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ABSTRACT

The rapid surge in global energy demand, coupled with environmental concerns linked
to usage of conventional fossil fuels, underscores the need for sustainable energy
solutions. Energy harvesting technologies have emerged as promising alternatives for
addressing these challenges, enabling the conversion of ambient mechanical energy into
usable electrical power. This thesis explores the potential of piezoelectric and
triboelectric nanogenerators (PENG and TENG) as an efficient platform for harvesting
mechanical energy to power small electronic devices, particularly in self-sustaining,
battery-free applications. These nanogenerators leverage the unique properties of
polymers and polymers-carbon based nanocomposite materials, transforming wasted
energy from daily activities into a renewable power source. Furthermore, by
incorporating a piezoelectric material as one of the components in a triboelectric
nanogenerator, both effects can work together. This hybrid approach not only amplifies
the electrical output but also broadens the range of mechanical energies it can capture,
making the device highly versatile for applications that require reliable, self-sustained
power sources in environments with diverse energy sources, such as wearable

electronics, IoT devices, and environmental remediation applications.

With this aim, the present thesis provide a comprehensive study on the design, synthesis,
and application of high-performance nanogenerators for sustainable energy harvesting
and environmental remediation applications. The first part of the research focuses on a
piezoelectric nanogenerator (PENG) based on polyvinylidene fluoride (PVDF) and
heteroatom-doped reduced graphene oxide (rGO) with boron (B), nitrogen (N), and
boron-nitrogen (BN) codopants. The integration of these doped rGO variants into the
PVDF matrix significantly enhances the piezoelectric response of the nanocomposite
films. Among them, the PVDF/BN-rGO based nanogenerator demonstrates the highest
output, achieving highest voltage and current of 20.4 V and 159 pA, which are
substantially higher than those of pristine PVDF. Frequency-dependent analysis reveals
optimal performance at 6 Hz. Moreover, increased -phase content in PVDF is ascribed
due to the formation of a conductive network that enhances charge transfer. This PENG
effectively converts biomechanical energy from human motions such as finger tapping,
wrist bending, and elbow folding into electrical power. To further enhance the output, a
hybrid nanogenerator (HNG) was developed by layering the PVDF/BN-rGO
nanocomposite with a PDMS thin film, combining piezoelectric and triboelectric
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effects. The hybrid configuration achieved an impressive output voltage of 57.6 V,
which was sufficient to charge capacitors, light LEDs, and power a calculator. This
study introduces a promising approach to enhance the nanogenerator performance for

self-powered wearable electronics by utilizing graphene derivatives as nanofillers.

Further, the effects of rGO, nitrogen-doped rGO (N-rGO) concentration and
electrospinning technique on the output of PVDF-based triboelectric nanogenerators
(TENGsS) was studied. The optimal nanofiller concentration was identified at 1.5 wt% of
rGO and N-rGO, where the PVDF nanocomposite demonstrated the highest output of
156 V, approximately double that of pristine PVDF. However, performance declines at
higher concentrations due to the formation of conductive networks within the matrix.
Nanofiber mats produced by electrospinning yielded even greater enhancements, with
the PVDF/N-rGO nanofiber-based TENG reaching a peak output voltage of 368 V and a
power density of ~282.8 uW/cm?. The study also reveals that both tapping frequency
and impact force significantly influence output, with increased frequency and force
boosting charge transfer and capacitance. Finite element analysis was performed to
provide quantitative insight into surface potential distribution. Subsequently, the
capability of the fabricated TENG was demonstrated by successfully powering small
electronic devices and functioning as a self-sustained motion sensor, capable of
automatically turning on light in response to human movement at night. This highlights
its promising applications in advance human-machine interfaces and wireless sensing

technologies.

