK, radiation (A = 1.5406 A) a X-ray source.
The patterns were recorded at room temperature, employing a step size of 0.02° and a scan
speed of 2° per minute. The obtained patterns were subsequently compared using the JCPDS
database and previously reported literatures. The presence of different phases in the PVDF and

PVDF nanocomposite films is also confirmed using the XRD spectra.

2.3.2 Fourier Transform Infrared Spectroscopy

The vibrational properties of functional groups in organic and semi-organic molecules can be
investigated using Fourier-transform infrared spectroscopy (FTIR). This analysis is carried out
by exposing the compounds to the electromagnetic spectrum between 400 cm™'and 4000 cm™!.
The energy levels of the molecule's vibrations change as it absorbs infrared light. These
vibrations manifest in two distinct modes: stretching and bending. The absorbed energy
facilitates adjustments in these energy levels. This method holds utmost significance in
identifying organic molecules containing robust dipoles and polar chemical bonds (such as NH,
OH, CH, etc.) [9-11]. The FTIR spectroscopy technique has several benefits, including its faster
scanning capabilities as compared to other dispersive techniques and its adaptability in
analysing solids, liquids, and gases. This method is based on the molecular bonds between the
sample's components. The constituent atoms determine the nature of these molecular bonds.
The molecules in the sample absorb energy and shift to higher energy levels when exposed to
IR light. When these molecules return to their original (de-excited) states, they emit radiation
defined by the energy difference between the excited and de-excited states. Various
wavelengths are present in the incoming light, and each material absorbs a particular IR
wavelength, adding to its individual spectral signature [12]. Infrared spectroscopy identifies
molecules that vibrate or rotate at certain frequencies corresponding to different energy levels.
Resonant frequencies are influenced by a variety of parameters such as atomic masses,
molecule potential energy surfaces, and vibronic coupling. As a result, a relationship between
binding kinds and vibration frequencies arises. Simple diatomic molecules have a single bond
that can stretch, whereas complex compounds have numerous bonds that can stretch and

conjugate vibrations. This interaction results in specific infrared absorption frequencies
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connected to chemical groupings. Because each functional group has a specific vibrational
energy, IR spectroscopy is similar to a unique fingerprint for each group. FTIR spectroscopy
quantifies these assimilated wavelengths, allowing for the determination of material
identification and bonding properties. The resulting graph can show "transmittance" or
"absorption" of infrared light on the y-axis, with wavenumber on the x-axis. Depending on the
chemical nature, the graph may include many peaks. The identification of functional groups
within the sample is aided by thorough investigation and comparison of these peaks with
collected IR signatures for various materials and bonds. The Michelson interferometer which
is depicted in Figure 2.6 is a commonly used technique in FTIR spectroscopy. The schematic
in Figure 2.7 depicts the several steps involved in the FTIR spectroscopy. In the interferometer
arrangement, infrared radiation from the source is routed through a collimator to the beam
splitter. The incident beam is then separated into two independent beams by the beam splitter.
Both beams travel to the interferometer's mirrors, with one mirror moving at all times. This
motion causes a path disparity between the beams, resulting in modulation of each wavelength
in the incident beam at a different frequency. Following reflection from the mirrors, the beams

combine to form a complicated interferogram.
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Figure 2.6 Schematic of Michelson Interferometer.

The generated interferogram is then projected onto the sample. As previously stated,
the sample selectively absorbs various wavelengths of transmitted light from the incident

spectrum. A detector measures the intensity of different wavelengths of transmitted light. Using
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the "Fourier transform" approach, the incoming signal is processed and transformed into useful
data. The final graph produced by utilising the Fourier transform approach assists in identifying

several functional groupings within the analysed sample.

In the present study we have used the FTIR spectra to analyse the percentage of B-phase of
PVDF in different PVDF based thin films.
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Figure 2.7 Schematic showing FTIR spectroscopy

2.3.3 Raman Spectroscopy

Raman spectroscopy is utilized to analyse the rotational, vibrational, and additional frequency
modes exhibited by specimens. This approach provides information on molecule bonding and
structure, resulting in a unique fingerprint for molecular identification. This spectroscopy,
which is fundamentally based on the inelastic scattering of light known as the Raman Effect
[13]. When monochromatic radiation interacts with a material, it might result in scattering,
reflection, or absorption. Scattered radiation is useful for learning about molecular structure. A
coherent source, frequently in the form of a laser, is widely used in Raman spectroscopy to
analyse specimens [14]. The majority of incident radiation experiences elastic scattering,
resulting in the emission of Rayleigh scattered light. A minute proportion, approximately 1 in
10°, undergoes inelastic scattering, primarily manifesting as Stokes and anti-Stokes lines.
Within this small subset, the Stokes lines are of primary interest for specimen analysis. In
Rayleigh Raman scattering, the frequencies of incident and scattered light are identical.

Contrastingly, in anti-Stokes Raman scattering, the scattered light exhibits a frequency higher
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than the incident light, while in Stokes Raman scattering, the frequency of the scattered light
is lower than that of the incident light [15]. A simplified design of the Raman spectrometer is

shown in Figure 2.8.
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Figure 2.8 Schematic representation of Raman spectrometer

The Raman spectrum is plotted with scattered light intensity against the energy
difference known as the Raman shift. Upon photon interaction with a molecule, the electric

field 'E' induces a dipole moment 'P', as expressed by
P =caE (2.4)

where a signifies the proportionality constant indicative of the electron cloud's deformation
around the molecule [16]. These molecular bonds, characterized by specific energy transitions
linked to alterations in polarizability, give rise to Raman active modes. A contemporary Raman
spectrometer comprises three essential components: a laser source, a sample illumination
system, and a suitable spectrometer. Lasers are frequently chosen for studying Raman spectra
due to their monochromatic nature and high-intensity beams, facilitating robust signal-to-noise
(S/N) ratios. Raman spectrometers are categorized into two types: those employing charge-
coupled devices (CCD) or those incorporating cooled germanium within Fourier-transform
infrared (FTIR) setups. Raman spectroscopy often holds an advantage over IR spectroscopy
due to its applicability in examining inorganic systems within aqueous solutions. It has shown
to be extremely useful in the study of biological systems. Raman spectroscopy requires just a
small sample volume, making it ideal for analysing liquid and film materials. The technique is

adept at detecting molecular impurities and additives. In various scenarios, Raman
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spectroscopy has emerged as a non-destructive method for both qualitative and quantitative

analysis.

2.3.4 SEM and FESEM

Scanning Electron Microscopy (SEM) represents an advanced form of microscopy that
investigates the three-dimensional structure of solid specimens using electrons instead of light.
This technique proves invaluable for acquiring comprehensive insights about a sample,
including its topography, composition, and morphology. At scales ranging from nanometers to
micrometres, SEM stands as an optimal method for analysing both organic and inorganic
materials. With magnification capabilities reaching up to 30,000x, and even up to 100,000x in
modern models, SEM produces highly precise images of diverse materials. In a scanning
electron microscope (SEM), electromagnetic "lenses" are employed to focus an electron beam
onto a sample. This sample may comprise materials such as metals, metal oxides, ceramics, or
biological specimens. Consequently, an image is generated by recording the interactions
between the electron beam and the surface of the specimen. As the electron beam engages with

the sample, it causes deflection in different types of electrons.
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Figure 2.9 Schematic showing the components of a SEM
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Preparing a sample for SEM analysis involves dispersing powder samples, applying
thin films, or arranging pellets over conductive carbon tape, followed by coating them with
conducting metals like gold (Au) or platinum (Pt) [17]. This metal coating prevents the
accumulation of incident electrons at specific areas on the sample. Consequently, the electron
beam is systematically directed across the sample, ensuring interaction with the specimen.
During this interaction, electrons scatter from the surface, giving rise to secondary electrons
and backscattered electrons (BSE). These electron types, along with their production,
particularly secondary electrons emitted from a few surface layers with an energy of < 50 eV,
offer insights into the sample's morphology. Conversely, BSE, characterized by energy > 50
eV, are elastically scattered from the surface and can penetrate more deeply compared to
secondary electrons [18]. Elements with higher atomic numbers yield a greater quantity of
backscattered electrons in comparison to those with lower atomic numbers. The appearance of
brighter patches in SEM pictures demonstrates this difference. Thus, variations in chemical
composition on the surface become discernible through the contrast within images produced
by backscattered electrons. The interplay between bright and dark regions in these images
reflects the density of backscattered electrons, while the signal intensity correlates with the
concentration of secondary electrons [19]. A visual depiction of fundamental SEM components

is illustrated in Figure 2.9.

2.3.4.1 Field Emission Scanning Electron Microscopy (FESEM) is an advanced microscopy
technique that employs a field emission source to traverse the specimen in a zig-zag manner.
The electron emitters within the field emission gun possess emission capabilities that can
exceed those of a conventional tungsten filament by up to a factor of 1000 [20]. Furthermore,
FESEM demands high vacuum levels. Following emission, electrons are concentrated into a
narrow, monochromatic beam using metal apertures and magnetic lenses. Following that, data
from several electron detectors are combined to provide a picture of the specimen. FESEM
provides insights into topography and elemental composition across magnification scales
spanning from 10x to 300,000x, coupled with an extensive depth of field. Its performance
surpasses that of conventional Scanning Electron Microscopy (SEM) by a factor of three to six,
yielding sharper images with spatial resolution down to half a nanometer. Notably, FESEM

images exhibit reduced electrostatic distortions [21].

2.3.5 Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM) was invented in 1986 at Stanford University by eminent

scientists G. Binning, C. Quate, and C. F. Quate. Their invention involved affixing a tiny

44



Synthesis and Characterization Techniques

diamond fragment to one end of a thin strip of gold foil. For a variety of applications, AFM is
capable of inspecting the topography and surfaces of materials, including both uniform and
uneven surfaces. The contact force between the specimen's surface and the probe, represented
in Figure 2.10, is critical to AFM performance. This probe is made up of elastic cantilevers that
end in an extremely small tip with a diameter of around 10 nanometers. The separation between
the probe's tip and the sample is governed by the forces experienced between them. Two
primary categories of forces operate between the tip and the sample surface: attractive (non-
contact) and repulsive (contact) forces. Analysing the bending and deflection of the cantilever
facilitates the assessment of the force exerted between the tip and the surface [22].

Consequently, three distinct methodologies can be employed within AFM.

When the tip has hard contact

with the surface; When the tip is
/ repulsive regime distant from the surface;

no deflection

Force
>
1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I

\ When the tip is brought
closer to the surface;
attractive regime

v

Probe Distance from Sample (z distance)

Figure 2.10 Graph showing the relation between force and probe distance of AFM tip

1. Contact Mode: The contact mode is examined under quasi-static conditions and functions
within the repulsive region of the van der Waals curve. Within the contact measurement
approach, the tip establishes direct contact with the sample's surface. The deflected cantilever,
generating the elastic force, counteracts the force between the tip and the sample. For this mode,

researchers should opt for a cantilever possessing low rigidity.

2. Non-Contact Mode: The oscillatory mode is another name for the non-contact mode. High
sensitivity and reliable feedback are required for non-contact operation to be effective. This

mode is sometimes used in a semi-contact mode to examine changes in phase and amplitude
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of cantilever oscillations as the tip engages with the specimen via attractive van der Waals

forces without establishing physical contact.

3. Tapping Mode: In this mode, it's common to employ a cantilever characterized by a
substantial resonant frequency. The interaction between elastic and van der Waals forces
between the tip and the specimen induces notable amplitude deflections during scanning. This
technique is functionally similar to the non-contact mode, but the increased amplitude

deflection improves feedback loop control for topography analysis.

The method known as beam deflection is often used in AFM to detect small cantilever
variations. The Lennard-Jones potential, represented as an exponential function, approximates
the van der Waals potential energy between two atoms separated by a distance 't' [23]. Figure

2.11 depicts the main operating concept of AFM.
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Figure 2.11 Schematic showing the working of AFM

2.3.5.1 Kelvin Probe Force Microscopy (KPFM):

Kelvin Probe Force Microscopy (KPFM) is a technique used to map the surface potentials of
materials with nanoscale precision. It's a specialized form of Atomic Force Microscopy (AFM)
(in non-contact mode) that provides insights into the local electric potentials across a sample's

surface [24].

46



Synthesis and Characterization Techniques

The working principle of KPFM involves the use of a conductive AFM probe, which functions
as a sensing electrode. The probe is positioned at a small distance above the sample's surface,
and a bias voltage is applied between the probe and the sample. This bias voltage generates an
electric field between the probe and the surface, inducing a force on the cantilever of the AFM
[25]. This force is detected and quantified using the deflection of the cantilever, providing
information about the local surface potential. A feedback loop is used to measure the surface
potential. The bias voltage applied is changed until the cantilever's deflection reaches a
predefined set point, hence keeping a constant force on the cantilever. This bias voltage, also
known as the contact potential difference, relates to the work function difference between the
AFM probe and the surface of the sample [24]. A map of the local surface potentials is
constructed by scanning the probe across the surface and recording the bias voltage at each

spot.

KPFM is a useful approach in several domains, including materials science, nanotechnology,
and electronics, since it allows researchers to learn about the electrical characteristics and

charge distribution of materials at the nanoscale.

2.3.6 Transmission Electron Microscopy (TEM)

TEM is a microscopic methodology employing an electron beam that traverses an ultrathin
specimen, initiating interactions that yield diverse insights about the sample. As the beam
penetrates, it accumulates details regarding the specimen's morphology and crystallography.
TEM uses a nanometer-scale electron to produce an electron beam with a shorter wavelength,
resulting in much improved specimen resolution [26]. Interactions occur when the electron
beam passes through the material, contributing to picture creation. Various imaging
technologies, such as fluorescent screens, photographic film, or sensors such as charge-coupled
devices (CCD), are used to achieve magnified images. The system may function in two modes:

diffraction mode and image mode.

The TEM configuration encompasses an electron gun producing a high-energy electron beam
that traverses a vacuum tube within the microscope setup. Following that are the condenser
lenses, which are essential for electron focusing. A motorized specimen stage comes next,
serving as a platform to hold a conducting copper grid that's coated with the sample. At the
core of the TEM apparatus lie the objective lens and the specimen chamber, where the
transmitted electron beam interacts with the thin specimen [27]. To obtain excellent TEM

images, the sample thickness should be between 100 and 200 nm, as electrons struggle to
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penetrate thicknesses greater than 200 nm. An imaging system that includes an objective lens
and complementary lenses is required to generate high-resolution pictures and diffraction
patterns. The electron intensity distribution is projected onto a fluorescent screen through a
three-stage lens system after passing through the object [28]. Finally, a charged coupled device
(CCD) camera is used to transform the electric charge into picture pixels. HR-TEM, SAED,
and basic TEM are all modes of TEM that may be used to analyse particle size, morphology,
lattice parameters, and material expansion direction. The TEM setup is depicted schematically

in Figure 2.12.
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Fig 2.12 Schematic showing the setup of TEM

The complete TEM setup resides within a high vacuum chamber and is linked to a
graphical user interface (GUI) data acquisition system. Electron beams emanating from
electron guns interact with the sample, leading to beam scattering. Two categories of scattering
occur: elastic and inelastic. Elastic scattering is a result of atomic arrangement within
nanostructure crystals, manifesting as coherent electron beam scattering and generating spot
patterns. In contrast, inelastic scattering gives rise to beam absorption or emission, a
phenomenon specific to the compound or chemical structure of nanomaterials. The processes

of Bright-field and Dark-field imaging are responsible for picture distinction. In the Bright-
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field image, the entire specimen is uniformly illuminated, resulting in a dark image set against
a bright background. Conversely, a Dark-field image is generated on the back focal plane of
the objective lens, utilizing a diffracted wave through the objective aperture [29]. Based on the
compatibility of the sample, the electron wavelength is reduced by increasing the accelerating
voltage of the field emission gun to a maximum of 300 kV, which improves the image's point

resolution. The outcome of this mode is referred to as High-Resolution TEM (HRTEM).

2.3.7 Thermal Evaporation Technique for Thin Film Electrode Fabrication

The thermal evaporation technique is a versatile and frequently used method for producing thin
film electrodes. This technique relies on the controlled sublimation and condensation of
material under vacuum conditions to produce uniform and precisely deposited films. It is used

in a variety of disciplines like as electronics, optoelectronics, and energy conversion devices.

The thermal evaporation technique leverages the concept of vapor-phase deposition. The
evaporation source is a solid substance that is heated within a vacuum chamber, causing it to
sublimate or evaporate. The vaporised substance then condenses and forms a thin layer on a
substrate. Condensation happens as a result of the interaction of vapour molecules with the

substrate surface, resulting in the production of a film with characteristics similar to the source

material.
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Figure 2.13 Schematic representation of thermal evaporation system
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Thermal evaporation fabrication generally consists of the following steps:

1. Vacuum Chamber: A vacuum chamber contains the substrate and the evaporation source.
It is critical to provide a low-pressure environment in order to avoid undesirable reactions and

maintain regulated deposition.

2. Heating the evaporation source: Resistive or electron beam heating is used to heat the
evaporation source, which is frequently in the form of pellets, wires, or rods. The source
sublimates when it approaches its evaporation temperature, releasing vaporised atoms or

molecules.

3. Deposition: The vaporized material travels within the vacuum chamber and comes into
contact with the substrate's surface. Upon collision, the vapor condenses and adheres to the
substrate, forming a thin film. The deposition rate is regulated by factors like the temperature

of the evaporation source and the distance between the source and substrate.

4. Film Growth: The deposition time determines the thickness of the coating. The features of
the resultant film, such as shape, crystallinity, and thickness uniformity, are determined by

factors such as substrate temperature, pressure, and deposition rate.

In the present study, thermal evaporation (setup is shown in Figure 2.13) is utilized to deposit

metal electrodes on PVDF based thin films in order to fabricate nanogenerators.

2.3.8 Dielectric/Impedance Analyser

The term "dielectric" was initially introduced by William Whewell. This approach is applicable
for assessing fluctuations in parameters such as real and imaginary permittivity (¢’ and €”’) and
the loss factor (tand), in relation to either frequency or temperature changes. The fundamental
interconnected electrical responses encompass impedance (Z*), admittance (Y*), relative

permittivity (¢*), and electric modulus (M*).

The real and imaginary components of dielectric permittivity are related to the material's ability
to store energy inside an electric field and electrical energy absorption, respectively. Equation

2.6 1s used to compute the dielectric constant:
g = Cpd/goA (2.5)

Here, d represents the pellet/thin film thickness, A denotes the cross-sectional pellet/thin film
area, Cp stands for the measured capacitance of the sample, and &y corresponds to the

permittivity of free space, equivalent to 8.854*107'2 F/m. Determinations of the loss tangent
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(tand) and the imaginary component of dielectric (&””) for the samples are conducted employing

the provided equation 2.7:
g = €'tand (2.6)

In this context, the "dielectric loss tangent" designates the energy dissipated from the applied

field into the sample and is indicated by the tangent tano.

For dielectric analysis, the setup is encompassed of a temperature span from -196 °C to +300
°C and a frequency range spanning 1 Hz to 10’ Hz. By altering the frequency and temperature,
diverse physical parameters (L, C, and R) can be measured. AC voltage is the prevailing voltage
source. Current and voltage are supervised through an analyser. The measurements encompass
aspects such as the phase angle between voltage and current, inductance, impedance, and
resistance of the sample. An impedance analyser connected to a computer enables the
acquisition of data regarding inductance, AC conductance, capacitance, and dissipation factor
as functions of frequency. The acquired parameters from the LCR meter can be converted into
desired values utilizing various correlations. In the present study, the thin film based dielectric
material was sandwiched between the brass electrodes to form a parallel plate capacitor and

the dielectric performance was analysed as a function of frequency.

2.3.9 Polarisation vs Electric Field Measurements (P-E Loops)

P-E loops were initiated to understand the unique behaviour of ferroelectric materials, which
exhibit spontaneous electric polarization that can be reversed by the application of an external
electric field. The P-E loop measurement involves applying an electric field to the material and
then measuring the induced polarisation. This process gives crucial information regarding the
ferroelectric nature of the material, its polarisation saturation, and the occurrence of domain
switching. P-E loops function by providing a rising electric field to a ferroelectric sample,
measuring the polarisation response, and then decreasing the field to measure the
depolarization. When the applied field is withdrawn, the polarisation does not entirely return
to zero, resulting in a hysteresis loop. The shape and size of the loop reveal important
information about ferroelectric features such as remnant polarisation, coercive field, and

domain stability.