Finally, to broaden the applications of TENGs, PVDF nanofibers incorporated with
boron-nitrogen codoped rGO (BN-rGO) were utilized for energy harvesting and
environmental remediation. The optimal performance was achieved with a BN-rGO
concentration of 1.5 wt%, resulting in maximum outputs of 380 V, 36 pA, and 336
uW/em?. The study also investigated the effect of various counter triboelectric layer
materials, including PTFE, PDMS, PET, paper, and nitrile gloves, replacing nylon. It has
been found that TENG based on PVDF/BN-rGO and nylon demonstrated superior
output, which may be attributed to the greater electronegativity difference between
PVDF/BN-rGO and nylon. Thereafter, a self-powered system using a TENG as power
source was developed for degrading methylene blue in wastewater. While the TENG
alone required 12 hours for complete dye degradation, the addition of a BN-rGO as an
catalyst significantly reduced the time to 100 minutes. This research provides an
effective strategy for developing high-performance TENGs for sustainable applications

in energy harvesting, self-powered sensing, and environmental remediation.
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This chapter provides an in-depth exploration of the technologies associated with energy harvesting,
emphasizing their applications in diverse fields. Specifically, it provides a detailed discussion on
mechanical energy harvesting technologies, focusing on piezoelectric and triboelectric
nanogenerators. It aims to address the urgent need for sustainable energy sources to reduce fossil
fuel dependence and advance technologies that capture abundant ambient energy. By examining the
principles, challenges, and advancements in energy harvesting, this chapter outlines the pathway
toward a more energy-efficient future. It also reviews strategies to improve nanogenerator efficiency,
such as material selection, structural optimization, and hybrid designs. The chapter concludes with
the research objectives, emphasizing the development of high-performance nanogenerators, and

provides an outline of the thesis structure.
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1.1 Background and Motivation

The escalating energy demand, fuelled by rapid technological advancements and a
burgeoning population, has spurred scientific and industrial communities to seek
sustainable and renewable energy generation methods. The abusive use of non-renewable
energy sources, especially fossil fuels, become increasingly strained and environmentally
damaging, therefore it is essential to explore alternative energy generation technique from
the naturally available energy. Energy harvesting presents a promising solution to this
challenge by capturing and utilizing ambient energy from the environment, such as solar,
thermal, mechanical, and wind energy. Figure 1.1 illustrates several types of renewable
energy harvesting source present in our surrounding. Moreover, the advancement in
technology produced a plethora of portable, multifunctional, miniaturized and customized
electronic system which require a lightweight, affordable power supply in order to be
used in a variety of applications. The power supply that is being used at present for
powering these smart electronic devices is electrochemical batteries. However,
conventional batteries suffer from limited life term, short charging and discharging cycles,
durability, and high disposal costs which poses a significant inconvenience and expense
in wireless monitoring systems with large sensory networks. Additionally, with
advancement in nanotechnology, the power consumption of smart electronics and sensors,
reduces from milliwatts to microwatts. This shift has sparked substantial interest in
energy harvesting from ambient sources to develop self-powered sensors, rechargeable
smart electronics, and support global energy reduction efforts. Renewable and sustainable
energy sources are thus being adapted to answer the pressing need for clean and reliable
energy generation with long life spans. They are plentiful renewable energy sources
which are pervasive, and simple to obtain in our daily lives. Solar energy is one of the
most widely recognized and utilized renewable resources, available consistently
throughout daylight hours and can be converted to electrical energy via solar cells.
However, solar energy availability drops significantly at night or in indoor environments,
limiting its use in certain settings. Despite its high energy output, solar energy harvesting
technology is not ideally suited for powering small, portable, or wearable electronics, as it
generally requires a fixed setup to operate efficiently[ 1, 2]. Thermoelectric generator are

used to convert thermal energy from various sources, such as heat dissipated by engines
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in factories and vehicles, heat produced by human activities, thermoregulation in inner
organs into electrical energy based on seebeck effect[3, 4]. However, thermal energy
harvesting is highly dependent on the temperature differential between the heat source
and the surrounding environment. As a result, thermoelectric generators are less suitable
for wearable applications in hot or tropical climates, where the limited temperature
gradient between the skin and the external environment reduces their efficiency. In a
similar way, wind energy can be harnessed by placing turbines in optimal locations such
as farms, mountainous areas, or remote regions[5]. This approach can yield significant
economic benefits while being environmentally sustainable. However, wind energy is not
well-suited for powering portable electronic devices due to its dependence on specific
environmental conditions. Another abundant energy source in the environment that
remains unaffected by external conditions is mechanical energy. This includes vibrations
from buildings and structures, human movement, transportation, wind and water flow,
and ocean waves. Harvesting vibration energy from these mechanical sources is a
promising approach, as it allows for energy capture in situations where solar or thermal

energy may not be applicable.

Mechanical Energy

Solar Energy

m Sustainable
w L Energy Resources

Hydro Energy

m Tidal Energy

B

Biomass Energy

Thermal Energy Wind Energy

Figure 1.1 Various renewable and sustainable source of energy present in surrounding.