In the measurement of polarization-electric field (P-E), an electric field is imposed across the
sample, and the resulting charges or polarization within the sample are quantified. The Sawyer-

Tower circuit is used to measure the generated charge across the sample. The setup
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encompasses a reference capacitor with a notably smaller value than the effective capacitance
of the ferroelectric sample, linked in series. The reasoning behind selecting a lower value for
the reference capacitor is to guarantee that it has the least voltage drop when compared to the
sample's voltage drop. This setup ensures that nearly all the applied voltage is distributed across
the sample, with the voltage across the reference capacitor indicative of the sample's
polarization. PE loop tracer from Marine India was used to record the P-E loops of the samples
in this investigation. Metal electrodes are placed onto flexible PVDF nanocomposite films to

serve as measuring electrodes.

2.3.10 Electrical Measurements

To perform the electrical analysis of the piezoelectric nanogenerator and triboelectric
nanogenerators, metal electrodes were deposited over different PVDF based thin films in order
to make electrical connections. For examining the piezoelectric and triboelectric performance
of devices, a dynamic shaker (Micron MEV-0025) was used to manage the continuous contact-
separation motions between the triboelectric layers by adjusting its operating parameters,
which included tapping frequency and contact force. Voltage measurements were conducted
utilizing a digital storage oscilloscope (Tektronix MDO34). A Keithley digital multimeter
(DMM7510) was used to measure current. An electrometer (Keysight B2985B) was used to
monitor current and produced charges in the case of the triboelectric nanogenerator and other
hybrid devices. Si diode-based bridge rectifier circuits were used to measure the rectified

output voltage and current.
References

[1] H. Zhang, H.-M. Cheng, P. Ye, 2D nanomaterials: beyond graphene and transition metal
dichalcogenides, Chemical Society Reviews, 47,(2018), 6009-6012

[2] J. Li, Q. Wu, J. Wu, Synthesis of Nanoparticles via Solvothermal and Hydrothermal
Methods 12,(2016),

[3] P. Debye, P. Scherrer, Interferenzen an regellos orientierten Teilchen im Rontgenlicht. I,
Nachrichten von der Gesellschaft der Wissenschaften zu Gottingen, Mathematisch-
Physikalische Klasse, 1916,(1916), 1-15

[4] A.W. Hull, A new method of X-ray crystal analysis, Physical Review, 10,(1917), 661

[5] M. Etter, R.E. Dinnebier, A century of powder diffraction: a brief history, Zeitschrift fiir
anorganische und allgemeine Chemie, 640,(2014), 3015-3028

[6] P. Klimanek, Wiley Online Library1977.

52



Synthesis and Characterization Techniques

[7] C. Kittel, Introduction to solid state physics, John Wiley & sons, inc2005.

[8] B.E. Warren, X-ray Diffraction Dover publications, Inc, New York,(1990), 253

[9] W.M. Doyle, Principles and applications of Fourier transform infrared (FTIR) process
analysis, Process Control Qual, 2,(1992), 11-41

[10] E. Knozinger, Wiley Online Library1986.

[11] G.C. Schatz, R.P. Van Duyne, J.M. Chalmers, P.R. Griffiths, Handbook of vibrational
spectroscopy, New York: Wiley, 1,(2002), 759

[12] D. Titus, E.J.J. Samuel, S.M. Roopan, Nanoparticle characterization techniques, Green
synthesis, characterization and applications of nanoparticles, Elsevier2019, pp. 303-319.

[13] M.J. Pelletier, Quantitative analysis using Raman spectrometry, Applied spectroscopy,
57,(2003), 20A-42A

[14] L.R. Lewis, H. Edwards, Handbook of Raman spectroscopy: from the research laboratory
to the process line, CRC press2001.

[15] P. Graves, D. Gardiner, Practical raman spectroscopy, Springer, 10,(1989), 978-973

[16] J.R. Ferraro, Introductory raman spectroscopy, Elsevier2003.

[17] A. Mohammed, A. Abdullah, pp. 7-9.

[18] W. Zhou, R. Apkarian, Z.L. Wang, D. Joy, Fundamentals of scanning electron microscopy
(SEM), Scanning Microscopy for Nanotechnology: Techniques and Applications,(2007), 1-40
[19] B.J. Inkson, Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) for materials characterization, Materials characterization using nondestructive
evaluation (NDE) methods, Elsevier2016, pp. 17-43.

[20] M.A. Sutton, N. Li, D.C. Joy, A.P. Reynolds, X. Li, Scanning electron microscopy for
quantitative small and large deformation measurements part I: SEM imaging at magnifications
from 200 to 10,000, Experimental mechanics, 47,(2007), 775-787

[21] A. Ul-Hamid, A beginners' guide to scanning electron microscopy, Springer2018.

[22] F.J. Giessibl, Advances in atomic force microscopy, Reviews of modern physics,
75,(2003), 949

[23] D. Rugar, P. Hansma, Atomic force microscopy, Physics today, 43,(1990), 23-30

[24] W. Melitz, J. Shen, A.C. Kummel, S. Lee, Kelvin probe force microscopy and its
application, Surface science reports, 66,(2011), 1-27

[25] T. Glatzel, M.C. Lux-Steiner, E. Strassburg, A. Boag, Y. Rosenwaks, Principles of Kelvin
probe force microscopy, Scanning Probe Microscopy: Electrical and Electromechanical

Phenomena at the Nanoscale,(2007), 113-131

53



Chapter 2

[26] L.H. Schwartz, J.B. Cohen, L.H. Schwartz, J.B. Cohen, The nature of diffraction,
Diffraction from Materials,(1987), 46-76

[27] F. Lin, Preparation and characterization of polymer TiO 2 nanocomposites via in-situ
polymerization,(2006),

[28] L.A. Bendersky, F.W. Gayle, Electron diffraction using transmission electron microscopy,
Journal of research of the National Institute of Standards and Technology, 106,(2001), 997
[29] H.H. Willard, L.L. Merritt Jr, J.A. Dean, F.A. Settle Jr, Instrumental methods of
analysis,(1988),

54



Effect of the different chalcogen atoms (S, Se, SSe) of transition metal
dichalcogenides (TMDCs) on the output performance of the PVDF-

TMDC:s based flexible piezoelectric nanogenerator.

35
—a— PVDF
—eo— PMS
30 4 —a— PMSE
—v— PMSSE

[
n
Il

10+ M

(MoSSe) 254567891011
Frequency (Hz)

In this chapter, we have demonstrated a high performance piezoelectric nanogenerator based
on polyvinylidene fluoride (PVDF) and transition metal dichalcogenides (TMDCs) for
generating electrical power. The systematic effect of the chalcogen atoms (S, Se, Se) of the
synthesized TMDCs (MoS», MoSe> MoSSe) and PVDF based composites on the piezoelectric
performance of the fabricated piezonanogenerator has been investigated. Raman, Fourier-
transform infrared spectroscopy, P-E hysteresis loop measurements confirmed the
enhancement in the piezoelectric properties on changing the chalcogen atom from S, Se and
SSe. Out of all the fabricated piezonanogenerator, the PVDF/MoSSe based nanogenerator
showed the maximum peak to peak open circuit voltage of 31.2 V and short circuit current of
1.26 pA. The highest output voltage for the PVDF/MoSSe device is ascribed to the lack of
reflection symmetry in MoSSe structure. The generated voltage was also used for glowing a

commercial LED.




Chapter 3

3.1 Introduction

The advances in low powered electronics, wireless sensors and micro electromechanical
systems have tremendously raised the power requirement in the existing digital world. In the
present scenario, we are completely surrounded with several electronics devices, such as, cell
phones, tablets, I-pods, smart watches etc., which collectively require huge amount of power
for their operation. According to the survey, carried out by “International Energy Agency” up
to 2040, worldwide electricity demand is expected to expand at a pace of 2.1 percent per year,
which is twice the rate of primary energy demand. Electricity percentage of total final energy
consumption rises from 19 percent in 2018 to 24 percent in 2040 as a result of the advancement
in these low powered devices. The growth of electricity demand is expected to be especially
substantial in developing economies [1]. If the power demand of these household items could
be satisfied by local powering devices or making them self-powered by harnessing the energy
available in our environment, the existing power problem can be relieved. In this regard,
different kinds of energy sources are present in the environment, such as, solar energy, wind
energy, thermal energy, mechanical energy etc. Among them, mechanical energy is one of the
most popular energy harvesting source because of its availability at all time and place. The
devices which utilizes the ambient energy and convert into useful electrical energy are called
energy harvesters. Further, the device which scavenge the electrical energy from wasted
mechanical energy, by utilizing the intrinsic property (piezoelectricity) of certain smart
materials, where a small external mechanical deformation may give rise to electrical potential
is called as piezoelectric nanogenerator (PENG) and has attracted the tremendous research
interests [2-4].

In the past few years, the scientific community has shifted their attention towards
piezoelectric materials because of their excellent capability to transform the ambient
mechanical energy into useful electrical energy. A large number of researchers have reported
the PENG constructed by using nanostructures of various piezoelectric materials, such as, ZnO
[5, 6], ZnSnOs3 [7], BatiOs [8], and PMN-PT [9] for flexible and wearable energy harvesting
applications. However, the nanogenerators based on the inorganic materials given above have
higher energy conversion efficiencies and large piezoelectric coefficients but still not suitable
for practical implementation because of their brittle nature, cost-intensive processability and
toxic lead (Pb) constituent in few cases [57]. In this regard, piezoelectric polymers, such as,
poly (vinylidene fluoride) PVDF and its copolymers are of great interest in the fabrication of
PENG because of their lightweight, high flexibility, cost effective and simple processing [ 10-

13]. Being a ferroelectric polymer, PVDF mainly exist in four phases, which are a, 3, y and 9.
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B-phase of the PVDF is highly crystalline and is also well known for its piezoelectric properties.
PENGs based on PVDF has lower electric output efficiency when compared with PENGs made
up of inorganic piezoelectric materials. To overcome this, we need to increase the content or
nucleate more and more crystalline B-phase in the PVDF polymer matrix. Many methods are
given in the literature to increase the nucleation of B-phase in the PVDF film, such as, thermal,
mechanical or electrical treatment [ 14]. Addition to these treatments, -phase of PVDF can also
be enhanced by the addition of nano fillers having intrinsic piezoelectric property in the PVDF
matrix to get a flexible nanocomposite with enhanced piezo-output without any compromise
in their flexibility. Some of the nano fillers which are most commonly used to disrupt the
symmetry of PVDF, to enhance its ferroelectric properties by nucleating the crystalline B-phase
are ZnO [15], BaTiO3[16], RGO [17], transition metal dichalcogenides etc.

Recently, 2D layered transition metal dichalcogenides (TMDCs), such as, molybdenum
disulfide (MoS>), molybdenum diselenide (MoSe.), molybdenum ditelluride (MoTe;), tungsten
disulfide (WS;), tungsten diselenide (WSe>), etc. have gained attention of materials scientist
due to their favorable electronic, optical, mechanical properties and non-toxic nature [18].
Among them, MoS; has been widely used as a functional material in diverse fields, such as,
lubrication, electronic transistors, batteries, photovoltaics, and catalysis [19-21]. It has been
given in the literature that in the bulk form, no piezoelectricity is observed among the TMDC:s,
because of their centrosymmetric structure in bulk form, however, when thinned down to
monolayer, they have different symmetries. Unlike graphene, TMDCs, monolayer hexagonal
boron nitride (h-BN) and black phosphorous, shows strong piezoelectricity because of their
broken inversion symmetry [22-24]. It has been reported in the literature, that TMDCs are an
interesting material for harvesting energy because of their engineered piezoelectricity, implying
that some materials which are non-piezoelectric by doing some structural modifications can be
made piezoelectric. The density functional theory (DFT) at the generalized gradient
approximation level has been used for evaluating the piezoelectric properties in terms of the
piezoelectric and stiffness coefficient for the 2D TMDCs [25]. It has been observed that
piezoelectric coefficient di; for the flat 2D monolayer materials, which relates the polarization
induced as a function of applied stress increases while moving downward until MoTe> across
the group 16 (chalcogenides) of the periodic table. Duerloo et al. calculated the piezoelectric
coefficients based on DFT results, which and are found to be 3.65, 4.55 and 7.39 pm/V for
MoSz, MoSe> and MoTe», respectively [22]. Further, it has been reported by several groups
based on DFT theoretical calculations [46-47, 58], that Janus TMDCs MXY (M= Mo or W,

X/Y=S, Se or Te) having different chalcogen atoms in monolayer and multilayer have enhanced
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piezoelectric effect due to the combined effect of stronger in-plane and weaker out-of-plane
piezoelectric polarization. The multilayer MXY has strong out-of-plane piezoelectric
polarization in comparison to monolayer form. It has been observed that the above effect of
enhanced piezoelectricity in Janus MXY monolayer and multilayer films have only been
theoretically verified, without any experimental results, and therefore motivates the present
thesis work.

In this work, we have reported the flexible piezoelectric nanogenerator based on few
layers of MoS>, MoSe>, and MoSSe sheets incorporated into PVDF matrix. The effect of
incorporation of various 2D TMDCs materials in the PVDF matrix have been obtained by doing
the fourier-transform infrared spectroscopy (FTIR) analysis of the synthesized flexible
composite films. The systematic effect of the chalcogen atoms (S and Se) in the various 2D
TMDC:s on the piezoelectric performance of the fabricated PENG has been studied. The piezo
response of the fabricated flexible devices based on bare PVDF, PVDF/MoS,, PVDF/MoSe>
and PVDF/MoSSe have been obtained by giving periodic mechanical stimulation using an
electro dynamic shaker. The obtained open circuit voltage and short circuit current results
clearly indicates that piezoresponse of the nanogenerators increases as S atoms are replaced
with Se atoms in the 2D TMDCs. Among all the fabricated PENG devices, the nanogenerator
based on PVDF/MoSSe composites generates maximum peak to peak open circuit voltage of
31.2 V. The extraordinary performance of nanocomposites based on 2D semiconducting
TMDCs and PVDF, and more importantly the composites based on MoSSe/PVDF with
superior piezoelectric properties in terms of generated output power has laid the foundation of
new and exciting area of sustainable energy generation for flexible and wearable electronic
devices. Therefore, the present study opens new ways of improving the performance of the

device by systematic tailoring the properties of nanocomposites.

3.2 Experimental Section

3.2.1 Materials

Sodium molybdate, Ammonium molybdate, Sulphur and Selenium were commercially
purchased from Sigma Aldrich. N, N di-methyl formamide (DMF) was purchased from Fisher
and PVDF powder (44080) was purchased from Alfa Aesar. All the chemicals were used as
received without any further treatment.

3.2.2 Synthesis Procedure for MoS: Flakes

To synthesize MoS; a simple hydrothermal method was used in which, 2.48 g of ammonium

molybdate tetrahydrate [(NH4)sM07024.4H>0] and 4.56 g of thiourea were dissolved in 72 mL
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deionized water. After dissolving the precursors in deionized water, they were homogeneously
mixed at room temperature with a continuous stirring by using a magnetic stirrer at 500 rpm
for 30 minutes. Then this homogeneous mixture was poured into a teflon beaker of 100 mL,
which was placed in a stainless-steel autoclave and was kept at 200 °C for 24 h inside the oven.
Then, the autoclave was allowed to cool down naturally. The black precipitates from the
resultant solution were collected by centrifugation and was washed several times to remove
further impurities with deionized water and ethanol. At last, the MoS> powder was obtained by
drying at 60 °C for 12 h in an oven.

3.2.3 Synthesis Procedure for MoSe: Flakes

MoSe; powder is also synthesized using hydrothermal technique, in which deionized water (20
mL) and ethanol (30 mL) were used to dissolve 0.48 g of sodium molybdate dihydrate
[NaxM004.2H>0] by stirring at 400 rpm using a magnetic stirrer for 30 minutes to obtain a
clear solution. After mixing, a mixture containing of 0.32 g of selenium powder in 10 mL
hydrazine hydrate (86%) was added into the above solution and stirred further at 400 rpm for
next 30 minutes. Then, the final mixture was shifted into a teflon beaker of 100 mL, which was
placed in an autoclave and was kept at 200 °C for 24 h inside the oven. The black precipitates
from the resultant solution were collected by centrifugation and was washed several times to
remove further impurities with deionized water and ethanol. After the centrifugation, MoSe»
powder was obtained by drying for 12 h at 80 °C.

3.2.4 Synthesis Procedure for MoSSe Flakes

To synthesize MoSSe powder 50 mL of deionized water was used to dissolve 0.48 g of sodium
molybdate dihydrate by stirring at 400 rpm for 30 minutes. After that, a solution containing
0.15 g and 0.06 g of each selenium powder and sulphur powder, respectively in 10 mL of
hydrazine hydrate (86%) was mixed into the above prepared solution and was further stirred at
400 rpm for the next 30 minutes. Then, the final mixture was shifted into a teflon beaker of 100
mL, which was placed tightly in an autoclave and was kept inside the oven for 24 h at 200 °C.
The black precipitates from the resultant solution were collected by centrifugation and was
washed several times to remove further impurities with deionized water and ethanol. After the
centrifugation, MoSSe powder was obtained by drying for 12 h at 80 °C.

3.2.5 Preparation of PVDF/TMDC:s Flexible Films

Figure 3.1 represents the steps followed in the fabrication process of the PVDF and
PVDF/TMDCs composite based flexible thin films. To prepare the thin films, 50 mg of
synthesized TMDCs powder was added in the solution containing 1g PVDF dissolved in 10

mL of DMF. After that, the solution was homogeneously mixed for next 1 hour by using
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magnetic stirrer. The obtained solution was drop casted on a glass plate, which was kept in
oven at 90 ° C for 2 h. After this, the glass substrate was dipped into the deionized water to
obtain the standalone flexible films of thickness ~40 um. The synthesized composite thin films

of PVDF/MoS,, PVDF/MoSe; and PVDF/MoSSe are named as PMS, PMSE and PMSSE,

respectively.
ir
1
Drying at 90 °C
Glass Substrate
PVDF + DMF Solution PVDF Film casted over Glass PVDF Flexible Film peeled
i from substrate
|
TMDCs Flakes r
§
+ ‘6 Drying at 90 °C
Glass Substrate
PVDF + DMF Solution PVDF/TMDC composite
casted over substrate PVDF/TMDCs Thin Film

Figure 3.1 Schematic representation of various fabrication steps for different PVDF/TMDCs

based nanocomposite thin films.

3.2.6 Fabrication of Nanogenerators

To check the utility of PVDF/TMDCs composite thin films in mechanical energy harvesting,
we fabricated the different piezoelectric nanogenerators. The synthesized films were
sandwiched between Al electrodes of thickness ~100 nm, deposited using thermal evaporation
technique at a chamber pressure of 4x10°® mbarr. Copper wires were attached to the top and
bottom metal electrodes to conduct the different electrical measurements. The finally fabricated
device was encapsulated with the help of insulating tape to ensure that the metal electrodes
remain untouched during measurements.

3.2.7 Characterizations and Energy Harvesting Performance

Firstly, the synthesized TMDCs flakes have been characterized using Raman spectrometer
(Renishaw plc, Micro Raman Spectrometer) with a laser source of wavelength 514 nm. X-ray
diffractometer study has been used (Rigaku, Ultima-I1V) to study the crystallinity of the
PVDF/TMDCs films, with a Cu Ka. radiation source (1.54 A) in thin film mode. The B-phase
content of thin films was studied by Raman Spectroscopy and Fourier Transform Infrared

Spectroscopy (Perkin Elmer FTIR spectrum-II). Field Emission Scanning Electron Microscope
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(Quanta 3D FEG, (FEI’s) was used to study the morphological features of the PVDF and
PVDF/TMDCs based flexible films. Finally, an external force at different frequencies was
applied to the nanogenerator with the help of electrodynamic shaker (Micron 0020) to recorded
the piezoresponse. All the electrical measurements were done with a digital storage
oscilloscope (Tektronix, MDO500) and the digital Multimeter (Keithley DMM6500

3.3 Results and Discussion

3.3.1 Raman Spectroscopy of Synthesized TMDCs

Figure 3.2 shows the Raman spectra of as synthesized MoS>, MoSe; and MoSSe nanoflakes.
As shown in Figure 3.2(a), two Raman active peaks at around 407 cm™ and 380 cm™ are
observed in the spectra which correspond to the out of plane (Alg) mode and in-plane
(Ezlg) mode of MoS» nanostructure. As we know, the (Ezlg) mode originates from the opposite
vibration of two S atoms with respect to the Mo atom in the basal plane and represents the
interlayer displacements of Mo and S atoms. The broad peaks indicate the existence of crystal
defects in the basal planes of synthesized MoS,. The (A1 g) mode corresponds to the out of
plane vibrations of Mo-S bonds along ¢ axis, providing information on the strength of the
interaction between the adjacent layers [26]. Peak positions marked in the Raman spectra
proves the synthesis of MoS; nanostructures. Figure 3.2(b) shows the spectra of the synthesized
MoSe; nanostructure, where two typical peaks of MoSe at around 239 cm™ and 281 cm™ are
observed which corresponds to the out of plane (4;4) mode and in-plane (Ezlg) mode
respectively. The out of plane (4, 4) mode appears at 242 cm’! for bulk MoSe», however, in the
present case, the downward red shift of (4,4) mode indicates the formation of few layered

MoSe> [27, 28]. In the Raman spectra of the sample synthesized as MoSSe, several changes
appeared in the spectrum which is shown in Figure 3.2(c), the new strong peak around 285.4

! corresponds to the out of plane vibrations of Se-Mo-S. Another peak around 342.5 cm™ is

cm
assigned for in-plane vibration mode of Se-Mo-S. The random composite nanostructure of
MoSaxSez1-x) will consist of all the Raman modes of MoS; and MoSe; in its Raman spectrum
[29, 30]. But in our composite nanostructure none of the Raman peak is overlapping with the
major representative peaks of MoS, and MoSez, which confirms the synthesis of uniformly

distributed MoSSe Janus nanostructure.
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Figure 3.2 Raman spectra of synthesized TMDCs (a) MoS», (b) MoSe; and (c) MoSSe.

3.3.2 Structural and Morphological Analysis of PYDF/TMDCs Thin Films

XRD pattern for the bare PVDF and PVDF/TMDCs composite thin are shown in Figure 3.3(a).
The XRD peak at 18.4° is corresponding to non-polar a-phase and the XRD peak at 20.2°
corresponds to the polar B-phase of the PVDF [17, 31-33]. In the XRD pattern shown in Figure
3.3(a), the peaks corresponding to the PVDF are represented by *, #, whereas peaks correspond
to MoS; and MoSe; are represented by $ [34-37]. XRD data confirm the coexistence of
crystalline B-phase and transition metal dichalcogenides in the composite films. From the
diffractograms, it can be observed that the crystalline polar B-phase is present in bare PVDF as
well as in all the nanocomposite thin films. Figure 3.3(b) shows FTIR absorption spectra of the
synthesized thin films and is mostly used to obtain the B-phase percentage of the PVDF based
thin films [33, 38]. The B-phase of the PVDF contributes to the piezoelectric performance of
the nanogenerator, and for largest B-phase content it has the largest dipole moment. From the
FTIR absorption spectra, it can be observed that o and 3 phases are existing in all the fabricated
thin films. The peaks corresponding to the polar B-phase of the PVDF are marked at 840, 1279
and 1400 cm™!, whereas the peaks corresponding to 762, 795, 974, 1382 cm™ are related to the
a-phase [31, 33, 38, 39]. Determination of B-phase relative content can be done using Lambert-

Beer law by using the equation (1) [38].

F(B) = * 100%

(3.1)

(Kuc)Aa+ B

Where F(B) gives the content of B-phase in the respective nanocomposite film, Kg= 7.7 x 10*
cm?/mol is the absorption coefficient at 840 cm™ and K, = 6.1 x 10* cm?/mol is the absorption
coefficient at 762 cm™' [40]. Absorption at 762 cm™! is denoted by A, and for 840 cm™ is denoted
by Ag [31, 41]. The B-phase content was observed to be 54.26 % for bare PVDF thin film and
increased up to ~80£2 % after the addition of TMDCs [17].
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Figure 3.3 (a) XRD, (b) FTIR and (c) Raman spectra of all the fabricated thin films.

The Raman spectra of bare PVDF and PVDF/TMDCs nanocomposites based film is

shown in Figure 3.3(c), which further strengthen the presence of polar B-phase with a peak at

840 cm™! [42, 43]. Raman spectra also confirms the increase in the ferroelectric properties of

PVDF after addition of transition metal dichalcogenides. Two new Raman bands, out of them

one at 881 cm! is because of the y and B-phases and one at 1279 cm™! represents the p-phase

of PVDF appeared, indicating the phase modification in PVDF [40, 42, 43]. Further the surface

morphology of the fabricated thin films is also analyzed by using scanning electron microscopy

(SEM) at a voltage of 10 kV. As shown in Figure 3.4 (b-d) the distribution of MoS,, MoSe> and

MoSSe is uniform over the PVDF matrix without any obvious agglomeration, suggesting that

the fillers in the PVDF matrix were effectively dispersed.

PVDF-MoSSe

Figure 3.4 SEM image of thin films (a) PVDF; (b) PVDF/MoS>, (c) PVDF/MoSe: and (d)
PVDF/MoSSe.
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3.3.3 Output Performance Analysis of Fabricated PENGs

The piezoresponse of the fabricated PENGs of dimensions of the order of 1.75 cm % 1.75 cm
have been studied through continuous tapping on the PENGs with the help of an electro
dynamic shaker unit with varying frequency from 3 Hz to 10 Hz (which is shown in
Supplemental Video 1). The peak to peak open circuit voltage generated by the PVDF and
PVDF/TMDCs composite films based nanogenerators at the tapping frequency of 7 Hz is
shown in Figure 3.5. The observed results show that PVDF/TMDCs composite thin films based
nanogenerators, generates more voltage than pristine PVDF based nanogenerator. We get the
maximum peak to peak open circuit voltage for PVDF/MoSSe based nanogenerator, that is
nearly 3.3 times more than the maximum peak to peak open circuit voltage (Voc) generated by
bare PVDF at a tapping frequency of 7 Hz. Table 3.1 gives the generated peak to peak open

circuit voltage by various fabricated piezoelectric devices at tapping frequency of 7 Hz.
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Figure 3.5 Open circuit voltage generation for (a) PVDF, (b) PVDF/MoS,, (c) PVDF/MoSe>,
(d) PVDF/MoSSe thin film nanogenerators at a tapping frequency of 7 Hz.
Table 3.1. Peak to peak open circuit voltage generated by PENGs at a tapping frequency of 7

Hz.
S. No. Nanogenerator Peak to peak output voltage (V)
1 PVDF 94
2 PVDF/MoS; 9.8
3. PVDF/MoSe; 19.4
4 PVDF/MoSSe 31.2

Frequency dependent response of all the fabricated nanogenerators in terms of variation

of peak to peak (Voc) at different tapping frequencies is shown in Figure 3.6 (a). As shown in
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Figure, all the nanogenerators follow the same trend, where the output voltage first increases
up to the tapping frequency of 7 Hz and then the value starts decreasing with further increase
in the tapping frequency beyond 7 Hz. Further, Figure 3.6 (b) shows the obtained open circuit
voltages for the PVDF/MoSSe at different frequencies, which are 21.4, 29.8, 31.2 and 18.6 V
at a tapping frequency of 3 Hz, 5 Hz, 7 Hz and 10 Hz, respectively. We have also generated
voltage from the nanogenerators by tapping with finger. To conclude the excellency of the
fabricated 2D TMDCs based piezoelectric device in the present study, its piezoresponse is
compared in the Table 3.2. with the other reported results on the 2D materials. The table clearly
signifies that the response of the PVDF/MoSSe based PENG is better than the other reported
PENGsS.

Table 3.2. Comparison between the performance of piezoelectric nanogenerator in terms of

generated output voltage and current for different 2 D materials and their nanocomposites.

Device Structure Output Output Synthesis Reference
Voltage Current
PVDF/RGO 1915V - Solution Casting [48]
PVDF/RGO-Ag 18 V (peak Solution Casting [49]
to peak)

PVDF/MoS, 14V Salt intercalation, [44]
electrospinning

PVDF/RGO ~756 mv 0.114 pA  Solution Casting [17]

PVDF/NaNbO3/RGO ~2.16 'V 0.383 pnA  Solution Casting [17]

Monolayer MoS; 20 mV 30 pA CVD [50]

SnSe ~760 mV ~ ~1 nA mechanically [51]
exfoliated

PVDEF-TrFE 7V 58 nA Spin coated [52]

Graphene/P(VDF- ~3V ~0.37 CVD, spin coated [53]

TrfE)/graphene multilayers pAcm >

PVDF/Graphene 79V 4.5 pA Electrospinning [54]

WSe» 90 mV 100 pA CVD, Turbostatic [55]
stacking

PVDF/Graphene, doped 11V 6 nA/cm?  Electrospinning [56]

with Ce**

PVDF/MoSSe 312V 1.26 pA Solution Casting This

work
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Figure 3.6 (a) Showing the variation in maximum peak to peak voltage by varying the tapping

frequency from 3Hz to 10 Hz and (b) open circuit voltages for PVDF/MoSSe at different

tapping frequencies.
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Figure 3.7 Short circuit current generation for (a) PVDF, (b) PVDF/MoS», (c) PVDF/MoSe>

and (d) PVDF/MoSSe thin film nanogenerators by continuous tapping at 7Hz frequency.

The short circuit current for all the fabricated PENGs was also measured by applying

the tapping frequency of 7 Hz, as shown in Figure 3.7. The short circuit current obtained is 0.8

HA, 0.9 pA, 1.05 pA and 1.26 pA for PVDF, PVDF/MoS,, PVDF/MoSe, and PVDF/MoSSe,

respectively. Further, we have also analyzed the output performance of all the nanogenerators
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by applying different load resistance from 10 MCQ to 100 MQ. It was observed that the voltage
drop is increased as the load resistance was increased while the current is decreased with
increasing load, which is shown in Figure 3.8 (a) and (b) respectively. The maximum output
voltage of around 25 V is observed for PVDF/MoSSe nanogenerator at a load resistance of 100

MQ.

To check the potential utility of the nanogenerators we used the output voltage generated by
them to light up the commercially available LED without any storage device. The generated ac
voltage is converted to dc by a full wave rectifier. A capacitor of 4.7uF is used to store the

charge generated by PENGs, which is charged up to 2 V.
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Figure 3.8 Variation in (a) Voltage and (b) Current by varying the load resistance from 10 MQ
to 100 MQ.

3.3.4 Underlying Mechanism of the Fabricated PENGs

In the present study, the enhanced piezoresponse of the fabricated nanogenerators after the
addition of TMDCs in the PVDF matrix is attributed to the following facts, which are: (i)
increment in B-phase content after the addition of TMDCs and (ii) contribution of inherent
piezoelectricity of TMDCs in the overall piezoresponse of nanogenerators. The polymer chain
of polyvinylidene fluoride is consists of repeated units of CH>-CF, monomers. Based on the
sequence of these monomer units, PVDF exists in many crystalline phases, mainly two a and
B-phases. The alternate trans and gauche conformation (TGTG) results in the a-phase and all
trans conformation (TTTT) results in the formation of B-phase. Figure 3.9 (a) and (b) shows
the schematic representation for the  and a-phases of the PVDF respectively. Because of the
difference in the electronegativity of hydrogen and carbon atoms as compared to the fluorine

atoms, a strong dipole moment exists in each monomer unit of PVDEF. Due to the parallel

67



Chapter 3

orientation of monomer units in the B-phase results in the highest dipole moment per unit cell.
On the other hand, the a-phase which has the antiparallel arrangement of monomer units,
results in no net dipole moment because all the dipoles cancel each other. Now, after the
addition of TMDCs, chain of -CH»/CF»- dipoles present in PVDF, interacts with MoS>, MoSe»
and MoSSe. CHx interacts with negative charges present on the surface while the CF» interacts
with the positive charges on the surface. Transition metal interacts with CF» and chalcogen
atom interacts with CH». This interaction between the PVDF monomer units and TMDCs helps
in the formation of all trans (TTTT) conformation, resulting into the enhancement of B-phase
percentage in PVDF/TMDCs composites as compared to bare PVDF [44, 45]. TMDCs can also
be helpful in the arrangement of the dipole moments which are previously present in the PVDF

matrix [45]. As a result, piezo response of the composite thin films gets enhanced.

(b) (d)

@C OF oH

Figure 3.9 A schematic showing the orientation of (a) B-phase, (b) a —phase of PVDF, (c)
MoS,, (d) MoSe», (¢) MoSSe and (f) shows the interaction of TMDCs with PVDF.

Further, the maximum piezoresponse for the PVDF/MoSSe based nanogenerators, can
be explained on the basis of theoretical study carried out by J. Lou, et. al, in which the
synthesized crystal has two dissimilar chalcogen atoms sandwiching a transition metal between
them, such as, S-Mo-Se, S-W-Se etc. leading to enhanced piezoresponse because of the
additional breaking of the out-of-plane mirror symmetry, in comparison to pure MoS; and
MoSe;, where piezoelectric effect is only due to the presence of in-plane asymmetry [30].
Further, it has also been reported, based on the DFT calculation, as we move downward in
group 16 of the periodic table from sulphur (S) to tellurium (Te), the corresponding TMDC

have higher piezoelectric coefficients, thereby supporting the higher piezoresponse for MoSe>
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in comparison to MoS, for the present study [22, 24]. The Piezoelectric coefficient (di1) of
TMDC:s is calculated by using the relation

dy = —2 (3.2)

C11—Cy2

Where, coefficient di;; measures the mechanical to electrical energy conversion ratio of
material, ey is piezoelectric coefficient and C defines elastic stiffness parameters of the
material. di1 coefficients in TMDCs follow a periodic trend, its magnitude increases while
going downward in the chalcogenide group. This trend can also be related with the
polarizability of chalcogenide atoms, because atoms are easily polarized while going down in
a group in the periodic table. The chalcogenide atoms dominate the piezoelectric effect in
TMDCs, chalcogenide atom has more effect on the di; coefficient than transition metal atoms
[22, 24]. Therefore, PVDF/MoSe, nanogenerator will generate higher voltage because of its
higher piezoelectric property as compared to PVDF/MoS,. However, the di1 of MoSSe is in
between MoSe, and MoS; but the output voltage of PVDF/MoSSe is still maximum. As the
MoS; and MoSe; both are regular MX; type transition metal dichalcogenides while the MoSSe
is MXY type structure of transition metal dichalcogenides called as Janus TMDCs. Due to
MXY type structure, the reflection symmetry with respect to Mo atom is broken in the MoSSe
structure which results in the additional out of plane electric polarizations in addition to the
already existing strong in-plane piezoelectric effects similar to the conventional MX; structure.
Figure 3.9 (c), (d), (¢) shows the schematic of the structures of MoS,, MoSe, and MoSSe
respectively and Figure 3.9 (f) shows the interaction of TMDCs with PVDF. Conventional MX>
possesses a reflection symmetry around central M atom due to which their piezoelectric
polarizations are confined along only in-plane direction. In MXY, the electronegativity of both
X and Y are different which gives to unequal lengths of M-X and M-Y bonds [29, 30, 45, 47].
Due to which, the reflection symmetry in MoSSe is broken and therefore vertical piezoelectric
polarizations were allowed only in MoSSe while it is zero in MoS> and MoSe», thereby
enhancing the overall generated piezo-output voltage for PVDF/MoSSe as compared to
PVDF/MoS; and PVDF/MoSe; based nanogenerators.

3.4 Conclusion

In summary, a piezoelectric nanogenerator based on PVDF/TMDCs with higher performance
have been demonstrated for generating electrical power. The addition of MoS,, MoSe, and
MoSSe in the PVDF matrix for synthesizing composite thin film for fabricating flexible
nanogenerators has been carried out. It was found that the piezoresponse of PVDF/TMDCs

based nanogenerators was greatly enhanced in comparison to pristine PVDF. The effect of
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variable vibrating frequency applied by an electro dynamic shaker is also investigated for all
the nanogenerators, and is found that all the device shows the maximum response when tapped
by 7 Hz frequency. PVDF/MoSSe based nanogenerator generates the maximum peak to peak
output voltage and short circuit current of 31.2 V and 1.26 uA respectively, that is nearly 3.3
times more than generated by the pristine PVDF based nanogenerator. The excellent
performances of PENG are attributed to the combined contribution due to the nucleation of the
electroactive polar B-phase content of the PVDF in the composite films, contribution of
inherent piezoelectric property of TMDC (MoS2, Mosez) due to in-plane asymmetry, and
finally addition of piezoelectric contribution due to the breaking of out-of-plane symmetry in
PVDF/MoSSe based PENG. In addition, the obtained PENG based on PVDF/MoSSe is shown
to be a credible electric energy generator by harnessing mechanical energy generated by
dynamic shaker which can mimic the ambient vibrations to glow the commercially available
LED. The current study promises the usage of TMDC, which are ultrathin, mechanically
stronger in the field of energy harvesting for self-powering wearable electronics. Hence, the
present work will give a new approach to enhance the piezoelectric performance by
systematically introducing the asymmetry across the out of plane crystal structure of 2D
TMDCs in the PVDF matrix.
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CHAPTER 4
Effect of variation of weight percentage of MoS: in PVDF-MoS?

drop casted films for flexible piezoelectric and triboelectric

nanogenerator for powering electronic devices.
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In the previous chapter, we have studied that the addition of TMDCs enhances the piezoelectric
properties of PVDF, however, the concentration of nanofiller in the PVDF also contributes to
the device output performance. To check the ideal concentration of nanofiller, here we have
fabricated different piezoelectric and triboelectric nanogenerators based on PVDF-MoS; by
varying the weight percentage (0 %, 3%, 5 %, 7 wt % and 10 wt%) of MoS.. The results show
that 7 wt% of MoS; is the optimum amount of doping for both piezoelectric and triboelectric
energy harvesting, above this level the performance of the nanogenerator abruptly decreased
due to MoS; agglomeration in the PVDF matrix. Further, PVDF-MoS,/PDMS based piezo-
tribo based hybrid nanogenerator (HNG) is fabricated which generated the power density of
~220 pWem. The generated output power was used for powering of electronic stopwatch and

scientific calculator.




Chapter 4

4.1 Introduction

With increasing demand of energy, the emission of carbon is increasing in our environment and
also the limited resources of fossil fuels have brought the green and renewable energy
generation on high demand. Most of the electronic gadgets use batteries that also requires to
be recharged after some time [1]. Renewable energy harvesting is a wonderful approach to
satisfy the future generations energy demand and to mitigate the climate changes. Recently,
many energy harvesters, such as, mechanical energy harvesters [2-4], solar energy harvesting
[5], thermoelectric nanogenerators [6] have gained great attention of scientific community
because of their cost effectiveness and environment friendly nature. With the help of the
piezoelectric and triboelectric effects, mechanical energy harvesting may turn lost mechanical
energy into valuable electrical energy [7]. Piezoelectric nanogenerators can convert the small
vibrations of our environment, human body motions, etc., into the useful electrical energy [8].
Poly(vinylidene fluoride) (PVDF) polymer is now a days mostly used to design the flexible
nanogenerators because of its inherent piezoelectric properties and highly flexible nature [9,
10]. Instead of its piezoelectric nature and flexibility its piezoelectric output is still limited for
many practical applications. The piezoelectric property of PVDF mainly depends on the -
phase content of PVDF, which can be enhanced with the addition of nanofillers into the PVDF
matrix, such as BaTiOs; [11], NaNbOs; [12], ZnO [13], RGO [14], transition metal
dichalcogenides [4]. This can make PVDF a promising polymer for mechanical energy
harvesting mechanism. Because of their strong design, triboelectric nanogenerators can provide
higher output and are also more cost effective [15-18]. Further one can also enhance the
triboelectric output with the help of plasma treatment [19], surface etching [20, 21] although
this is difficult to do on a big scale. In this direction, amalgamation of the piezoelectric and
triboelectric effects to increase the output of a single nanogenerator has been found to a viable
choice of the scientists, where two different operating mechanisms can work together for a
common aim of enhancing the output power, allowing us to extract more electricity from a
single device configuration [22-27]. As reported in literature to combine the different charge
density generated by different mechanism no complex design or device design is required. One
of the major requirements is that one material of the resulting hybrid nanogenerator should be
a piezoelectric material layer and the other can be non-piezoelectric in the contact separation
mode. So that, the piezoelectric material gives the piezoelectric output and the contact between
both the materials will contribute to the triboelectric output in the most common vertical
contact-separation approach for generating enhanced triboelectric output [27]. PVDF is a

flexible piezoelectric polymer with good piezoelectric properties which can be further
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enhanced, easy to process, low cost and nontoxic, therefore it will be a viable choice for the
hybrid construction. [28-30]. Many transitions metal dichalcogenides (MoS2, MoSe;, etc) and
other semiconducting materials (ZnO) have been used frequently as a nanofiller in the PVDF
matrix because of dual benefits, where they not only enhance the electroactive phase of PVDF,
their intrinsic piezoelectric property further enhance the piezoelectric output of the
nanogenerator([4, 31, 32]. Further it has also been reported in the literature that semiconducting
nanofillers not only enhance the piezoelectric output, their addition in the PVDF matrix also
contribute in the enhancement of the dielectric properties as well as the surface roughness
leading to increased triboelectric output of the nanogenerator [33-36]. For a triboelectric
material, dielectric constant is crucial for improving triboelectric performances, and the same
can be enhanced by adding dielectric additives, structure modifications or by enhancing
polarizations such as dipolar polarization in case of PVDF or other ferroelectric polymers [37,

38].