Ph.D. Thesis (Shilpa Rana) 3



In this regard, the present thesis introduces advanced strategies for harnessing
mechanical energy by leveraging both piezoelectric and triboelectric effects. A central
focus is placed on a comprehensive understanding of the underlying mechanisms to
optimize the design and functionality of energy-harvesting devices. This research aims
to develop hybrid devices by integrating piezoelectric and triboelectric effects that are
not only efficient but also simple to construct and operate. Key objectives include
designing polymers carbon nanocomposite films based efficient piezoelectric and
triboelectric nanogenerator for scavenging the ambient mechanical energy, while
ensuring that these devices are durable, cost-effective, and most importantly,
environmentally sustainable. The outcomes of this study contribute to the development
of robust and scalable solutions for sustainable energy applications, highlighting the

potential of these technologies in addressing future energy demands.

1.2 Nanogenerators for Mechanical Energy Harvesting

Nanogenerators are innovative devices that capture and convert mechanical energy
from the environment into electrical power, harnessing small-scale energy sources to
enable sustainable energy generation. These compact, efficient devices have become
integral to the field of energy harvesting, especially as the demand grows for renewable
and portable power solutions that can support the expanding ecosystem of modern
smart technologies. In applications such as wearable electronics, Internet of Things
(IoT) sensors, and biomedical devices, nanogenerators enable continuous, reliable
power without the dependency on conventional batteries, which often have limited
lifespans, larger form factors, and environmental drawbacks associated with disposal
and chemical waste. The concept of nanogenerator was first introduced by Prof. Zhong
Lin Wang group in 2006, where they have utilized conducting AFM tip to deflect the
ZnO nanowires and corresponding voltage is measured, demonstrating a novel
approach by generating electricity from the mechanical force using piezoelectric
properties of the nanowires[6]. Thereafter, several efforts have been made in field of
nanogenerators with different structures and functions to improve the efficiency and
understand the mechanism of electricity generation. Later on, this group in 2012
introduced an innovative approach to convert mechanical energy into electrical energy
using the triboelectric effect[7]. This technique harnesses the electrostatic charge

generated when certain materials come into contact and then separate, creating a
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potential difference that can be used to produce electricity. Since its inception, this
method has catalyzed substantial research and technological advancements, particularly
in optimizing the design, efficiency, and versatility of triboelectric nanogenerators
(TENGs). These developments have expanded their potential applications across a wide
range of fields, from powering small electronics and wearable devices to contributing to

the self-sustaining energy needs of smart cities and IoT infrastructure.

In the upcoming sections, we will be briefly discussing about the principles and
mechanisms of piezoelectric and triboelectric nanogenerators, along with their roles in
mechanical energy harvesting for variety of applications. We will examine how these
devices convert mechanical energy into electrical energy, as well as strategies for
designing efficient energy harvesters. This will include a discussion of fundamental

configurations and signal transduction techniques central to these applications.

1.2.1 Piezoelectric Nanogenerator

Piezoelectric nanogenerator converts mechanical energy into electrical energy based on
the piezoelectric effect, which describes how applying mechanical stress to non-
centrosymmetric materials deforms their crystal structure, generating polarization
charges that create a potential difference across the material. The generation of electric
potential by application of mechanical stress is known as the direct piezoelectric effect
which is widely implemented in energy harvesting systems. While in the converse
piezoelectric effect, mechanical strain is induced in the material when subjected to
electrical signal/voltage and is applicable to vibration damping, acoustic emitter, and
actuators. In general, the piezoelectric effect is a reversible process and the materials
which exhibit the piezoelectric properties are known as the piezoelectric materials
which demonstrate plenty of application in energy transducers, actuators, sensors, and
energy harvesters[8-10]. The crystal structure of these piezoelectric materials is non-
symmetric but has a balanced equilibrium between charges such that the effect of the
positive and the negative charges exactly cancel out each other. When these materials
come in the application of the applied mechanical stress or force, dipoles are no longer
aligned in the way to cancel out the effect of each other which results in the generation

of net polarization charge on the surface of the materials (Figure 1.2).
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Figure 1.2 A schematic showing the working mechanism of PENG.