In addition, 2D nanomaterials are having an incredibly thin layer of crystalline structure
and are used as the fillers to enhance the dielectric properties of PVDF [30, 39, 40]. The TENGs
output performance is enhanced by the maximum surface charge that is provided by the
ultrathin structure, high surface to volume ratio of 2D nanomaterials [30, 41]. Recent reports
for TENGs based on PVDF and its copolymers have mentioned 2D materials as a filler like
reduced graphene oxide (rGO) [42], black phosphorus [43], MoS: [35] to enhance the output
performance. But there are very few reports on the effect of wt% of filler added into the PVDF
matrix [30]. As the amount of the additive filler also plays an important role in the enhancement
of the output performance of the device. This motivates the present piece of work. Therefore,
these combined effect of addition of the nanofiller in the PVDF have opened potential of
fabricating hybrid nanogenerator, where both the piezo and triboelectric effect can be harnessed

to magnify the nanogenerator performance for powering wide range of electronic devices.

In the present work, we have fabricated the PVDF-MoS; based piezoelectric and
triboelectric nanogenerators with the different weight percentages (0%, 3%, 5%, 7% and 10%)
of MoS» and have compared their piezoelectric and triboelectric outputs. With increase in the
filler concentration in the PVDF film, an increase in the piezoelectric as well as triboelectric
output has been observed. Further the device with maximum piezoelectric and triboelectric
output have been used for fabricating hybrid piezo-tribo nanogenerator. For this MoS: filled
PVDF as one layer and Polydimethylsiloxane (PDMS) films as second layer have been used

for fabricating a triboelectric as well as HNG in vertical contact separation mode. The
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triboelectric nanogenerator with 7 wt% of MoS. generates a power density of 104.5 uWem™.
Further, HNG combining both piezo-triboelectric phenomenon based on MoS; filled PVDF
demonstrates the superior performance, with remarkable high-power density of 220 uW/cm?
in comparison to pure PVDF based HNG. The addition of nanofillers to PVDF improves not
only its piezoelectric properties, but also its triboelectric output, leads to an increase in the
hybrid nanogenerator's overall output. To check the practical applicability of the fabricated
nanogenerator, finger tapping test were performed and the resulting power was used to glow

LEDS and for the powering of electronic stopwatch and scientific calculator.
4.2 Experimental Section
4.2.1 Synthesis of PVDF-MoS: Flexible Thin Films

The PVDF-MoS; composite thin films were synthesized using a two-step method. In the first
step, hydrothermally method was used for the synthesis of MoS, powder, which has been
previously described in chapter 3. Figure 4.1(a) shows the flow chart for the hydrothermal
synthesis of MoS». The second stage involved dissolving of 1 gm PVDF powder in 10 ml of
N, N di-methyl formamide (DMF) by stirring at room temperature on a magnetic hot plate for
30 minutes. Then the different wt % of the as prepared MoS, powder was added to the solution
to get the PVDF-MoS: composite thin films. Finally, the resulting composite solution was
poured on a glass slide and placed at 90°C in a hot air oven for 2 hours. The thin films were
then detached from the glass slides by immersing them in di-water since they are hydrophobic
in nature. Finally, we obtained PVDF-MoS, standalone flexible composite thin films of
thickness ~50 um with different MoS, weight percentages. The schematic in Figure 4.1(b)
shows the steps for the thin film fabrication. The synthesized PVDF films with different MoS»
weight percentage (0%, 3%, 5%, 7% and 10%), are named as PMS0, PMS3, PMSS5, PMS7 and
PMSI10 respectively. Further to fabricate the triboelectric layer of the hybrid nanogenerator,
PDMS films were prepared by mixing the base resin and curing agent (Sylgard 184, Dow
Corning Co.) in a weight ratio of 10:1. Afterward, the resultant solution was vacuumed to
remove the air bubbles. Then, the solution is spin-coated on the glass substrate followed by

drying in the oven to remove any moisture contents.
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Figure 4.1 (a) Schematic diagram showing the synthesis steps for MoS: using hydrothermal
technique and (b) step involved in the PVDF and PVDF-MoS; thin films fabrication using drop

casting method.

4.2.2 Fabrication of Nanogenerators

To check the utility of different PVDF-MoS, composite thin films in mechanical energy
harvesting, we fabricated the different piezoelectric nanogenerators. The synthesized films
were sandwiched between Al electrodes of thickness ~100 nm, deposited using thermal
evaporation technique at a chamber pressure of 4x10°® mbarr. Copper wires were attached to

the top and bottom metal electrodes to conduct the different electrical measurements. The
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finally fabricated device was encapsulated with the help of insulating tap in order to ensure that

the metal electrodes remain untouched during measurements.

Further, to study the effect of MoS; addition on the triboelectric performance of PVDF based
TENG, we constructed the TENG in the vertical contact-separation geometry by coupling the
PVDF and PVDF-MoS; thin film with the PDMS thin film as two triboelectric layers. To make
the electrical connections, aluminium electrodes were deposited on the opposite side of both
the thin films and the copper wires were attached to these electrodes to conduct different

measurements.

4.2.3 Characterizations and Energy Harvesting Performance

Hydrothermally synthesized MoS, powder was characterized using X-ray diffraction (XRD)
and Raman spectroscopy to confirm the successful synthesis of MoS,. XRD characterization
was carried out by Bruker D8 Advance X-ray diffractometer using X-ray source of Cu Ka (1.54
A) and WiTec alpha 300 RA used to carry out Raman spectroscopy with a 532 nm laser source.
Further, the as synthesized MoS, powder was examined using a high-resolution transmission
electron microscope (HR-TEM). Further, to check the successful synthesis of thin films with
different wt% of MoS; into PVDF matrix, X-ray diffractometer was used to examine the crystal
structure of the films and B-phase of the films were calculated by using FTIR spectroscopy
using Perkin Elmer Spectrum II. The surface morphology of all the thin films was studied using
field emission scanning electron microscopy (FESEM). The surface topography and surface
charge density of the thin films were investigated using Scanning Probe Microscope in AFM
and KPFM modes. Then, to fabricate the piezoelectric nanogenerator, aluminum electrodes
were coated on both sides of the films using thermal evaporation at 4x10°® mbar chamber
pressure. PE loop tracer was used to obtain the PE loops of the thin films at a maximum applied
voltage of 80 kV/cm. The LCR meter was used to carry out the dielectric measurements in the
frequency range 20 Hz to 10* Hz. Keithley DMM?7510 digital multimeter and Tektronix

MDO34 digital storage oscilloscope were used for the electrical measurements.
4.3 Results and Discussion

4.3.1 Structural and Morphological Analysis of MoS:.

The X-ray diffraction pattern for MoS, powder is shown in Figure 4.2(a) confirming the
synthesis of hexagonal 2H-MoS, phase. The peaks marked at 9.23°, 17.90°, 33.0°, 35.19°,
43.17°, and 57.62° correspond to (002), (004), (100), (101), (103) and (110) planes of MoSa,
respectively [44, 45]. Raman spectra of the synthesized MoS: is shown in Figure 4.2(b), where
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two Raman active peaks are detected at 378.72 cm ™! and 405.27 cm ™! in the spectra. The peak
that is present around 380 cm™ in the spectra is due to in-plane E',; mode of Mo-S atom in the
layered structure where the peak at 405.27 cm™ shows the out of plane vibrations of sulphur
atoms and is assigned as Az mode. In the Raman spectra, presence of these peaks proves that
MoS: nanostructure has been successfully synthesized and matches well with literature values
[46]. Further, the morphology of the synthesized MoS; flakes is shown in Figure 4.2(¢c) through
TEM images. The lower inset in the Figure 4.2 (c¢) shows the SAED pattern revealing the
crystalline nature of the synthesized MoS; flakes as well as complementing the XRD results.
The upper inset of Figure 4.2(c) depicts a high-resolution image, where a lattice distance was

measured to be 0.6 nm corresponding to 002 plane of hexagonal MoS..
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Figure 4.2 (a) XRD, (b) Raman spectra of synthesized MoS;, and (c) TEM image of the MoS»
nanosheets with in-plane lattice spacing and SAED pattern in upper and lower inset,

respectively.

4.3.2 Structural, Morphological and Ferroelectric Analysis of PVDF-MoS: Thin Films.

To authenticate the distinct phases of PVDF, XRD and Fourier-transform infrared spectroscopy
(FTIR) investigations were performed. The non-electroactive a-phase and electroactive -
phase can be distinguished using these techniques. Figure 4.3(a) depicts the XRD spectrum of
the pure PVDF (PMS0) and MoS: filled PVDF thin films (PMS3, PMS5, PPMS7, PMS10) In
the XRD spectra shown in Figure 4.3(a), the MoS» peaks are marked by ‘#” and PVDF peaks
are marked as ‘*’ for the given samples. The non-polar a-phase is mostly visible in the XRD
pattern of pristine PVDF film, as shown by the diffraction peak labelled at 18.3° and the peak
at 20.2° demonstrates the f-phase of the PVDF [4, 12, 47-49]. However, the spectra for films
containing PVDF-MoS, composite reveals a significant increase in the electroactive B-phase,

because nonpolar a-phase peaks are falling as the concentration of MoS; in the PVDF matrix
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increases. It can be observed from the XRD spectra that after the addition of MoS;, films reveal
a remarkable rise in the electroactive B-phase as the peak intensity related to the a-phase falls
whereas the intensity of the peak representing B-phase rises. The XRD spectra of thin films
also confirms the successful synthesis of the composite thin films of PVDF-MoS; [4, 44].

Figure 4.3(b) depicts FTIR results of PVDF and PVDF-MoS; composite thin films. All the
a and B-phases of the thin films are marked in the plot, it is observed that a and B phases are
present in all the thin films [47, 49-51]. The content of B-phase plays a crucial role in
determining the piezoelectric properties of PVDF. We have used FTIR spectroscopy to
determine the B-phase for all the thin films using Lambert-Beer law with the equation [50, 52].

F(B) = t— (1)

Where, Kg = 7.7 x 10* cm?/mol and K, =6.1 x 10* cm?/mol are the absorption coefficients at
840 cm™ and 762 cm! respectively [31, 53]. Ap and A, are absorptions at 840 cm™ and 762 cm™
! respectively [32, 52] and F(B) gives the P-phase content.

The existence of dominating o-phase content with trans-gauche-trans-gauche (TGTGQG)
connection can be seen in the pristine PVDF film. When MoS: is added into the PVDF solution,
the negative surface of the MoS: and the positive CHz dipoles of the PVDF chain interact
strongly, resulting in the development of stable longer trans-trans-trans (TTTT) linkages B-
phase [4, 29, 52, 54]. In these results, after calculation we find that the B-phase of bare PVDF
thin film is 52.24% while B-phase is enhanced upto ~70% with the inclusion of MoS,. So FTIR
spectra confirms the presence of B-phase in all the thin films and also it is concluded that the
addition of MoS; enhances -phase, which means the overall piezoelectric properties of PVDF
also gets enhanced. MoS, embedded PVDF film exhibits a progressive increase of intensity for
the peak at 840 cm™!, indicating a significant increase in the electroactive phase upto 7 wt %.
Further on increasing the MoS2 wt% from 7 to 10 wt %, the agglomeration of MoS: filler in
the PVDF film may be responsible for the significant decrease in the electroactive B-phase [29,
54, 55]. To check the ferroelectric properties of the thin films, the PE loops were also performed
which are shown in Figure 4.3(c). It is observed form the PE loops that the ferroelectric
properties of the thin films were enhanced after the addition of MoS; into the PVDF matrix.
Remnant polarization (Dr) calculated from the PE loops are 6.4, 8, 9.5, 11.6 and 7.7x107
puCem? for PMS0, PMS3, PMS5, PMS7 and PMS10 thin films, respectively. The enhanced
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remnant polarization depicts that the addition of MoS: helps in the dipole alignment of PVDF

film, where PMS7 based thin film shows the maximum remnant polarization.
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Figure 4.3 (a) Characterization of PVDF-MoS; composite thin films (a) XRD pattern (b) FTIR
spectra, (c) PE loops, (d-h) FESEM images, and (i-m) AFM images of PMS0, PMS3, PMSS5,
PMS7 and PMS10, respectively.

In addition, FESEM measurements were also carried out to study the morphologies of
the MoS2-PVDF thin films. The FESEM image of the PVDF thin film is shown in Figure
4.3(d), which also demonstrates the uniformity of the PVDF matrix. Figure 4.3(e-h) shows the
FESEM images of MoS; filled PVDF, which are named as PMS3, PMSS5, PMS7 and PMS10,
respectively showing the distribution of MoS; sheets into the PVDF matrix. Furthermore,
aggregation of MoS; was seen with the rise in MoS; wt% in the PVDF matrix, suggesting that
7 wt % 1is the optimal doping level. This can also be observed from the PE loops that the
remnant polarization is maximum for 7 wt% of MoS; and was decreased after 7 wt% of MoS;
into the PVDF matrix. AFM images of PMS0, PMS3, PMSS5, PMS7 and PMSI10 films are
shown in Figure 4.3(i-m), respectively. The root mean square roughness of all the thin films
was calculated to be 4.92, 6.99, 8.23, 9.56 and 14.2 nm for PMS0, PMS3, PMSS5, PMS7 and
PMS10 films, respectively. Inclusion of MoS; into PVDF matrix augments surface roughness
of PVDF-MoS; based composite thin films as compared to bare PVDF film. Further the
addition of MoS> in PVDF matrix not only increases the surface roughness but also the

effective area in which the charges can stay. It has also been reported in literature that when
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PVDF interacts with other materials, it causes the surface charge density of the PVDF to
increase [30, 33, 56]. The above enhancement in surface roughness is very helpful in enhancing

the triboelectric output for the PVDF-MoS; composite films.
4.3.3 Output Performance Analysis of Fabricated PENGs

Now to study the effect of MoS, weight percentage (0 %, 3 %, 5 %, 7 %, 10 %) on the
piezoelectric properties, the fabricated nanogenerators were put under continuous stress with
the help of electrodynamic shaker. All the thin film nanogenerators were tapped with different
frequencies from 1 Hz to 10 Hz, but it was found that at a tapping frequency of 7 Hz the

nanogenerators are giving maximum output voltage.
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Figure 4.4 (a-e) Variation of piezoelectric open circuit output voltage with MoS; wt% at a
tapping frequency of 7 Hz and (f) Piezoelectric open circuit voltage for PMS7 based

piezoelectric nanogenerator generated at different tapping frequencies.

Hence to compare the piezoelectric energy harvesting capabilities of the MoS» integrated
PVDF with bare PVDF, 7 Hz was used as optimum frequency for measuring the voltage and
current outputs. The open circuit voltage of various fabricated devices is shown in Figure 4.4(a-
e). The Voc for PVDF is 9.4 V and for PVDF-MoS; the values are 12.6 V, 14.2 V, 18.0 V and
6.5 V for PMS3, PMSS5, PMS7 and PMS10, respectively. With the increase in the MoS> wt %,
the piezoelectric output of PVDF-MoS; composite thin film nanogenerators increases
gradually. The highest output voltage is produced by PMS7 film based nanogenerator, which

is roughly 2 times that of the bare PVDF open circuit voltage, showing the maximum
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enhancement in the energy harvesting characteristics. The output voltage of the PMS7 based
piezoelectric nanogenerator is compared in Figure 4.4(f) as a function of tapping frequency,
when the applied tapping frequencies ranged from 1 Hz to 10 Hz, indicating their good energy
harvesting capabilities. It has been shown in the Figure 4.4(f) that open circuit output voltage
was increased upto 7 Hz tapping frequency and then starts decreasing with further increase in
the frequency. Figure 4.5(a-e¢) shows the rectified current outputs of the piezoelectric

nanogenerators at a tapping frequency of 7 Hz.
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Figure 4.5 (a-¢) Rectified short circuit piezoelectric current generated for different MoS> wt%
at a 7 Hz tapping frequency (f) variation in output short circuit current and open circuit voltage

as a function of MoS; wt%.

The bare PVDF (PMS0) based nanogenerator reveals an output current of 9.1 pA and for
PVDF-MoS:; based nanogenerators the current values are 10.9 pA, 11.7 pA, 14.6 pA and 10.7
pA for PMS3, PMSS5, PMS7 and PMS10, respectively. The short circuit current also follows
the same trend as the voltage output for different thin film nanogenerators. The variation of
short circuit current and open circuit voltage with the MoS; wt% is also shown in Figure 4.5(f).
The piezoelectric output results reveal that a loading of 7 wt% MoS; is optimal for efficient
energy harvesting. The abrupt decline in output performance above 7 wt% MoS> was attributed
to a number of issues, including low surface characteristics and MoS> agglomeration in the
PVDF matrix as can be seen in the FESEM results shown in Figure 4.3(d-h). The enhancement
in the piezoelectric output of nanogenerators after the addition of MoS; in the PVDF matrix
can be attributed to two factors: (i) due to increase in the B-phase content of PVDF [31, 57] and

(i1) additional contribution of the intrinsic piezoelectric capabilities of MoS: in the overall
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output of the nanogenerator [4, 58, 59]. The above results are also consistent with studies
available in literature where the piezoelectric properties of PVDF and its copolymers gets

enhanced by the addition of nanofillers. [4, 60-63].

4.3.4 Dielectric Property Analysis of Different PVDF-MoS: Thin Films.
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Figure 4.6 Graph showing the dielectric constant for PMS0, PMS3, PMSS5, PMS7 and PMS10
thin films.

It has been reported in literature, that the triboelectric output performance might be
improved by enhancing the dielectric constant of the triboelectric materials, which is one of
the crucial properties of the TENG material [64]. Figure 4.6 displays the dielectric constant of
the composite thin films for various filler concentrations as a function of frequency. The
dielectric constant of the composite thin films was increased from 4.1 to 7.9, 10.0, 13.2, and
5.8, correspondingly, with increasing in MoS, wt percentage (0, 3, 5, 7, and 10%). Hence, the
addition of 7 wt% MoS; into the PVDF matrix resulted in the film with highest dielectric
constant. Due to the percolation limit for the PVDF-MoS, composite, as the MoS, content was
increased further, up to 10 wt%, the dielectric constant gradually decreased [64, 65]. As a result
of the dipolar contribution of the MoS: filling, which increased the value of the dielectric
constant, PVDF became more polarizable [29, 64]. As it was also concluded from the FTIR
spectra that addition of MoS, enhances the content of B-phase into the PVDF matrix, which

means that the addition of MoS; into the PVDF matrix results in the dipolar polarization. This
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dipolar polarization is responsible for the enhanced dielectric constant after MoS; addition [37,
38]. Triboelectric output efficiency of a TENG is significantly influenced by the transmitted
charge density, which depends on the dielectric property of the thin film [64, 66]. As the
dielectric constant increases with the addition of MoS,, the surface charge density of the
material also gets enhanced. The enhanced surface charges may be attributed to the increased
capacitance C, which is directly dependent upon the dielectric constant of the synthesized
triboelectric material [37]. Therefore, the triboelectric output performance of the thin films of
PVDF-MoS: composite will be significantly increased as compared to bare PVDF thin films.
The relation between surface charge density, output voltage and dielectric constant is shown
through the equations given below [64, 67, 68]:

Ve = 220 (42)

€0

CAV g9, AV
S d

Q
Il
I

(4.3)

Where the surface charge density is given by 6o, x(t) represents the distance between the two
layers, go is permittivity of the air. Dependence of the charge density on surface area (S),
capacitance € of the thin film, film thickness (d), and relative dielectric constant (&) is also

given by these equations.
4.3.5 Output Performance Analysis of Fabricated TENGs

To study the effect of MoS: addition on the triboelectric performance of PVDF based TENG,
we constructed the TENG in the vertical contact-separation geometry by coupling the PVDF
and PVDF-MoS:; thin film with the PDMS thin film as two triboelectric layers. To make the
electrical connections, aluminium electrodes were deposited on the opposite side of both the
thin films. To study the effect of MoS> wt% into the PVDF matrix, all the PVDF-MoS,/PDMS
based TENGs with varying wt% of MoS, were placed under continuous force in the contact
separation mode with the help of an electrodynamic shaker. All the TENGs were pressed with
a tapping frequency of 9 Hz and open circuit voltage and short circuit current were measured.
The PVDF/PDMS based TENG generates an open circuit voltage of 107 V and the TENGs
with PVDF-MoS,/PDMS generates the voltage of 133V, 164 V, 189V, 106 V for 3, 5, 7 and
10 wt% of MoS;, respectively which are illustrated in Figure 4.7(a).
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Figure 4.7 (a)Variation of triboelectric open circuit voltage, (b) short circuit current, (c) output
voltage with different load resistance, and (d) power per unit area with different load resistance

as a function of MoS; wt% at a tapping frequency of 9 Hz.

Figure 4.7(b) displays the short circuit current for the TENGs with varying wt%
of MoS; under the same conditions. The value of short circuit current for PVDF/PDMS is 0.88
pA and for PVDF-MoS,/PDMS are 1.21 pA, 1.37u A, 1.61 pA and 0.70 pA for 3,5, 7 and 10
wt% of MoS,, respectively. The triboelectric output of PVDF-MoS, composite thin film based
TENGs gradually increases with an increase in the MoS> weight percent. The maximum
improvement in the energy harvesting properties is again shown by the PVDF-MoS: film-based
TENG loaded with 7 wt% of MoS,, which generates an output voltage that is about twice as
high as the bare PVDF based TENG. Hence, 7 wt% is the optimal doping concentration for
MoS,, and the PVDF-MoS,/PDMS TENG with 7 wt% of MoS, will only be used for further
analysis. The enhanced output performance of TENGs after the MoS; incorporation is also
supported by the above-mentioned dielectric, AFM and FTIR results. The effect of load

resistance on the output voltage and power density (power per unit area) was also studied for
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all the TENGs, which is illustrated in Figure 4.7(c) and 4.7(d), respectively. The output voltage
and power density for PMS7/PDMS TENG is maximum for all the load resistances. The output
voltages for all the TENGs first increases and the becomes nearly saturated. The PMS7/PDMS
TENG generates maximum power density of 104.5 uWcm™2, While the PMS0/PDMS TENG
generates a power density of 38.5 uWem™. The comparison of the output generated by different

TENGsS as a function of MoS, wt% is shown in table 4.1.

Table 4.1. Comparision of the B-phase, dielectric contant and generated output of the fabricated
TENGs as a function of MoS; wt%.

Device Name  Weight %  p-phase Dielectric Voc Lsc Power Density

of MoS: (%) Constant V) (nA) (WW/cm?)
PDMS/PMSO0 0 71.9 4.1 107 0.88 38.5
PDMS/PMS3 3 76.5 7.9 133 1.21 58.8
PDMS/PMS5 5 80.5 10.0 164 1.37 100.8
PDMS/PMS7 7 82.7 13.2 189 1.61 104.5
PDMS/PMS10 10 66.7 5.8 106 0.70 34.1
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Figure 4.8 Effect of tapping frequency on the (a) open circuit output voltage and (b) short
circuit current for PDMS/PMS7 based TENG.

Now, to check the effect of tapping frequency for contact-separation mode of TENG,
the nanogenerator with 7 wt% of MoS: is tapped with different frequencies by electrodynamic
shaker. Figure 4.8(a) shows the open circuit voltage for different tapping frequencies from 2

Hz to 10 Hz. Output voltage increases with the increase in frequency and at 10 Hz the generated
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output voltage is ~211 V. The short circuit current also increases with the tapping frequency
and is shown in Figure 4.8(b). The increased short-circuit current and open circuit voltage of
PVDF-MoS,/PDMS TENG with operating frequency may be attribute to faster charge transfer
at higher tapping frequency [30]. Figure 4.9(a) and (b) shows the operation of the TENG at

various impact forces ranging from 5 N to 20 N and at a constant tapping frequency of 9 Hz.
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Figure 4.9. Effect of contact force on the (a) open circuit output voltage and (b) short circuit

current for PDMS/PMS7 based TENG.

Following an increase in contact force from 5 N to 20 N, the output voltage
continuously rises from 93 V to 211 V, the short circuit current also follows the same trend with
the increase in contact force, which increases from 0.66 pA to 1.6 pA. Firstly, the enhanced
triboelectric output with higher contact force may be attributed to the increased in effective
contact area due to elastic properties of polymeric triboelectric materials, leading to more
triboelectric charge generation which result into improved output voltage and current output.
Secondly, when the contact force is increased, the elastic deformation of the PVDF film
increases, causing a rise in TENG capacitance which may be helpful for storing triboelectric

charges and increasing triboelectric performance [30].
4.3.6 Fabrication and Underlying Operating Mechanism of Hybrid Nanogenerator

To further enhance the mechanical to electrical energy conversion efficiency, we have
fabricated the hybrid nanogenerator which will combine both the triboelectric and piezoelectric
effects. For this we have coupled PMS7 nanocomposite film having highest piezoelectric and

triboelectric output with PDMS as two triboelectric layers in the vertical contact-separation
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mode. Figure 4.10(a) shows the electrical connections and schematic representation of hybrid

nanogenerator based on the combined effect of piezoelectric and triboelectric phenomenon.

Hybrid
Output

I Aluminium [ Double-sided foam tape

(b)

(IT) Pressed (III) Releasing

(I) Original /

PDMS

I Mos,-PVDF

- Aluminum

Figure 4.10. (a) Showing the electrical connections and schematic diagram of piezo-
triboelectric HNG. Inset shows the image of the actual hybrid device, and (b) schematic

showing the working mechanism of HNG.

For fabricating HNG, the PMS7 film was coated on both sides and PDMS layer on top
side with Al coating of thickness ~ 100 nm using thermal evaporation technique. Further,
double sided copper tape was used to connect the films with external circuit. After making the
connections, double-sided foam tape was used to adhere the PDMS film and the composite
films to the different acrylic sheets as shown in the schematic given in Figure 4.10(a). As the
HNG is a combination of two different nanogenerators, the upper and bottom layer gives the
triboelectric output while the bottom layer provides the piezoelectric output. The triboelectric
output of the HNG depends on the contact velocity and distance between two layers, and the
piezoelectric output depends upon the amount of stress applied to nanogenerator. When the
force is applied on the HNG, the bottom layer generates the piezoelectric output due to the
stress applied to it and the contact and separation of upper and bottom layer generates the

triboelectric charges. The triboelectric output is provided by connections I and II from
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aluminum coated above PDMS and PVDF based film, respectively, while the piezoelectric
output from PVDF sandwiched between aluminum electrode is provided by connections II and
III, as illustrated in Figure 4.10(a). Before measuring the hybrid output, triboelectric and
piezoelectric outputs were independently measured using the rectifier A and B, respectively.
Then to achieve the enhancement in the output because of the combined effect of triboelectric
and piezoelectric part, the positive and negative ends of both the rectifiers were connected
together and the final enhanced hybrid output was measured. The working mechanism of the
hybrid nanogenerator is shown in Figure 4.10(b). There is initially no electric potential
difference between the triboelectric layers since no charge is created prior to their contact and
also no piezoelectric charges are present on the PVDF-MoS; film because no stress has been
applied (Figure 4.10(b)(I)). Once, the mechanical stimulus is provided with the help of dynamic
shaker to bring the two triboelectric layers into contact, contact electrification causes electrons
from the PDMS to be transported to the aluminum electrode on PVDF-MoS; surface, and due
to the applied stress on the PVDF-MoS; film, the dipoles got aligned inside the film which
creates the potential difference inside the film and give rise to piezoelectric charges on the
surface (Figure 4.10(b)(II)). Due to the insulating properties of the polymer films, these charges
on the surfaces won’t dissipate or be immediately neutralized. An electrical potential difference
between the matching electrodes is then created when the two layers are separated, which
causes electrons to flow between the different electrodes through an external circuit, producing
an electric output signal (Figure 4.10(b)(III)). The electric potential difference is completely
compensated by the transfer of electrons between the electrodes when the separation distance
reaches its maximum value, and no current signal is produced in the external circuit (Figure
4.10(b)(IV)). Then, as the HNG is compressed again by an external force, an electrical signal
in the opposite direction is produced as a result of the backflow of electrons (Figure
4.10(b)(V)). As a result, the PENG and TENG may produce an uninterrupted alternating
electrical output while being continually stimulated by an external force which is further

converted into DC signal with the help of a rectifier circuit as shown in Figure 4.10(a).
4.3.7 Output Performance Analysis of Hybrid Nanogenerator

Figure 4.11(a) and (b) depicts the rectified output voltages generated by finger tapping
for bare PVDF (PMSO0) and MoS,-PVDF (PMS7) based HNGs, respectively. It can be seen
clearly in both the Figures that by combining the piezo-tribo effects in HNG, the output voltage
increases. Further to highlight the effect of nanofiller, it to be mentioned that not only the hybrid
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output voltage got increased, the individual piezoelectric and triboelectric component shows

the enhancement as we have already seen for above piezo and tribo results.
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Figure 4.11. Rectified open circuit voltage for piezo tribo and hybrid operations of (a)
PMSO0/PDMS and (b) PMS7/PDMS nanogenerators. Rectified short circuit current for piezo
tribo and hybrid operations of (c) PMSO/PDMS and (d) PMS7/PDMS nanogenerators
generated by finger tapping.

The piezoelectric contribution after MoS: addition shows the increase from 8.7 V to
12.5 V, whereas, the triboelectric component shows the increase from 13.1 V to 24.1 V just by
normal finger tapping. Further, after the integration of both the outputs, the hybrid output
voltage was increased from 21.6 V for PVDF based hybrid nanogenerator to 35.3 V for MoS»-
PVDF based hybrid nanogenerator by finger tapping. The generated output of the current work
is compared with the different previously reported mechanical energy harvesters based on
PVDF-MoS, composite in the Table 4.2. As can be seen, the fabricated TENG in the present
study exhibits a substantially increased instantaneous power density and voltage than other
previously reported similar PENGs and TENGs, thus proving that MoS» an efficient filler for
boosting PVDF’s piezoelectric and triboelectric performance. The table makes it evident that
the MoS2-PVDF based nanogenerator in the current work responded more favorably than the

other mechanical energy harvesters that were reported.
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Table 4.2. Comparison of the nanogenerator’s output voltage and current generation for various

PVDF-MoS; based mechanical energy harvesters.

Device Structure Voc Lsc Power Synthesis Reference
Density
(WW/cm?)
PVDF-rGO-MoS2 24V 0.68 pA - Solution Casting  [69]
PVDF-MoS» 98V 0.9 pA - Drop Casting [4]
PVDF/MoS; 14V - 16 Electrospinning,  [60]
nW/cm? salt intercalation
PVDF/MoS@ZnO 6.2V 528 nA  10.85 uyW  Solution Casting  [70]
(Only
power)
PVDF-ZnSnO3— 26V 0.5uA 289 Electrospinning [71]
MoS; mW/m?
ZnO-PVDF/PTFE 78 V 0.46 24.5 Drop Casting [33]
pA/cm®  puW/em?
AI-PVDF-Al/Silicon- 34.6 6.6 tA - [72]
Al
MoS,;-PVDF 18V 14.6 nA 53.4 Drop Casting This work
(Piezoelectric nW/em?
nanogenerator)
MoS,-PVDF/PDMS 211V 1.6 phA 1045 Drop Casting This work
W/em?
(Triboelectric pvem
nanogenerator)
MoS,-PVDF/PDMS 353V 20.8 pA  ~220 Drop Casting This work
(HNG) (rectified) nW/em?
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The rectified short circuit current was also measured and after the incorporation of MoS»,
the piezoelectric short circuit current shows an enhancement from 8.9 pA to 12.5 pA, while
the triboelectric current was increased from 11.1 pA to 13.5 pA. Furthermore, the total hybrid
current was increased from 17.7 pA to 20.8 pA after the addition of MoS,. The comparison of
the output currents generated by PMS0 and PMS7 based hybrid nanogenerators is displayed in
Figure 4.11(e) and (d), respectively. After inclusion of MoS,, the efficiency of hybrid
nanogenerator based on PVDF is improved not only in terms of piezoelectricity, but also in
terms of triboelectricity. The increment in PVDEF’s polarizability following MoS; addition will
affect the charge grabbing ability of aluminum layer when it interacts with PDMS film.
Furthermore, with the inclusion of MoS; in PVDF matrix, surface roughness of PVDF rose
from 4.9 nm to 9.6 nm for PMS7, as revealed in AFM imaging. Increased surface roughness
provides more room for charges to live, resulting in a larger surface charge density and
enhanced triboelectric output [33, 73]. Therefore, the increased polarizability and increased
surface roughness of the composite thin film have a direct impact on the triboelectrification

[42, 74].

To support the enhanced hybrid nanogenerator output Kelvin Probe Force Microscopy
(KPFM) was carried out only on bare PVDF and highest output PVDF-MoS, (PMS7)
nanocomposite film. The surface potentials maps for PMSO and PMS7 are shown in Figure
4.12(a) and (b) respectively, which was obtained by scanning of 5 um x 5 um region of the
films. Based on their triboelectric polarity, PDMS is used as a positive triboelectric layer while
PVDF based composite thin films acts as negative triboelectric material [75]. As it can be seen
from the KPFM results that after the inclusion of MoS» in PVDF, surface potential of the PMS7
composite thin film becomes more negative as compared to PMSO thin film. This will increase
the difference between the surface potentials of PDMS (positive layer) and PVDF composite
(negative layer) after the incorporation of MoS; in comparison with bare PVDF film. Therefore,
the overall enhancement in the hybrid output after the addition of MoS; is attributed to
enhancement in the B-phase content, intrinsic piezoelectric properties of MoS», increased
surface roughness, increase in the negative surface potential, and increase in the charge density
because of the enhanced dielectric constant of the resulting nanocomposite thin films [4, 30,

33, 74].

Further to check the practical application of hybrid nanogenerator, we have charged the
three different capacitors of 1 pF, 2 uF and 10 uF which are charged upto ~9.1 V, ~9.2 V and
~9.5 V, respectively. Figure 4.12(e) shows the charging of these capacitors with different time
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taken by the capacitors in charging. We have also simultaneously lit 21 LEDs connected in
series at a tapping frequency of 7 Hz by hybrid output and the glowing LEDs are shown in
inset of Figure 4.12(e). We have also used the generated voltage to drive the scientific calculator

and the digital wrist watch as shown in Figure 4.12(d).
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Figure 4.12. KPFM images showing the surface potentials of (a) PMSO0, (b) PMS?7 thin films,
(c) Charging profile for 1 pF, 2 p F and 10 p F capacitors and inset shows the lighten up of
LEDs and (d) Pictural representation of the devices (scientific calculator and the digital wrist

watch) derived by PMS7 based hybrid nanogenerator.

In addition to the above measurements, the effect of load resistance variation on the
output voltage and power density was also analyzed for both PMS0 and PMS7 based hybrid
nanogenerators. The output voltage and power density were compared for piezoelectric,
triboelectric and hybrid output under various load resistances for both the devices which is
shown in Figure 4.13(a) and (b) for PMSO0 and Figure 4.13(c) and (d) for PMS7. The maximum
power is observed for the hybrid output for both PMS0 and PMS7 which are ~88 pW/cm? and
~220 pW/cm? respectively at a load resistance of 1 MQ.
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Figure 4.13. (a) Output voltage, (b) power density as a function of load resistance for piezo,

tribo and hybrid output of PMS0 based nanogenerator, (¢) Output voltage, (d) power density

as a function of load resistance for piezo, tribo and hybrid output of PMS7 based nanogenerator,

(e) effect of tapping force on the output voltage, and (f) current showing the long-term stability

of PMS7/PDMS based HNG.
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We have also studied the effect of tapping force on the hybrid output voltage of PMS7
based nanogenerator which is shown in Figure 4.13(e). It was observed that with the increase
in the tapping force from 1 N to 9 N, the output voltage was also increased from ~16 V to ~45
V. The increment in the output voltage with the tapping force may be attributed to the elastic
properties of polymeric materials; the effective contact area of HNG is improved with a rise in

tapping force, which results in the generation of more charges and a higher power output.

Further, to ensure the stability and durability of the fabricated nanogenerator, more than 2000
cycles of mechanical stimulus were given to the HNG nanogenerator. The resulting current
output without any serious degradation is shown in Figure 4.13(f). The present study therefore
proposes an environmentally friendly ubiquitously available nanogenerator device capable of
fulfilling the rising demand of smart and wearable electronic industry, which is growing at very

faster rate to assist our living style.
4.4 Conclusion

In the present work, we have fabricated a piezo-tribo hybrid nanogenerator for harvesting waste
mechanical energy for useful conversion into electricity. The HNG is composed of MoS: filled
PVDF and PDMS films. The output voltage and current performance of the HNG is compared
with its individual piezo and tribo components showing an enhancement in its performance
which may be contributed to the synergistic effect of piezoelectricity and triboelectricity.
Initially, the piezoelectric and triboelectric performance of MoS; filled PVDF films were
compared with bare PVDF and it was observed that 7 wt% of MoS; is the optimal level of
doping for mechanical energy harvesting. Above 7 wt% of MoS, the performance of the
nanogenerator abruptly declined due to the agglomeration of MoS; in the PVDF matrix.
Therefore, the pure piezoelectric nanogenerator having 7 wt % of MoS; shows maximum
output voltage of 18.3 V, rectified short circuit current of 14.6 pA at a tapping frequency of 7
Hz and power density of 53.4 uWem™. The triboelectric nanogenerator with 7 wt% MoS>
exhibits a maximum power density of 104.5 uWecm™ and a short circuit current of 1.61 pA.
The HNG having MoS; filled PVDF with PDMS generates a power density of 220 pWem™
and rectified current of 20.8 pA just by finger tapping. Our study reveals that inclusion of MoS;
in the PVDF matrix stimulates the generation of B-phase and also the intrinsic piezoelectric
properties which contributes in the overall enhancement of the piezoelectric output of PVDF.
In addition to enhanced B-phase, the distribution of MoS; increase the surface roughness which

increases the contact area and also boosts the surface potential and dielectric constant thereby
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increasing the triboelectric output of the device. Each of these factors combine to significantly
increase the performance of the hybrid nanogenerator. As a result, the present study suggests a
feasible, economical approach to fabricate a high performance hybrid nanogenerator by
combining both the piezoelectric and triboelectric effects which may be utilized to drive the

wearable electronic devices.
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CHAPTER 5

Energy harvesting performance of PVDF-MoSe: electrospun fiber

based flexible nanogenerator for generating green hydrogen.
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In the present chapter, electrospinning technique is used to prepare nanofiber thin films of
PVDF-MoSe; with different wt% of MoSe> (0 wt%, 3 wt%, 5 wt%, 7 wt% and 10 wt%) for
improving the nanogenerator performance. Here, hybrid triboelectric nanogenerator coupling
both the piezoelectric and triboelectric effects have been fabricated to drive the environment
friendly approach for splitting the water for hydrogen production. Here, electrospun PVDF-
MoSe: fiber deposited over aluminum foil as triboelectric negative and Nylon fiber film as
tribopositive material, have been used for the designing of hybrid TENG device. The PVDF-
MoSe>/Nylon based HNG exhibits remarkable peak to peak open-circuit voltage of 113.6 V
and 26.5 pA of short-circuit current. Moreover, it exhibits a high-power density of 230.4
uWem™ under piezo-tribo coupling, which is even superior than the majority of previously

fabricated similar type of devices.
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5.1. Introduction

The entire human race is facing two major challenge which are related to energy and the current
environmental pollution [1]. The rapid depletion of fossil reservoirs and the rising world
population have increased fears about an impending energy crisis. In addition, the increasing
greenhouse gas emissions to meet the energy requirement of the current population have further
played a role in increased global warming and climate change around the world [2]. At this
stage, producing sustainable energy supplies is the most popular topic of discussion all over
the world [3, 4]. In this way, the hydrogen because of its large energy capacity of 143 MJ/kg
and environmental friendliness with H>O as the distinctive oxidation product, can be
considered as an excellent substitute for the fossil fuels [5, 6]. However, presently, the
generation of Hy is primarily derived from the products based on fossil fuels [7] and is still very
difficult to create a highly efficient technique for producing H> from renewable energy that is
also economically competitive and environmentally friendly [8]. The scientific community has
been doing continuous efforts of getting hydrogen by water splitting from available renewable
energy sources, due to its carbon free byproducts, thereby supporting the mission of world’s
green hydrogen production [9].