The number of dipoles present in the piezoelectric material plays a crucial role in their
performance and behaviour, therefore to acquire more dipoles these materials are
subjected to a strong electric field near the curie temperature and this process is known
as the ‘poling’ and this process imparts a net permanent polarization in the materials
which also change with the applied stress as a result further enhance the piezoelectricity.
Most of the ferroelectric materials show piezoelectric behaviour but the converse is not
true [11-13]. The Piezoelectric effect is the coupling phenomenon between the
electrical and mechanical properties of the materials. The electrical behavior of the

material is given as
D; = X}, &;E; orD=¢E (1.1)
Where gjj is electric permittivity, D; is electric displacement, E; is the electric field.

Mechanical behavior is given by the relation between stress and strain under small

deformation
Ty = it 1=1 Sijia Sk (1.2)

where cij is the elastic stiffness of the material. The above equation 1.2 can be

interpreted reversely as
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Sij = Yit1=1 Sijia T (1.3)

where s is elastic compliance of the material. The reduced tensor notation of the
coupled constitution equation of piezoelectric material are depicted[14] as
— f.T

S; = dyE; + sfjTy (1.5)

where the superscripts T and E mean the coefficients at constant stress and electric

and, dij is the piezoelectric strain constants respectively.

In general, the piezoelectric material has two functioning modes to begin, the device is
said to work in d33 mode when the direction of the applied stress is the same as the

direction of polarization, and the generated piezoelectric charge is given by

Qpeng = Aods; (1.6)

where o is the stress along the direction of applied force, A is the area of the
piezoelectric material, ds3 is the piezoelectric charge coefficient. The corresponding

piezoelectric potential for the open circuit condition is obtained by

Vpeng = togss (1.7)

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

coefficient respectively.

Second, when the direction of the applied stress is perpendicular to the direction of the
polarization, the device is said to work in d3; mode. For this, the piezoelectric charge

and voltage can be expressed as

Qpeng = Aodsy (1.8)
Veeng = togsq (1.9)

Furthermore, to enable real-world applications and commercial viability of piezoelectric
nanogenerators (PENGs), it is essential to enhance their output performance. In this
regard, several strategies are employed, focusing on material enhancements, structural
optimization, and device engineering. The key approaches that can significantly

improve the piezoelectric performance are selection of suitable piezoelectric material,
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3D printing, poling, electrospinning, hot pressing, structural modifications, and so
on[15]. Each of these strategies, when carefully applied, can significantly improve the
power density of piezoelectric nanogenerators, enhancing their efficiency and making

them more viable for practical applications in energy harvesting.

1.2.2 Triboelectric Nanogenerators

Triboelectric nanogenerator works on the principle of triboelectric effect, where contact
and separation between two materials with differing electron affinities generate an
electric potential. A few instances of the triboelectric effects are rubbing glass through
fur, plastic comb through the hair, and rubbing the balloon on hair is generally caused
by static electricity. Whether the material acquires positive charge or negative charge
and the strength of the charges they acquired, depend upon the relative polarities,
surface roughness, strain, and other properties of materials. Therefore, the materials
which have an affinity to gain electrons will become the negative charge and another
become the positive charge. Depending on the affinity of material to gain or lose
electrons, materials are placed in a systematic order in a series known as the
triboelectric series[16, 17]. Although, the triboelectric effect is considered as a negative
effect that has brought various disastrous risks in the industry, human life, nature,

electronics but it shows great potential in small scale energy harvesting.

The Prof. Wang group in 2012, invented the first Triboelectric Nanogenerator (TENG)
which uses these static charges to harness ubiquitous ambient small scale mechanical
energy [18]. TENG works on combined properties of the triboelectric effect and
electrostatic induction where contact electrification provides the polarized charge and the
role of electrostatic induction is to convert mechanical energy to electrical energy.
Therefore, when two materials with different electron affinity are brought in contact with
each other by an external force, triboelectric charges with opposite polarities are induced
on the surface of the materials. After removing the external force, the charged surface gets
separated which will induce the potential difference on the electrode. Thus, by connecting
the external load between these two electrodes, charges will flow through the outer circuit
to screen out the electric field. A later renewed contact between these surfaces results in
the disappearance of these triboelectric charges hence, giving rise to the charge to flow in

opposite directions. So, by contacting and separating the materials by an external force,
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the charges will flow back and forth via the external circuit[19, 20]. A schematic

showing the working mechanism of TENG is illustrated in Figure 1.3.