A potential solution to the problem involves gathering available energy from the
environment, which may then be used directly for electrolysis of water without the need for an
external power source [9, 10]. Recently, the mechanical energy harvesting using piezoelectric
and triboelectric nanogenerators have been demonstrated to be a successful mechanism for
converting ubiquitously mechanical energy into electricity and attracted great attention because
of its cost-effectiveness, resilience and high efficiency [11-14]. The working mechanism of
piezoelectric nanogenerators is based on the polarization of material and charge separation
caused because of external vibration [15, 16], while the triboelectric nanogenerator works on
the triboelectric phenomenon, generally known as contact electrification [17]. The opposite
charges are made to flow through the external circuit because of the developed potential
difference during piezoelectric and triboelectric processes, allowing the nanogenerator device

to be used as a power source [18].

Polyvinylidene fluoride (PVDF) which is a ferroelectric polymer with different
crystallite polymorphs, among which the B-phase of PVDF is widely explored for piezoelectric
nanogenerators due to its flexibility, outstanding stability, and promising piezoelectric
coefficient [19-21]. PVDF, on the other hand, has a strong electron affinity as well as great

spontaneous polarisation, making it a suitable triboelectric material for TENGs [22, 23].
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Several approaches have been explored to improve the B-phase, such as electric poling and
thermal treatment [24, 25]. Researchers have also explored the inclusion of different nanofillers
into the PVDF matrix for improving its polar B-phase content, charge trapping capabilities,
dielectric properties and surface potential [26, 27]. Furthermore, 2D nanomaterials with an
extraordinarily thin layer of crystalline structure are employed as fillers to improve the -phase
and dielectric characteristics of PVDF [28-30]. The inherent piezoelectric properties of 2D
materials are responsible for the enhanced piezoelectric output of the nanogenerator [31, 32].
While, TENGs output performance is improved by the maximising surface charges generated
by high surface to volume ratio and the ultrathin structure of 2D nanomaterials [33, 34]. To
improve the output performance of PVDF based PENGs and TENGs, recent works have
referenced 2D materials as fillers such as MoS>, MoSe», black phosphorus [28, 35, 36].
However, there are limited studies on the effect of filler weight percentage on the PVDF matrix.
The concentration of nanofiller in the PVDF solution has found to impact the device output

performance and therefore drive the current piece of research work.

Electrospinning is one of the method capable of producing nanofibers with diameters
in nanometer range (5-500 nm) which are useful in variety of fields, such as, healthcare,
defence and security, biomedical, environmental engineering, and energy generation [37-40].
In fact, by decreasing the fiber diameter from microscale to nanoscale, remarkable features
such as flexibility, extraordinarily large surface and improved mechanical performance have
been obtained [41-43]. Therefore, electrospinning is regarded as one of the most beneficial
techniques for the production of PVDF nanofiber films because the high voltage supplied
during synthesis aids in obtaining the required crystalline B-phase [44]. The piezoelectric
characteristics of the synthesized fibers would improve further as a result of mechanical
stretching by polymer jet elongation [44, 45]. As a result, electrospun PVDF films exhibit
increased piezoelectric characteristics without the post-poling step commonly utilised in other

production processes.

In the present chapter, we have studied the effect of varying MoSe, wt% on the
piezoelectric output of PVDF-MoSe: nanofiber based piezoelectric nanogenerator. The PVDF-
MoSe; nanofibers were synthesized via electrospinning technique with different wt% of MoSe>
(0, 3, 5, 7 and 10 wt%). Pure PENG device having 7 wt% MoSe, generates maximum
piezoelectric output, with an output voltage of 64.8 V and 13.4 pA of short circuit current.
Further, hybrid TENG device was fabricated in the vertical contact-separation mode based on

PVDF-MoSe: nanofibers with 7wt% of MoSe» having highest piezo performance as one of the
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layer and the Nylon nanofibers as another triboelectric layer. The TENG with PVDF-MoSe»
produces a remarkable output voltage and short circuit current of 113.6 V and 26.5 pA
respectively. The resulting hybrid TENG nanogenerator produces a maximum power density
of 230.4 uW/cm?, which is 2.9 times higher than that of bare PVDF nanofiber based TENG
which produces a power density of 79.7 uW/cm?. Further, the outcome of different tapping
force and frequency was also analysed on the PVDF-MoSe> based triboelectric nanogenerator
and at a contact force of 25 N it produces a maximum output voltage of 116 V. It has shown
that the considerable improvement in triboelectric output of PVDF-MoSe, nanofiber-based
hybrid triboelectric nanogenerator is mostly due to the addition of MoSe», which promotes the
creation of electroactive B-phase in PVDF and improves the triboelectric performance.
Furthermore, the MoSe> nanosheets embedded into PVDF matrix may be used as charge
trapping regions, improving the triboelectric charge density and hence increasing its
triboelectric output. Further based on hybrid TENG output voltage an entirely self-powered
water splitting system for generation of hydrogen has been described where instead of using
an external power source, the electricity that is produced is used for splitting water in order to
make H» by harvesting ambient mechanical energy. This type of self-powered water splitting

technology pave the way for future energy alternatives.

5.2. Experimental Section

5.2.1 Synthesis of PYDF-MoSe: Nanofibers and Nylon Nanofibers.

Simple hydrothermal process was used for the synthesis of MoSe> nanosheets which has been
previously described in chapter 3 [28]. To prepare the solution for the electrospinning, 1 g of
PVDF powder has been dissolved in DMF and stirred continuously for 1 hour at 60°C. Further,
various amounts of MoSe; sheets were then dissolved into the above solution to obtain the
PVDF-MoSe: hybrid solution with different wt % of MoSe:, and the solution was stirred for
next 2 hrs to get the homogeneous solution. Following that, the resulting solution was added
into 10 mL syringe with varied MoSe; wt% of 0, 3, 5, 7, and 10 wt% for electrospinning, which
was done using an electrospinning machine at a high voltage of 12 kV with 1 mL h™! flow rate.
The fibers were collected on Al foil which is rolled over the drum collector and kept at a
distance of 12 cm from needle. The hybrid films of PVDF-MoSe; nanofibers with a thickness
of ~50 um were formed after constantly collecting for about 5 hrs and drying for 12 hrs at 60
°C in an oven, and has been named as PMSEO, PMSE3, PMSES, PMSE7 and PMSE10 for
MoSe> wt% of 0%, 3%, 5%, 7% and 10%, respectively. The synthesis of nanofiber films is

illustrated in Figure 5.1.
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Figure 5.1 Schematic diagram showing the synthesis of nanofibers using electrospinning

technique.

For the synthesis of Nylon nanofibers, 20 wt% solution of Nylon was prepared in formic acid.
The prepared solution was homogeneously mixed by continuous stirring at 70°C for three hours
using a magnetic stirrer. The solution was loaded into a 5 ml syringe for electrospinning, which
was done at a flow rate of 1 mL h™! at a voltage of 20 kV. The Nylon fibers were also deposited

over an Al foil using the same drum collector.

5.2.2 Fabrication of Nanogenerators

To analyse the effect of wt% on piezoelectric performance, PVDF and PVDF-MoSe; nanofiber
based piezoelectric nanogenerators were fabricated by sandwiching the nanofiber films of 1.75
cm x 1.75 cm between two aluminium electrodes. The copper wires were then used to connect
the PENG with the external circuit.

Further, PVDF and PVDF-MoSe, with 7 wt% of MoSe; were used for the fabrication of hybrid
TENG in vertical contact-separation mode. PVDF or PVDF-MoSe; nanofiber films were
coupled with Nylon nanofiber film, which will act as second triboelectric layer. Both the layers
have aluminium electrode at one side and copper wires were used to make the electrical
connections. To arrange the TENG, both the films of 1.75 cm x 1.75 cm were pasted on acrylic

sheets using a double-sided tape.
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5.2.3 Characterizations and Energy Harvesting Performance

Bruker D8-Advance X-ray diffractometer with X-ray source of Cu Ko (A= 1.54 A) has been
utilized to analyze the crystallinity of the synthesised thin films. PerkinElmer spectrum-II
instrument was used for the fourier transform infrared spectroscopy (FTIR) studies of the
synthesized films. The synthesized films morphology was examined using a field-emission
scanning electron microscope (FESEM, Zeiss Gemini SEM 500) at a 15 kV accelerating
voltage. The dielectric measurements were performed using an LCR metre (Agilent E4980A)
with in the 20 Hz-10* Hz frequency range. For examining the piezoelectric and triboelectric
performance of devices, a dynamic shaker (Micron MEV-0025) was used to manage the
continuous contact-separation motions between the triboelectric layers by adjusting its
operating parameters, which included tapping frequency and contact force. The open circuit
voltages for PENG and TENG were determined using an oscilloscope (Tektronix MDO34).
Short circuit current and the charge measurements were performed using an electrometer
(Keysight B2985B). The measurement of triboelectric output in a typical contact separation
mode includes regulating the movement of negative layer of TENG (PVDF or PVDF-MoSe»)
to make connection with the positive layer of TENG (Nylon).

5.3. Results and Discussion

5.3.1 Structural and Morphological Analysis of PVDF-MoSe: Nanofibers

XRD and Fourier-transform infrared spectroscopy (FTIR) investigations were carried out to
confirm the different phases of fluoropolymer PVDF. These techniques were used to determine
the presence of electroactive B-phase and non-electroactive a-phase in fabricated thin films of
PVDF. Figure 5.2(a) illustrates the XRD spectra of the thin films composed of different
synthesized nanofibers, incorporating varying wt% of MoSe: into the PVDF matrix. MoSe;
peaks are indicated by the symbol "#" in the XRD spectra of synthesised nanofiber-based films,
while the PVDF peaks are designated by the symbol "a" and “B” respectively. The non-polar
a-phase in PVDF is represented by the diffraction peak observed at 18.3°, while the
electroactive B-phase is represented by the peak at 20.2° [28, 46-50]. According to the XRD
spectra, the B-phase increases significantly after the addition of MoSe», because the peak
intensity corresponding to the non-electroactive a-phase decreases whereas the peak intensity
indicating the electroactive B-phase increases. As a result, XRD spectra shows that MoSe: filled
PVDF nanofiber films were successfully synthesised with increased electroactive B-phase.

FTIR spectral analysis was carried out as well to better define the polar crystalline phase
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present in the PVDF-MoSe; nanofiber based thin films. As depicted in Figure 5.2(b), for pB-
phase, characteristic vibrational bands at 840 cm ™!, 1276 cm™! and 1402 cm™ are observed,

while the a-phase is confirmed by characteristic vibrational bands at 614 cm™!, 762 cm™! and

796 cm™ L.
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Figure 5.2 Structural characterization of PVDF-MoSe; composite nanofiber films (a) XRD
spectra (b) FTIR spectra of PMSEO, PMSE3, PMSES, PMSE7 and PMSEI10, respectively.

It can be concluded from FTIR spectra that the nanofibers are made up of both o and
B-phases [47, 48, 51-53]. More precisely, following the Lambert-Beer law, the absorption
vibrational bands at 762 cm™! and 840 cm™! were quantified in order to calculate the percentage
of B-phase in different PVDF-MoSe: based nanofibers [52, 54]. The percentage composition
of B-phase in bare PVDF nanofiber film is 66.50 %, while in PVDF-MoSe; nanofiber films its
value is 73.20 %, 77.05, 85.55 % and 83.10 % for 3, 5, 7 and 10 wt% of MoSe,, respectively.
The percentage composition of B-phase is increased from 66.50 % to 85.55 %, for MoSe>
nanosheet concentration increased from 0 to 7 wt % and further decreases on increasing the
MoSe> concentration 10 %. When MoSe: is introduced into the PVDF solution, the negative
surface of the MoSe> interacts strongly with the positive CH> dipoles of the PVDF chain,
resulting in the formation of stable longer trans-trans-trans (TTTT) configuration [19, 28, 54,
55]. On further increasing the MoSe> wt % from 7 to 10 in the PVDF matrix the electroactive
phase intensity reduces, which can be attributed to [19, 55, 56]. The electroactive B-phase
concentration is directly related to the piezoelectric performance and hence the MoSe; insertion
greatly enhances the output voltage of the fabricated PENG. Not only the piezoelectric
properties, the enhanced B-phase composition also has a significant impact on triboelectric

output capabilities of PVDF.
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Further, to understand the increased device performance as a function of MoSe> nanofiller,
surface morphology of fabricated PVDF-MoSe> nanofiber films were also studied. Fibrous
networks with few beads without nanosheet aggregation are observed in electrospun PVDF-
MoSe> nanofiber films, as illustrated in Figure 5.3 (i-iv), when the MoSe> concentration
increases from 0 to 7 wt%. After 7 wt% the agglomeration of MoSe; into the PVDF matrix is
observed and is shown in Figure 5.3 (v). The average diameters of these nanofibers are nearly
identical, indicating that MoSe> nanosheets have little impact on the morphology and
microstructure of electrospun PVDF-MoSe> nanofiber films. Morphological image of Nylon
fibers is shown in Figure 5.3 (vi), where well organized bead free fibrous network was

observed.

Figure 5.3 FESEM image of (i) PVDF, (ii-v) PVDF-MoSe; composite and (vi) Nylon

nanofiber films.
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5.3.2 Dielectric Property Analysis of Different PYDF-MoSe: Thin Films.

It has been observed in various studies that dielectric constant of triboelectric materials is one
of the critical parameter for selecting the TENG material. Therefore by improving the dielectric
constant of the selected material, the triboelectric output performance of the device can be
enhanced [57]. Figure 5.4 shows the dielectric constant of the nanofiber-based films as a
function of frequency where increasing MoSe> wt % (0, 3, 5, 7, and 10%), enhanced the
dielectric constant from 8.3 to 10.8, 14.5, 17.6 and 11.7, respectively. As a result, the inclusion
of 7% MoSe> to the PVDF matrix produced highest dielectric constant nanofiber film. The
dielectric constant rapidly decreases as the MoSe> concentration was raised further, up to 10

wt% due to the percolation limit for the PVDF-MoSe; composite [57, 58].
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Figure 5.4 Dielectric constant of PVDF-MoSe, composite nanofiber films for PMSEO,
PMSE3, PMSES, PMSE7 and PMSE10, respectively.

PVDF became more polarizable as a result of the dipolar contribution of the MoSe>,
which enhanced the value of the dielectric constant [19, 57]. The dielectric studies
complemented the FTIR results which states that PVDF-MoSe; film with 7 wt% MoSe; has
the maximum percentage of B-phase. According to the FTIR spectra, the incorporation of
MoSe; into PVDF matrix increases the concentration of B-phase, implying that the inclusion
of MoSe> results in dipolar polarisation resulting into the increased dielectric constant. This
also confirms that the piezoelectric response of the nanofiber film will also enhances with the

inclusion of MoSe,. As reported the transmitted charge density is determined by the dielectric
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property of the thin film, and has substantial impact on the triboelectric output efficiency of a
triboelectric nanogenerator [57, 59]. The increased dielectric constant with the addition of
MoSe; enhances the surface charge density of the triboelectric layer material which is attributed
to the increased capacitance that is directly related to the dielectric constant of the synthesized
material [57, 60, 61].

5.3.3 Output Performance Analysis of Fabricated PENGs

To further investigate the influence of weight percentage of MoSe» (0, 3, 5, 7, and 10 wt%) on
piezoelectric performance, PVDF and PVDF-MoSe: nanofiber film based nanogenerators were
fabricated by sandwiching the composite thin films between aluminium electrodes and
electrical measurements were performed. The fabricated nanogenerators were constantly
tapped by finger to check their piezoelectric output performances. The piezoelectric output
voltage and current of the MoSe; filled PVDF nanofibers are shown in Figure 5.5 (a) and (b),
respectively in order to compare their piezoelectric energy harvesting capabilities. Pure PVDF
nanofiber based nanogenerator has generated peak to peak open circuit output voltage of 19.2
V, while PVDF-MoSe> composite nanofiber based nanogenerators have generated the output
voltages of 37.6 V, 41.6 V, 64.8 V, and 40.0 V for PMSE3, PMSES, PMSE7, and PMSEI10,
respectively. The piezoelectric performance of MoSe: filled PVDF nanofibers based PENGs
grows progressively as the MoSe> wt% increases. The PMSE7 film based nanogenerator
produces the highest output voltage, which is three times more than that of the open circuit

voltage generated by bare PVDF, demonstrating the greatest improvement in energy harvesting

properties.
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Figure 5.5 Effect of MoSe> wt% on the piezoelectric (a) open circuit voltage and (b) short
circuit current of PVDF-MoSe; nanofiber based PENGs.
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Under identical conditions, the short circuit current of PENGs for various weight
percentage of MoSe> is shown in Figure 5.5 (b). Bare PVDF nanofiber-based PENG generates
a short circuit current of 3.6 pA, while PVDF-MoSe» based nanogenerators with 3, 5, 7, and
10 wt % of MoSe» generate a short circuit current of 4.3 pA, 7.9 pA, 13.4 pA, and 7.9 pA,
respectively. The short circuit current for all the nanogenerators also followed the similar trend
as the voltage output. The increase in the piezoelectric performance of PVDF nanofiber based
PENGs following the addition of MoSe> into the PVDF matrix can be attributed to two reasons:
(1) an additional contribution of the intrinsic piezoelectric capabilities of MoSe: to the overall
output of the nanogenerator [31, 32] and (ii) an increase in the B-phase content of PVDF [21,
28]. Based on the piezoelectric output performance, the 7 wt% MoSe> loaded PVDF is best for
effective harvesting of mechanical energy. The rapid drop in output performance above 7 wt%
of MoSe; is credited to MoSe; agglomeration in the PVDF matrix and low surface qualities, as
shown in the FESEM image in Figure 5.3. These findings are also consistent with previously
reported research indicating that the inclusion of nanofillers improves the piezoelectric

characteristics of PVDF and its copolymers [28, 62-65].

5.3.4 Output Performance Analysis of Fabricated TENGs

To further improve the efficiency of electrical energy generation from mechanical energy
harvesting, we have fabricated a hybrid triboelectric nanogenerator in the vertical contact-
separation mode, where PMSE7 based nanofiber film with highest piezoelectric output is used
as one of the triboelectric layer and Nylon nanofiber film as the second triboelectric layer. After
the fabrication of TENGs, the electrical measurements were performed to study the
triboelectric properties of PVDF-MoSe; hybrid films based TENG in comparison to the bare
PVDF film based TENG. An electrodynamic shaker was used to continuously stress both
TENGsS in contact separation mode. It was observed that the triboelectric output voltage was
increased from 54.8 V to 113.6 V after the inclusion of MoSe; into the PVDF matrix, whereas
the associated short-circuit current rises from 6.0 pA to 26.5 pA as shown in Figure 5.6(a) and
(b). Furthermore, as shown in Figure 5.6(c), the transmitted surface charge of the PVDF-
MoSez/Nylon TENG increases from 6.9 nC for pristine PVDF based TENG to 20.1 nC for
PVDF-MoSe> TENG with 7 wt% MoSe,. It appears that just the addition of MoSe> nanosheets

have a considerable impact on the triboelectric characteristics of PVDF nanofiber films.
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Figure 5.6 Triboelectric output performance of PMSEO/Nylon and PMSE7/Nylon based

TENGs (a) open circuit voltage, (b) short circuit current, (c) charge transfer.

For both TENGs, the influence of load resistance on their generated voltage and power density
has been investigated as well and are illustrated in Figure 5.7 (a) and (b). For all load
resistances, the output voltage and power density of the PVDF-MoSe,/Nylon TENG is higher
in comparison to pure PVDF based TENG. The triboelectric voltage for TENGs first rises with
rise in the value of load resistance and then become almost saturated. The PVDF-MoSe>/Nylon
has produced a maximum power density of 230.4 uW/cm?, while the PVDF/Nylon TENG
generated power density of 79.7 uW/cm? at a load resistance of 10 MQ. Being an attractive
source of power for electronic devices the triboelectric performance investigation of PVDF-
MoSe>/Nylon under various operating situations is also important. Thus, the impact of contact
force and tapping frequency on the output performance of the hybrid TENG has been
examined. To investigate the influence of tapping frequency on the triboelectric performance
of the TENG, an electrodynamic shaker is used to tap the nanogenerator with 7 wt% MoSe:.
The impact of tapping frequency on the triboelectric performance with varied frequencies

ranging from 2 Hz to 10 Hz is depicted in Figure 5.7(c). The generated output voltage grows
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with frequency and is reached up to ~110 V at 10 Hz. As illustrated in Figure 5.7(d), the

generated short circuit current shows a similar pattern as the tapping frequency increases. Since

there is faster charge transfer at higher contact frequencies, the short-circuit current of PVDF-

MoSe>/Nylon TENG rises with working frequency [33].
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Figure 5.7(e) and () illustrate the reliance of triboelectric output on impact force, when
the PVDF-MoSe,/Nylon TENG operated under various impact forces ranging from 5 N to 25
N with a fixed operating frequency of 8 Hz. As shown in Figure 5.7(e), the output voltage
gradually rises from 19 V to 100 V when the contact force rises from 5 N to 20 N, finally
achieving 116 V of output voltage at an impact force of 25 N. At the same time, the associated
short-circuit current of the TENG exhibit a similar trend, increasing from 11.4 pA to 35.1 pA
when the contact force was raised from 5 N to 25 N. As a result, an impact force has a
considerable role in the generation of triboelectric output. This may be attributed to the elastic
characteristic of polymeric triboelectric materials, which on increasing the impact force,
increases the effective area of contact of TENG, resulting in more triboelectric charges being
created for increased power generation. The elastic deformation of the PVDF-MoSe; and
Nylon nanofiber film increases as contact force increases, resulting in larger TENG
capacitance, which is advantageous for storing triboelectric charges and attaining greater

triboelectric output [17, 33].

The output performance of the fabricated TENG with the previously reported TENGs
has been compared in the table 5.1. To check the stability and durability of the fabricated TENG
device, we have measured the output current of the TENG for 3500 cycles and no degradation

is observed during the measurement as shown in Figure 5.8.
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Figure 5.8 Short circuit current for 3500 cycles showing the durability of PMSE7 based TENG.
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Table 5.1. Comparison of TENG output generated by PVDF-MoSe>/Nylon with previously
reported TENGs.

Device Structure Voe | 19 Power Density Synthesis Reference
PVDEF- 14V  0.7puA 0.065 mW/m? Electrospinning  [66]
MWCNT/Nylon
3D-MXene/PDMS- 45V 0.6 pA - [67]
Nylon
PVDF/TOML 52V 5.69 0.37 W Solution casting, [68]
uA/cm? (Only power)
ZnO-PVDF/PTFE 119 1.6 A 10.6 uW/cm? Solution Casting  [69]
A%
P3HT/PVDF-HFP 78V TupA 0.55 mW Electrospinning  [70]
(Only power)
ZnO-PVDF/PTFE o0V 74 0.13 W/m? Electrospinning  [71]
uA/cm?
PVDF- 116 35.1 pA 230.4 pW/cm? Electrospinning ~ This work
MoSe,/Nylon Vv (2.304 W/ m?)

5.3.5 Underlying Operating Mechanism of TENGs

The operating mechanism of PVDF-MoSe>/Nylon nanofiber based TENG is depicted in Figure
5.9. Since no charge exits prior to the contact between the layers of TENG, resulting in zero
potential difference between the layers (Figure 5.9(a)). Using a dynamic shaker, both
triboelectric layers are pushed into contact, leading electrons to move from Nylon surface
towards the PVDF-MoSe» surface via contact electrification. As a result, the Nylon surface
charges positively, whereas the PVDF-MoSe> surface charges negatively. (Figure 5.9(b)).
Because of the polymer films insulating nature, these charges will not flow away or be
neutralised quickly. When these layers are separated, an electrical potential difference among
their associated electrodes is created, causing electrons to travel via an external circuit, leading
to an electrical signal (Figure 5.9(c)). Once the separation distance is maximised, the electric
potential difference between the electrodes is entirely neutralised by electron transfer, and in
the external circuit no electrical signal is produced (Figure 5.9(d)). When the TENG is
compressed again, an opposite electrical signal is produced due to back-flow of electron
(Figure 5.9(e)). As a result, despite being repeatedly driven by an external force, TENG could

generate a continuous alternating electrical output.
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Figure 5.9 Schematic illustrating the operating mechanism of PVDF-MoSe./Nylon based

TENG device.

5.3.6 Surface Potential Analysis using COMSOL Simulations

Furthermore, the simulated surface potential distribution between the two contacting layers of

PVDF/Nylon and PVDF-MoSe»/Nylon based TENG device was calculated by a finite element

model via COMSOL software. Figure 5.10 illustrates the potential difference between Nylon

and PVDF-MoSe; is more

films.

than the potential difference generated for Nylon and bare PVDF
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Figure 5.10 COMSOL simulated distribution of surface potential for PVDF and PVDF-MoSe>

in comparison to Nylon.
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As a result of the increased potential difference between the surface of PVDF-
MoSe»/Nylon TENG more charges are transferred between both the surfaces. Increased charge
transfer for PVDF-MoSe,/Nylon TENG as compared to PVDF/Nylon TENG results in the
enhanced output performance. These results also support the above-mentioned experimental
investigations where the triboelectric output of the TENG is improved after the addition of
MoSe;. More is the potential difference between the triboelectric layers, more charges are

transferred between layers, resulting in enhanced triboelectric output [22, 33, 59].

5.3.7 Self Powered Water Splitting System

In order to show the practical applicability of our current work, we utilised the produced output
for powering the water splitting system, thereby eliminating the requirement for an external
power source. The circuit diagram of the self-powered water splitting system for the generation

of H> is shown in Figure 5.11.
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Figure 5.11 Schematic showing the mechanism for water splitting system with the real optical

image.

To create a self-power water splitting system, the TENG has been attached to an electrolytic
cell, then the generated voltage is transformed and rectified before providing the generated
power to the electrolytic cell. In the electrolytic cell, Pt wire and copper sheet were used as
electrodes and 1 M KOH solution was used as the electrolyte. Overall splitting of water often
depends on two half reactions of HER and OER on the cathode and anode, respectively, where

hydrogen is produced at cathode, while the oxygen is at anode as shown below [3, 6].
2H,0 = 0, + 4H* + 4e~(anode) (5.1)
4H* + 4e~ = 2H, (cathode) (5.2)
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TENG may viewed as a source of current with a high output impedance, resulting in a serious
mismatch in impedance when the output is directly used for water splitting because of the low
resistance of the electrolyte. To enhance the output current at the cost of output voltage, a
transformer was utilised to modify the output impedance of the TENG, thereby increasing the

current output.

5.4. Conclusion

In summary, we have developed a self-powered system for the splitting of water for generation
of hydrogen as a source of green energy by converting mechanical energy into electrical energy
with the use of hybrid triboelectric nanogenerator. We have shown that incorporation of MoSe»
nanosheets can considerably improve the piezoelectric and triboelectric performance of PVDF.
At first, the comparison between the piezoelectric efficiency of different PVDF-MoSe»
nanofiber based films as a function of MoSe> wt% was carried out, and it has been discovered
that 7 wt % of MoSe; is the ideal concentration for piezoelectric energy harvesting. The output
efficiency of the PENG was suddenly dropped after 7 wt% of MoSe,, because of the
agglomeration of MoSe: in the PVDF matrix. As a result, the PENG with 7 wt% of MoSe> has
generated maximum piezo output voltage of 64.8 V and a short circuit current of 13.4 pA.
Furthermore, TENG based on PVDF-MoSe> having highest piezo output as a negative
triboelectric material and Nylon as tribopositive materials has been successfully designed. The
TENG with 7 wt% of MoSe: exhibits excellent triboelectric performance as well by generating
an output voltage of 113.6 V and a short-circuit current of 26.5 pA. The maximum power
density produced by the PVDF-MoSe, based nanogenerator is 230.4 pW/cm?, that is
approximately 2.9 times greater than the maximum power density produced by pure PVDF
based TENG. The impact of contact force and tapping frequency on the triboelectric
performance of the TENG has also been examined. The output performance of the TENG has
been found to improve with increasing frequency since charges transfers more quickly at higher
frequencies. As the contact force grows, so does capacitance and the effective area of the
TENG, resulting in an increase in the performance of TENG. PVDF-MoSe»/Nylon TENG with
7 wt% of MoSe: generates a maximum triboelectric voltage of 116 V and short circuit current
of 35.1 pA at an impact force of 25 N. Additional studies have demonstrated that the addition
of MoSe> improves the content of the polar crystalline B-phase and dielectric constant, which
results in the enhanced piezoelectric performance. Furthermore, the distributed MoSe:
nanosheets in PVDF boosts its surface potential to improve charge transfer density. All of this

contributes greatly to the enhanced triboelectric output of the PVDF-MoSe>/Nylon TENG.
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Finally, a self-sustaining water splitting system utilising TENG as the power supply resource
for hydrogen production was established. As a result, the current study proposes a feasible,
low-cost way for creating a high-performance triboelectric nanogenerator for the application

of clean and sustainable energy.
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CHAPTER 6

Effect of variation of triboelectric layer material on output
performance of the PVDF-MoSe: based flexible triboelectric

nanogenerator.

In the present chapter, the effect of triboelectric layer material on the output performance of

the TENG device will be investigated. For this, PVDF-MoSe; nanofiber film has been fixed as

one of the triboelectric layers, whereas the second layer material has been varied including
PTFE, PDMS, PET, Paper and Nylon. The TENG consisting of Nylon as second triboelectric
material demonstrates the maximum power density of ~231 pWcm™. The effect of tapping
frequency and force on the triboelectric output of PVDF-MoSe>/Nylon was also studied and an
increasing trend of output voltage and current is observed with increasing force and frequency
thereby producing a maximum voltage of ~206 V. The increase in output performance of the
TENG with increase in frequency is attributed to faster charge transfers process, when the
contact frequency is higher. With the rise in contact force, the effective area and capacitance
of the TENG also increases which further results in the enhancement of triboelectric output of
the nanogenerator. This study proposes an effective approach for enhancing the performance

of triboelectric nanogenerator just by selecting the suitable material.
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6.1 Introduction

Triboelectrification has long been studied as a phenomenon characterised by the creation of
static electricity when different materials come into contact [1, 2]. While several static
electricity harnessing devices have been created, triboelectrification is widely seen as an
unwanted occurrence in our daily lives, industrial operations, and transportation networks. As
a result, there has been little scholarly attention on investigating the possible good uses of
triboelectrification. A dramatic shift in this approach has happened since 2012, with the advent
of triboelectric nanogenerators (TENGs), which are based on principle of triboelectrification.
These TENGs have garnered significant scientific interest as a cutting-edge technology with
diverse applications, including mechanical energy harvesting, self-powered sensing, high-

voltage generation, and the field of tribotronics [3-7].

The fundamental operating basis of a Triboelectric Nanogenerator (TENG) is the use
of a pair of triboelectric materials with differing charge affinities [8]. In theory, a significant
difference in the charge affinities of the two materials is beneficial to improve charge
generation or obtain improved TENG output [1]. Practical reasons, on the other hand,
frequently lead to the selection of materials that do not necessarily demonstrate the biggest
discrepancy in charge affinity. This variation from theoretical expectations occurs because the
phenomena of triboelectrification is dependent not only on the chemical compositions of the
materials but also on a variety of physical properties such as elasticity, frictional properties,
and surface topographical structure [9]. Furthermore, the selection of triboelectric materials is
dependent on the individual application requirements. Different applications demand different
material qualities in addition to excellent triboelectric capabilities. As a result, it would be
unjust to directly compare the merits and drawbacks of various triboelectric materials without

considering their intended applications [10-13].

Researchers often examine the triboelectric effects of materials by measuring the
surface charge density after a triboelectrification process with a reference material [14].
Contact and separation or sliding between materials can occur during this process [15, 16]. It's
worth noting that different triboelectrification procedures can result in varied surface charge
densities for the same material. They have distinct affinities for positive and negative charges
due to the underlying chemical compositions of materials, assuming perfectly flat atomic
surfaces [11]. To comprehensively categorise these charge densities and affinities, researchers

developed a triboelectric series of materials based on the resultant charge densities after
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triboelectrification operations [1, 14]. Triboelectrification is the process by which electrons are
transferred between two materials when they come into physical contact [13]. The difference
in electron affinities between the two materials involved in the triboelectrification process
determines the direction of this electron transfer [17]. Specifically, the material possessing a
higher electron affinity tends to attract electrons from the other, earning it the designation of
an electron acceptor. Conversely, the material losing electrons assumes the role of an electron
donor in this interaction [18]. Typically, the identity of the donor and acceptor materials can be

determined by their respective positions within the triboelectric series [17-19].

In our study, we have investigated the electrification properties PVDF-MoSe>
nanofibers by combining it with different polymers, such as, Polytetrafluoroethylene (PTFE),
Polydimethylsiloxane (PDMS), Polyethylene terephthalate (PET), Paper and Nylon to
fabricate a high performance Triboelectric Nanogenerators (TENG). The synthesis of PVDF-
MoSe; nanofibers was carried out through the electrospinning technique. Furthermore, we used
the vertical contact-separation mode of TENG device, where one layer of PVDF-MoSe>
nanofibers was fixed, while the other layer was varied with different materials included PTFE,
PDMS, PET, Paper and Nylon nanofibers. Notably, our results show that the triboelectric
nanogenerator device containing PVDF-MoSe, with Nylon as second triboelectric layer
achieves the maximum triboelectric output, with a 144.2 V output voltage and a 32.7 pA short-
circuit current. The TENG nanogenerator with Nylon as second layer produced a maximum
power density of 231.1 uW/cm?, demonstrating a significant ~4.5 fold improvement over the
PTFE based TENG, which produced a power density of 51.9 pW/cm?. We also investigated
the effect of different tapping forces and frequencies on the performance of the PVDF-
MoSe>/Nylon based triboelectric nanogenerator. Significantly, this nanogenerator achieved a
peak output voltage of 206 V at a tapping frequency of 10 Hz. Furthermore, we harnessed the
output voltage from the TENG to drive LEDs to show its practical application. This novel
technology uses ambient mechanical energy as the only source of energy for driving LEDs,

paving the way for future sustainable energy alternatives.

6.2 Experimental Section

6.2.1 Synthesis of PYDF-MoSe: Nanofibers, Nylon Nanofibers and PDMS Films

The synthesis of MoSe, nanosheets followed a straightforward hydrothermal process, as
detailed in chapter 3 [20]. In the preparation of the electrospinning solution, 1 gram of PVDF
powder was immersed in N, N-Dimethylformamide (DMF) and continuously stirred at 60°C

for one hour. Subsequently, MoSe; sheets were introduced into the aforementioned solution to
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achieve PVDF-MoSe:; composite solution. This mixture was further stirred for an additional
two hours to ensure homogeneity. Following this, the resultant solution was put into a 10 mL
syringe for electrospinning process. Electrospinning was carried out using an electrospinning
machine, applying a high voltage of 12 kV and a flow rate of 1 mL per hour. The resulting
fibers were collected onto aluminium foil, which was positioned on a rotating drum collector
at a distance of 12 cm from the needle. After roughly 5 hours of continuous collection, PVDF-
MoSe; composite nanofibers based thin film with an approximate thickness of 50 pm were
synthesised. These films were then oven dried for 12 hours at 60°C in order to ensure complete

solvent elimination.

To synthesize Nylon nanofibers, we initially prepared a solution containing 20 weight
percent (wt%) of Nylon dissolved in formic acid. The homogeneity of the solution was
achieved by supplying it to three hours of continuous stirring at 70°C using a magnetic stirrer.
Subsequently, the prepared solution was loaded into a 5 mL syringe, and the electrospinning
process was carried out at a flow rate of 1 mL per hour, utilizing a voltage of 20 kV. The Nylon
fibres were deposited onto aluminium foil during the electrospinning process, using the

identical drum collector arrangement as previously reported.

A PDMS thin film was synthesized by blending the base resin and curing agent (Sylgard
184, Dow Corning Co.) in a weight ratio of 10:1. To ensure the removal of air bubbles, the
resulting solution underwent a vacuum-assisted degassing process. Following that, the solution

was spin-coated onto a glass substrate and oven-dried to remove any leftover moisture.

PET (SKNMT, India) and PTFE (Sigma Aldrich) were directly used as commercially

available.

6.2.2 Fabrication of TENG

To investigate the influence of different materials as second triboelectric layer on the
triboelectric performance of PVDF-MoSe; nanofiber based TENG, we have fabricated a TENG
in vertical contact-separation mode. We utilized PVDF-MoSe, nanofiber based film as one
triboelectric layer for all TENGs and used different materials (PTFE, PDMS, PET, Paper and
Nylon) serving as the second triboelectric layer. Each of these layers consisted of an aluminium
electrode, and the electrical connections were made using copper wires. To assemble the
TENG, both films, measuring 2 cm x 2 cm, were securely affixed to acrylic sheets using

double-sided tape.
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6.2.3 Characterizations and Energy Harvesting Performance

To assess the crystallinity of the PVDF-MoSe; nanofiber, X-ray diffraction analyses were
conducted using a Cu K, X-ray source (Bruker D8-Advance) with a wavelength of 1.54 A.
Fourier transform infrared spectroscopy (FTIR) was employed to examine the PVDF-MoSe>
nanofiber films, utilizing a PerkinElmer Spectrum-II instrument. To investigate the
morphology of the synthesized nanofibers, field-emission scanning electron microscopy
(FESEM) was employed, utilizing a Zeiss Gemini SEM 500 microscope at an accelerating
voltage of 15 kV. For the evaluation of the triboelectric performance of the devices, a dynamic
shaker (Micron MEV-0025) was employed. The shaker facilitated continuous contact-
separation motions between the triboelectric layers, with the ability to adjust operational
parameters, including tapping frequency and contact force. The open circuit voltages of the
Triboelectric Nanogenerators (TENGs) were measured using an oscilloscope (Tektronix
MDO34). Additionally, short circuit current and charge measurements were conducted using
an electrometer (Keysight B2985B). In typical contact-separation mode measurements, the
triboelectric output involved the controlled movement of the one triboelectric layer of TENG
(PVDF-MoSe») to establish contact with the second layer of the TENG (PTFE, PDMS, PET,
Paper and Nylon).

6.3 Results and Discussion

6.3.1 Structural and Morphological Analysis of PVDF-MoSe: Nanofibers

X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR) were employed
to confirm the distinct phases of the fluoropolymer PVDF, distinguishing between the
electroactive B-phase and the non-electroactive a-phase. In Figure 6.1(a), we present the XRD
spectra of thin film composed of nanofibers of PVDF-MoSe;. Notably, the MoSe, peaks are
denoted by "#" in the XRD spectra of the synthesized nanofiber-based films, while the PVDF
peaks are labelled as "o" and “B” correspondingly. The non-polar a-phase in PVDF is
represented by the diffraction peak observed at 18.3°, whereas the electroactive B-phase is
indicated by the peak at 20.2° [20-25]. As a result, the XRD spectra confirms the successful
incorporation of MoSe> into PVDF nanofibers. Concurrently, FTIR spectral analysis was
conducted to elucidate the presence of the polar crystalline phase within the PVDF-MoSe>
nanofiber based thin film. As illustrated in Figure 6.1(b), characteristic vibrational bands at
840 cm™!, 1276 cm™, and 1402 cm™ confirm the presence of the B-phase, while vibrational
bands at 614cm’, 762cm™, and 796 cm™ are indicative of the o-phase [22, 23, 26-28].

Specifically, in line with the Lambert-Beer law, we quantified the absorption vibrational bands
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at 762 cm™! and 840 cm’! to calculate the percentage of P-phase in PVDF-MoSe, based
nanofibers [27, 29]. The results show that the percentage composition of B-phase in the PVDF-
MoSe> nanofiber film is ~86%. The better B-phase composition not only influences the
piezoelectric properties but also significantly impacts the triboelectric output capabilities of

PVDF [30].
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Figure 6.1 Structural characterization of PVDF-MoSe> composite nanofiber films (a) XRD
spectra (b) FTIR spectra.