[1] Original [III] Releasing
[I1] Pressed

[ Triboelectric layer 1
[V] Pressing
- Triboelectric layer 2

Electrode

Figure 1.3 A schematic showing the working mechanism of TENG.

The output voltage generated by TENG is given by

Q

is also known as V-Q-x relation and represents the inherent capacitive behaviour of
TENG where V. is the open-circuit voltage, C(x) is the capacitance between two
electrodes, Q 1is transferred charge between two electrodes. The output current
generated across the load is given by

_dQ_ v dc
[=F=C 4V (1.11)

where, C is the capacitance of the system, V is the voltage across electrodes. The first
term in the equation corresponds to the current produced due to change in voltage
across the non-contact surface of the electrode with time and the second term
corresponds to current introduced by variation in capacitance due to cyclic contact and
separation. Under the short circuit condition (SC), the charges which transfer across the
electrode Qsc completely cancel out the voltage generated by this triboelectric charge,
and above equation becomes

Q
0=—d§+%dm (1.12)
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And the fundamental relation among Qsc, C, and Voc is given by

Qsc(®) = CVpc (%) (1.13)

In comparison to other energy harvesters, TENG are advantageous because of its high
output voltage at low frequencies, lightweight, ease of fabrication, scalability, and
highly adaptable design, enabling them to be fabricated in multiple configurations to
harness mechanical energy from a wide range of sources, including body movements,
tidal waves, vibrations from machinery and transportation, rotational motions, and even
wind energy. Therefore, depending on the electrode configuration and the various ways
in which triboelectric layers can be stacked, four major modes of TENG are put forward
(Figure 1.4) including vertical contact separation, lateral sliding, freestanding

triboelectric layer and single electrode modes.

| Vertical Contact Separation Mode I L Lateral Sliding Mode I

+ 4+ + FF o+ TENG]
— Modes |

* 4+ + + + + +
I L RN

I[ Freestanding Triboelectric Layer Mode I [ Single Electrode mode I

Figure 1.4 The four fundamental working modes of TENG.

The vertical contact-separation mode is known for generating significantly higher
output compared to other TENG operating modes due to the efficient transfer of charge
during the contact and separation process. This mode allows for a more pronounced
mechanical deformation, resulting in a larger electrical potential difference. Given its
superior performance in terms of energy generation, we have selected the vertical

contact-separation mode as the preferred configuration for our research. By utilizing
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this mode, we aim to enhance the efficiency and output of the TENGs we fabricate,
ensuring their suitability for powering small devices or self-powered sensors in various
applications. In addition to this, there are several modeling parameters that need to be
keep in mind to design an efficient TENG with improved power density[21]. These

modeling parameters are illustrated in Figure 1.5.

Modeling
Parameters

Figure 1.5: Overview of key TENG modeling parameters affecting performance of TENG[21].

1.3 Hybridization of Piezoelectric and Triboelectric Nanogenerators

Although, individual energy harvesting mechanism have demonstrated considerable
efficiency for its practical applications, however their output power still remains
inadequate for continues operation of these devices. To overcome this limitation,
integrating multiple energy harvesting mechanisms within a single device using a
common input source has become a compelling focus in energy harvesting research.
Therefore, in the current thesis we have hybridized piezoelectric and triboelectric
nanogenerator to enhance the energy harvesting capability of nanogenerator by
combining the strength of each mechanism and corresponding details are discussed in
Chapter 3 of thesis. While TENGs generate high voltage at low current levels through
triboelectric effects, PENGs produce moderate voltage with higher current through

piezoelectric effects. By integrating these two systems into a single device, it is possible
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to achieve an energy harvester that captures both high-voltage and high-current outputs,
improving the overall efficiency and adaptability of the device for a variety of
applications. This hybrid approach not only boosts the charging performance but also
increases the versatility of energy harvesters in areas where reliable and continuous
energy generation is required, such as in wearable electronics, remote sensing systems,
and IoT devices. To date, numerous works have been reported to demonstrate the
successful implementation of hybrid systems combining triboelectric and piezoelectric
elements, showing substantial improvements in energy output. By strategically designing
the structural configuration of hybrid nanogenerators, the device can simultaneously or
sequentially engage both mechanisms, capturing mechanical energy more efficiently. The
hybridization technique also opens up possibilities for integrating other complementary
energy harvesting systems, such as photovoltaic or electromagnetic generators, further

amplifying the device's power generation potential.