Furthermore, we have also studied the surface morphology of the fabricated PVDF-
MoSe> nanofiber film. The film exhibited fibrous networks with minimal bead formation and
absence of nanosheet aggregation, as depicted in Figure 6.2(a). Additionally, we provide a
morphological image of Nylon fibers in Figure 6.2(b), where a well-organized, bead-free

fibrous network was observed for Nylon.
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Figure 6.2 FESEM images showing the morphology of (a) PVDF-MoSe, and (b) Nylon

nanofibers.
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6.3.2 Output Performance Analysis of Fabricated TENGs

To investigate the impact of various materials on the triboelectric performance of PVDF-MoSe»
nanofiber film based nanogenerators, we designed a hybrid triboelectric nanogenerator
operating in the vertical contact-separation mode. In this configuration, PVDF-MoSe>
nanofiber-based film was fixed as one of the triboelectric layers for all the TENGs, chosen for
its exceptional piezoelectric output, while the second triboelectric layer was varied for all the
TENGs and is made of PTFE, PDMS, PET, Paper and Nylon, respectively. Following the
fabrication of these TENGs, we conducted electrical measurements to compare the triboelectric
properties of PVDF-MoSe: nanofiber films based TENG as a function of varying second layer
of TENG. To facilitate controlled and continuous mechanical stress in the contact-separation
mode, we employed an electrodynamic shaker, subjecting all TENGs to the required operating
conditions for comprehensive performance evaluation. The operational mechanism of the
PVDF-MoSe>/Nylon nanofiber-based Triboelectric Nanogenerator (TENG) has already been

discussed in chapter 5.
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Figure 6.3 Triboelectric output performance of PVDF-MoSe> based TENGs (a) open circuit

voltage, (b) short circuit current, (c) charge transfer for varying second layer.
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The resulting triboelectric output voltage and current of PVDF-MoSe> nanofiber film
based TENGs are shown in Figure 6.3(a) and (b), respectively, allowing for a comparative
analysis of their energy harvesting efficiencies. In this comparison, it was observed that the
TENG with PVDF-MoSe,/Nylon has generated maximum peak-to-peak open-circuit output
voltage of 144.2 V. In contrast, the other TENGs with PVDF-MoSe; composite nanofiber
exhibited output voltages, with values of 76.8 V, 87.2 'V, 126.0 V and 134.0 V for PTFE, PDMS,
PET and Paper, respectively as second triboelectric layers. The TENG with PTFE as second
tribo layer shows the minimum output voltage. This trend indicates that the triboelectric
performance of a TENG is significantly affected by the choice of the contacting materials.
Similarly, under identical conditions, the short-circuit current characteristics of the TENGs
with different tribo layers are depicted in Figure 6.3(b). The PVDF-MoSe»/Nylon based TENG
yielded maximum short-circuit current of 32.7 pA. In contrast, the other PVDF-MoSe; based
nanogenerators, with PTFE, PDMS, PET and Paper as second tribo layers, generated short-
circuit currents of 8.5 pA, 10.8 pA, 19.7 pA, and 21.9 pA, respectively. These short-circuit
current values followed a similar trend as the voltage output, highlighting that the PVDF-
MoSe> and Nylon are the most suitable combination for a TENG as compared to other
fabricated TENGs. Furthermore, as depicted in Figure 6.3(c), the transmitted surface charge of
the PVDF-MoSe/Nylon Triboelectric Nanogenerator (TENG) is 42.6 nC which is again
maximum when compared with other TENGs, having the value of surface charge densities are

10.2 nC, 16.1 nC, 29.2 nC, and 31.3 nC for PTFE, PDMS, PET and Paper, respectively.

(a)"“ e 1 (b)* —=—PTFE

120 {—*—PDM™S Yl ® —o—PDMS

ot
L =
= =]
i

=)
=]
M

Voltage (V)
Power (uW/em 2)

=
=)
M

1 10 100 0 20 40 60 80 100
Load Resistance (M Q) Load Resistance (M Q)

Figure 6.4 Effect of load resistance on (a) output voltage, (b) power per unit area for PVDF-
MoSe; based TENGs at a tapping frequency of 9 Hz as a function of varying the tribo layer.

Additionally, the impact of load resistance on the generated voltage and power density

of all TENGs was investigated and is presented in Figure 6.4(a) and (b). It is noteworthy that
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the triboelectric voltage for all TENGs initially increased with higher load resistance values
before reaching a saturation point. All TENGs also shows similar trend for power density and
at a load resistance of 10 MQ all TENGs generated the maximum power density. Across all
load resistances, the PVDF-MoSe»/Nylon Triboelectric Nanogenerator (TENG) consistently
exhibited superior performance in terms of both output voltage and power density when
compared to the all other fabricated TENGs. Specifically, the PVDF-MoSe>/Nylon TENG
achieved a maximum power density of 231.1 uW/cm? whereas the PVDF-MoSe,/PTFE,
PVDF-MoSe,/PDMS, PVDF-MoSe,/PET and PVDF-MoSe,/Paper TENG generated power

density of 51.9 pW/cm?, 67.6 puW/em?, 163.2 uW/cm? and 197.6 pW/cm? at load resistance of
10 MQ.
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Figure 6.5 Effect of tapping frequency on (a) open circuit voltage, (b) short circuit current and

contact force on (c) open circuit voltage, (d) short circuit current on triboelectric performance

of PVDF-MoSe> /Nylon based TENG.

The investigation of the triboelectric performance of the PVDF-MoSe,/Nylon TENG
under various operational conditions is crucial due to its potential as an attractive power source

for electronic devices. Therefore, we conducted an examination of the output performance of
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TENG in response to varying contact force and tapping frequency. To investigate the effect of
tapping frequency on the triboelectric performance of the TENG, we used an electrodynamic
shaker to tap the nanogenerator with varying frequencies. The results, depicted in Figure
6.5(a), indicate that the generated output voltage increases with frequency, reaching
approximately 206 V at a frequency of 10 Hz. Figure 6.5(b) illustrates a similar pattern for the
generated short-circuit current, which increases with higher tapping frequencies. This
phenomenon can be attributed to the enhanced charge transfer occurring at higher contact
frequencies, leading to an increase in the short-circuit current of the PVDF-MoSe»/Nylon
TENG [30, 31]. Furthermore, Figure 6.5(c) and (d) showcase the influence of impact force on
the triboelectric performance of TENG. The TENG was operated under various impact forces
ranging from 5 N to 25 N, with a fixed operating frequency of 8 Hz. As illustrated in Figure
6.5(¢c), the output voltage gradually rises from 45.2 V to 140.8 V as the contact force increases
from 5 N to 20 N, eventually reaching an output voltage of 198.0 V at an impact force of 25 N.
Similarly, the associated short-circuit current of the TENG exhibits a parallel trend, increasing
from 18.4 pA to 48.44 pA as the contact force is raised from 5 N to 25 N. This observation
underscores the significant role of impact force in triboelectric output generation. The elastic
properties of polymeric triboelectric materials are important in this phenomenon because they
increase the effective contact area of the TENG, leading in the creation of additional
triboelectric charges for increased power generation. The elastic deformation of the PVDF-
MoSe; and Nylon nanofiber film rises with increasing contact force, resulting in a greater
TENG capacitance [30, 31]. This is advantageous for storing triboelectric charges and

achieving greater triboelectric output.
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Figure 6.6 Graph showing the stability of PVDF-MoSe>/Nylon based TENG.
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In addition, we measured the output current for 5000 cycles to determine the stability
and endurance of the manufactured TENG device. As shown in the Figure 6.6, no evidence of

degradation was found throughout this measurement.

6.3.3 Surface Potential Analysis using COMSOL Simulations
Moreover, we employed a finite element model in COMSOL software to simulate the surface
potential distribution between the layers of the Triboelectric Nanogenerator with PVDF-MoSe»

as one layer fixed.
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Figure 6.7 COMSOL simulated distribution of surface potential for PVDF-MoSe; in
comparison to PTFE, PDMS, PET, Paper, and Nylon with the theoretical triboelectric series.

139



Chapter 6

v Vv
A 2.17x10° A 9.4x10°
(a) x103 (b) x103
2 8
1.5 -
1 4
0.5 2
0 4
-0.5 =D
m‘ -1.5 w -6
) -8
V¥ -2.13x10° ¥ -9.33x10°
\Y, \ ;
Al 4 Pe— A 1.22x10
(¢) x110141><10 (d) L2
1 1
0.5 (0.5
0 0
-0.5 -0.5
1 ' -1
4
V¥ -1.11x10* ¥V -1.21x10
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TENG showing the effect of separation distance between two tribo layers in vertical contact
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Figure 6.7 illustrates the potential difference between PVDF-MoSe; and other selected
tribolayer materials for different fabricated TENGs. We have observed from these simulations
that in case of PVDF-MoSe,/PTFE based TENG, PVDF-MoSe; is acting as a positive
triboelectric material. While for all other TENGs PVDF-MoSe; is acting as a negative
triboelectric material thereby accepting electrons from other materials. The difference between
the surface potential of PVDF-MoSe; and Nylon is notably maximum when compared to the
potential difference generated between the layers of all other fabricated TENGs. This increased
potential difference between the surfaces of the PVDF-MoSe>/Nylon TENG leads to a greater
transfer of charges between the two surfaces. The enhanced charge transfer observed in the
PVDF-MoSe>/Nylon TENG, in contrast to the all other TENGs, directly contributes to its
improved output performance. These findings provide further support for the earlier
investigations, demonstrating that the triboelectric output of the TENG was significantly
enhanced when the two tribo layers have large difference between their electron affinities.

Essentially, a greater potential difference between the triboelectric layers results in an increased
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transfer of charges between the layers, ultimately leading to enhanced triboelectric output [31-
33]. Based on these results we have made a triboelectric series for PVDF-MoSe» in comparison
to PTFE, PDMS, PET, Paper and Nylon as shown in Figure 6.7. We have found from the above
results that PVDF-MoSe; will be at the negative side of the triboelectric series, therefore for
fabricating a high performance TENG with PVDF-MoSe: as one triboelectric layer one need
to use a positive material such as Nylon for the second triboelectric layer in contact separation
mode. Additionally, we have also investigated the effect of separation distance between the two
tribo layers in a triboelectric nanogenerator via using the COMSOL simulations. The value of
surface potential between PVDF-MoSe> and Nylon layers as a function of separation distance
is depicted in Figure 6.8. It can be seen from the simulated results that greater the separation
between the layers, more will be the surface potential generated during contact separation mode
of TENG, which further results in the enhanced charge transfer between the layers of TENG
[31, 34].

6.4 Conclusion

In brief, we have studied the effect of different triboelectric materials on the output performance
of PVDF-MoSe: nanofiber based hybrid triboelectric nanogenerator (TENG). We have focused
on enhancing the performance of PVDF-MoSe, based TENG by changing the second
triboelectric layers such as PTFE, PDMS, PET, Paper and Nylon. Initially, we fabricated
different TENGs by taking PVDF-MoSe> nanofibers as one layer in all TENGs and varying the
second layer in order to investigated the triboelectric output performance of all fabricated
TENGs. Our studies demonstrated that the TENG with PVDF-MoSe, and Nylon as two
triboelectric layers generates the maximum triboelectric output by producing an output voltage
of 144.2 V and a short-circuit current of 32.7 pA. Notably, the maximum power density
achieved by the PVDF-MoSe>/Nylon based hybrid triboelectric nanogenerator reached 231.1
uW/cm?, while the power density generated by other TENGs with triboelectric layers of PTFE,
PDMS, PET, and Paper are 51.9 pW/cm?, 67.6 pW/cm?, 163.2 pW/cm? and 197.6 pW/cm?,
respectively. We have also studied the effect of contact force and tapping frequency on the
triboelectric performance of the PVDF-MoSe>/Nylon based TENG. Higher frequencies have
been found to improve output performance through more efficient charge transfer. Increasing
contact force resulted in increased capacitance and a larger effective area, which improved
TENG performance even more. The PVDF-MoSe>/Nylon TENG achieved a maximum
triboelectric voltage of 206 V and a short-circuit current of ~50 pA under a tapping frequency

of 10 Hz. Our COMSOL simulations reveals that in the case of the PVDF-MoSe,/PTFE TENG
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PVDF-MoSe: functions as a positive triboelectric material, indicating its propensity to donate
electrons during the triboelectric effect. In contrast, in all other TENG setups, PVDF-MoSe>
assumes the role of a negative triboelectric material, implying its electron-accepting nature
during contact-separation processes. When compared to the potential difference generated
between the layers of all other fabricated TENGs, the difference between PVDF-MoSe, and
Nylon is noticeably greatest. The larger potential difference between the PVDF-MoSe>/Nylon
TENG surfaces results in a greater transfer of charges between the two surfaces, therefore,
PVDF-MoSe>/Nylon generates the maximum triboelectric output. As a result, while
constructing a high-performance TENG with PVDF-MoSe, as one triboelectric layer, it is
critical to couple it with a positive material such as Nylon as the second triboelectric layer in
contact-separation mode. Additionally, our simulated results also demonstrate that increasing
the separation distance between the layers leads to a higher surface potential generated during
the contact-separation mode of the TENG. Consequently, this investigation presents a viable
and cost-effective approach for the development of a high-efficiency triboelectric
nanogenerator suitable for clean and sustainable energy applications.
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CHAPTER 7

Conclusions and future Prospectives

el 3D Printed TENGs for
Functionalization Using
Wearable Sensors

Ion Implantation
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Electromagnetic- Hybrid TENGsS for
Triboelectric Hybrid Human-Machine
Nanogenerator Interface

The main aim of this chapter is to summarize the key observations, findings, and conclusions
that have emerged during the research. This chapter also includes chapter specific summaries.
We will explore the future prospects and directions that have been disclosed as a result of the

research in the following section of this chapter, which will be a vital platform for us.
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7.1 Conclusions

This present thesis focuses on the synthesis of PVDF (Polyvinylidene fluoride) nanocomposite
films and their use in mechanical energy harvesting systems. We have demonstrated the
significance of different 2D transition metal dichalcogenides (TMDCs) as nanofillers in
improving the performance of PVDF based piezoelectric and triboelectric nanogenerators
throughout this work. We have shown that, the adding of these nanostructures to PVDF increases
its applicability for harvesting mechanical energy. In this study, we successfully fabricated a
hybrid nanogenerator that incorporates both piezoelectric and triboelectric effects for powering
small scale electronic devices and for making sustainable water splitting system. When
compared to individual impacts, the hybrid systems perform much better. The main results
gained from this investigation will be expanded on in the following parts.

The hydrothermal technique has been used for the synthesis of various transition metal
dichalcogenides (MoS,, MoSe>, MoSSe). Detailed structural, morphological studies have been
investigated using XRD, Raman, FTIR and FESEM techniques.

The effect of various synthesized TMDCs (MoS,, MoSe>, MoSSe). on output performance of
PVDF based piezoelectric nanogenerator has been studied. It was found that the piezoresponse
of PVDF/TMDCs based nanogenerators was greatly enhanced in comparison to pristine PVDF.
The PVDF based piezoelectric device having MoSSe as nanofiller reported the maximum energy
harvesting performance with 31.2 V and 1.26 pA as open circuit peak to peak voltage and short
circuit current, respectively. Further to mimic the variety of vibration present in the environment,
an electrodynamic shaker capable of generating different frequency and force was used. It was
observed that 7 Hz is the optimum frequency for generating the maximum output signal. The
improved performance of the fabricated PVDF/TMDCs based PENG is due to the combined
contribution of nucleation of the electroactive polar B-phase content of the PVDF in the
composite films, and inherent piezoelectric property of TMDC (MoS»2, MoSe») because of their
in-plane asymmetry. In addition to the above two reasons, an additional breaking of out-of-plane
symmetry for MoSSe in comparison to MoS; and MoSe: increases its piezoelectric properties,
thereby generating the highest piezoelectric output for PVDF/MoSSe based PENG. To check the
practical applicability of the device, the generated output power was used to glow the
commercially available LED.

To further understand the ideal concentration of nanofiller, we have fabricated PVDF-MoS,
based PENG with varying concentration of MoS> (0 %, 3%, 5 % , 7 wt %and 10 wt%) in PVDF
matrix. The piezoelectric performance of MoS; filled PVDF films were compared with bare

PVDF and it was observed that 7 wt% of MoS is the optimal level of doping for mechanical
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energy harvesting. Above 7 wt% of MoS: the performance of the nanogenerator abruptly
declined due to the agglomeration of MoS: in the PVDF matrix. Therefore, the pure piezoelectric
nanogenerator having 7 wt % of MoS> shows maximum output voltage of 18.3 V and rectified
short circuit current of 14.6 pA at a tapping frequency of 7 Hz.

To further explore the mechanical energy harvesting capabilities of PVDF/MoS, based
composite film, triboelectric nanogenerator based on PDMS as one triboelectric layer and
PVDF/MoS; (7 wt %) as another layer has been studied. The fabricated TENG with 7 wt%
MoS; exhibits a maximum output voltage of 189 V and a short circuit current of 1.61 pA. Further
a piezo-tribo hybrid nanogenerator (HNG) capable of integrating both piezoelectric and
triboelectric effects in a single device is studied. The output voltage and current performance of
the HNG is enhanced in comparison to its individual piezo and tribo components. The increased
output performance is attributed to the combined effect of B-phase nucleation, increased
roughness, enhanced dielectric constant on addition of filler in the PVDF matrix. Each of these
factors combine to significantly increase the performance of the hybrid nanogenerator. PVDF-
MoS2/PDMS based piezo-tribo based hybrid nanogenerator (HNG) generated the power density
of ~220 pWem™. The generated output power was used for powering of electronic stopwatch
and scientific calculator. As a result, this study suggests a feasible, economical approach to
fabricate a high-performance hybrid nanogenerator by combining both the piezoelectric and
triboelectric effects and has been utilized to drive the wearable electronic devices.

To further improve the efficiency of the PENG and TENG, the PVDF-MoSe; nanofibers were
synthesized via electrospinning technique with different wt% of MoSe> (0 wt%, 3 wt%, 5 wt%,
7 wt% and 10 wt%). Here, hybrid triboelectric nanogenerator coupling both the piezoelectric
and triboelectric effects have been fabricated to drive the environment friendly approach of
splitting the water for hydrogen production. The comparison between the piezoelectric efficiency
of different PVDF-MoSe; nanofiber-based films as a function of MoSe; wt% was carried out,
and it has been discovered that 7 wt % of MoSe; is the ideal concentration for piezoelectric
energy harvesting like the case of PVDF-MoS,. Furthermore, TENG based on high performance
PVDF-MoSe: as a negative triboelectric material and Nylon as tribopositive materials has been
successfully designed. The TENG with 7 wt% of MoSe, exhibits excellent triboelectric
performance with generated maximum power density of 230.4 pW/cm?, which is approximately
2.9 times greater than the maximum power density produced by pure PVDF based TENG.
Finally, the generated power is utilized for developing a self-powered system for the splitting of

water for generation of hydrogen as a source of green energy.
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6. To understand the effect of triboelectric layer material on the output performance of the TENG
various materials have been investigated including PTFE, PDMS, PET, Paper and Nylon as one
layer whereas PVDF-MoSe; nanofiber film as another triboelectric layer. It was observed that
the TENG consisting of PVDF-MoSe>/Nylon in the vertical contact-separation mode
demonstrates the maximum power density of ~231 pWem™. The effect of tapping frequency and
force on the triboelectric output of PVDF-MoSe2/Nylon was also studied and an increasing trend
of output voltage and current is observed with increasing force and frequency thereby producing
a maximum voltage of ~206 V. The increase in output performance of the TENG with increase
in frequency is attributed to faster charge transfers process when the contact frequency is higher.
With the rise in contact force, the effective area and capacitance of the TENG also increases
which further results in the enhancement of triboelectric output of the nanogenerator. The
difference between the surface potential of two contacting materials is very important parameter
for the performance of a TENG. The COMSOL software is used to simulate the relationship of
the surface potential between the two layers of the TENG. Theoretical analysis of the simulation
result is offered, along with a brief description of the simulation procedure.

7.2 Future Prospectives

1. The choice of the material and the geometry of the fabricated TENGs is very important to
effectively utilize the generated power for different applications, including, wearable sensors,
biomedical, environmental monitoring, robotic, agriculture and smart homes, etc. To meet the
specific criteria for a particular application, various critical parameters, such as, power density,
stability, flexibility, and sustainability need to be taken care by wisely selecting the triboelectric
layer materials, hence required further study.

2. For a TENG device, morphology of the surface of two layers is very important for charge
generation. With change in surface morphologies, the number of charges that resides on the
surface of triboelectric material during contact separation mode also changes. Greater will be the
surface charge density, greater will be the efficiency of a triboelectric nanogenerator. These
modifications on the surface of the synthesized thin films can be done via ion irradiation and
lithography techniques. Ion irradiation can also change the functional groups and chemical
structure of polymer materials used in flexible TENGs, which results in the enhancement of the
power generation efficiency of the TENG.

3. Inpresent thesis, we have enhanced the output performance of the mechanical energy harvester
by coupling between piezoelectric and triboelectric phenomenon. In future, we can also combine

electromagnetic and thermoelectric nanogenerator with hybrid TENG for increasing the overall
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power output. Further the hybrid nanogenerator can be integrated with a storage device for
driving small scale microelectronic devices.

The development of self-powered sensors represents a critical step towards enhancing
healthcare. These sensors have the potential to provide real-time data on vital health parameters
without the need for constant battery replacements, making them highly suitable for continuous
and long-term health monitoring. For this the utilization of 3D printing as an effective means for
designing wearable devices is of paramount importance. Furthermore, it may serve as an
inspiration for advancements in the domains of artificial intelligence, health monitoring, and

electronic skin applications.
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