1.4 Polymers for Piezoelectric and Triboelectric Nanogenerators

Plenty of materials have been explored to fabricate the nanogenerators for harvesting the
ambient mechanical energy via piezoelectric and triboelectric effect. Among the various
materials, polymers are promising for fabricating nanogenerator owing to its inherent
flexibility, lightweight nature, and ease of processing make polymers ideal for wearable
electronics, self-powered sensors, and other flexible devices[22, 23]. Initially,
piezoelectric properties were thought to be exclusive to ceramic materials. However, this
perspective began to shift in 1963, when researchers discovered that certain polymers,
specifically poly(methyl methacrylate) (PMMA) and poly(vinyl chloride) (PVC), also
exhibited piezoelectric behavior. This finding opened new avenues for exploring
piezoelectricity in materials beyond ceramics, revealing the potential for polymers in
energy harvesting and sensing applications. A groundbreaking finding about the
piezoelectric properties of poly(vinylidene fluoride) (PVDF) was made in 1969 by
researchers Kawai and Kureha. They observe that when PVDF is polarized, it
demonstrates an impressive piezoelectric coefficient of 67 pC/N[24]. This coefficient is
remarkably high, approximately ten times greater than those observed in any other known
polymers at the time. The discovery marked a significant advancement in polymer

science, positioning PVDF as an exceptional material for applications requiring efficient
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mechanical-to-electrical energy conversion. Poly(vinylidene fluoride) (PVDF) and its
copolymers are known for their remarkable flexibility and exhibit a unique combination
of properties, including strong piezoelectric, pyroelectric, ferroelectric, and dielectric
characteristics[25]. These qualities make PVDF and its copolymers highly versatile,
enabling them to effectively convert mechanical, thermal, and electrical energy. This
exceptional combination of properties allows PVDF-based materials to be widely used in
sensors, actuators, and energy-harvesting applications, where both flexibility and efficient
energy conversion are essential. In addition to PVDEF, several other polymers, such as
poly(tetrafluoroethylene) (PTFE)[26], nylon [27], polyacrylonitrile (PAN)[28],
poly(vinyl acetate) (PVA)[29], and even poly(methyl methacrylate) (PMMA)[30] etc.
Compared to piezoceramics, these piezoelectric polymers, while having lower
intrinsic piezoelectric properties, present several key advantages for emerging
technology applications. Piezoceramics, such as lead zirconate titanate (PZT), indeed
offer high piezoelectric constants, but their rigidity and brittleness limit their use in
flexible, small-scale, or wearable designs. When repeatedly subjected to mechanical
stress, piezoceramics are prone to developing cracks, which can significantly degrade
their performance over time. This makes them less suitable for applications where
continuous or repetitive stress is expected. Therefore, in this research, we focus on
designing flexible nanogenerators using polymer materials, selecting PVDF among
various polymers due to its high piezoelectric coefficient, flexibility, environmental
stability, biocompatibility, and potential for molecular customization. In addition to its
piezoelectric capabilities, PVDF also acts as an effective negative triboelectric
material in triboelectric nanogenerators (TENGs) due to the presence of
electronegative fluorine atoms in its structure. This unique attribute further enhances
PVDF’s versatility, enabling it to play dual roles in hybrid nanogenerators that
combine piezoelectric and triboelectric mechanisms, thereby maximizing the energy

harvested from mechanical sources.

In the subsequent section, a detailed examination of the structural and functional
properties of PVDF and its associated nanostructures will be presented, forming the

foundation for the research discussed in this thesis.
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1.4.1 PolyvinylideneFluoride (PVDF): A Ferroelectric Polymer

PVDF is a semi-crystalline polymer produced by the repetition of polymeric chain of (-
CH»-CF»-) monomers, which can be crystallized into five distinct phases, i.e. a, B, v, 0,
and €. Among these electrically active polar phase a, B, and y are mostly investigated
where vy is the translation state between a, and  phase[31-33]. The a-phase has trans-
gauche—trans-gauche (TGTG') conformation, where dipoles are aligned anti-parallel to
each other and hence non-polar in nature. While, B-phase exhibits all-trans
conformation (TTTT) means all dipoles of individual molecules are aligned parallel to
each other producing a net non-zero dipole moment as a result manifests large
spontaneous polarization and high piezoelectric sensitivity among all the phases. 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[34]. The chain conformation of different phases
of PVDF is illustrated in Figure 1.6.

SH SO 00 Q0 99 99

e Hydrogen @ Fluorine @ Carbon

Figure 1.6 A schematic illustration of change conformation of a, 3, and y phase in PVDF.
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The piezoelectric properties of PVDF largely depend on its crystalline phases[35].
Specifically, its piezoelectricity arises from the presence of polar crystalline phases,
with the B-phase having the highest electric dipole moment among all crystalline

forms[36].

Consequently, enhancing the B-phase content in PVDF is a key strategy to boost the
piezoelectric performance of PVDF-based devices, such as sensors, actuators, and
energy harvesters. Additionally, PVDF stands out as an excellent material choice for
fabricating triboelectric nanogenerators (TENGs) owing to its good dielectric
properties, which enhance its effectiveness in charge generation and storage during
triboelectric interactions[37]. The presence of fluorine atoms in PVDF provides high
electron affinity, significantly boosting its ability to attract and retain electrons when in
contact with other materials. This characteristic is critical for TENG performance, as it
facilitates efficient charge transfer upon repeated contact and separation cycles, thereby
increasing the device's output performance. Thus, PVDF’s exceptional piezoelectric,
dielectric properties, strong mechanical resilience, and notable electron affinity position
it as an ideal material for fabricating piezoelectric and triboelectric nanogenerator.
These qualities make PVDF highly effective for generating and sustaining electrical
output, especially in applications that demand durability and efficient energy transfer.
Therefore, in this study, we have chosen PVDF as the primary material for fabricating
nanogenerators aimed at a range of applications, leveraging its advantageous properties

to optimize device performance.

1.4.2 Methods for Improving Performance of PVDF based Nanogenerator

For efficient use of PVDF based nanogenerator in energy harvesting applications,
several strategies are implemented. One key approach is optimizing the crystalline
phases of PVDF, particularly by increasing the B-phase content, which possesses a high
dipole moment. This can be achieved through mechanical stretching, high-temperature
annealing, and electric field poling, all of which align the materials dipoles and
maximize its piezoelectric properties[15, 38]. Additionally, incorporation of
nanofillers such as graphene, reduced graphene oxide (rGO)[39], carbon nanotubes

(CNTs)[40], barium titanate (BaTiO3)[41], zinc oxide (ZnO)[42], and lead zirconate
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titanate (PZT)[43] also significantly enhances the dielectric constant, electron affinity,
and electroactive B-phase in PVDF, resulting in increased charge density, improved
charge transfer, and boosted piezoelectric and triboelectric output. Although, ceramic
materials such as PZT and BaTiO:s are effective nanofillers options, their use is limited

by toxicity concerns and the complexity of their preparation processes.

Moreover, modifying the surface roughness of PVDF is another effective method,;
creating micro- or nano-patterns increases contact area, leading to higher triboelectric
charge generation when PVDF interacts with other materials[44]. The electrospinning
of PVDF into nanofibers increases surface area and improves B-phase alignment,
enhancing both piezoelectric and triboelectric performance due to the nanofibers high
surface-area-to-volume ratio[45]. Finally, applying an external electric field during or
after fabrication aligns the dipoles, stabilizing the p-phase and maximizing the
piezoelectric response. Together, these strategies improve the efficiency, durability, and
adaptability of PVDF-based nanogenerators, making them highly suitable for
applications like self-powered sensors, wearable electronics, and sustainable energy
harvesting. In this thesis, we demonstrate two key approaches i.e. addition of nanofillers
and electrospinning technique to improve the output performance of the PVDF based
nanogenerator. Specifically, we introduced reduced rGO and its heteroatom-doped
variants into PVDF matrix and examined how addition of these nanofillers improves its

piezoelectric and triboelectric properties.

1.5 Nanofillers Materials

The performance of PVDF-based nanogenerators can be significantly enhanced by
incorporating different kinds of piezoelectric materials, conductive and non-conducting
nanofillers with specific amount of dopant. These nanofillers introduce modifications at
the molecular and structural levels, enabling better charge generation and energy
conversion. Several materials including ceramics, perovskite, metal oxides, 2D materials,
organic and inorganic materials are utilized as nanofillers materials[46, 47]. Among the
commonly used piezoelectric fillers, materials such as lead zirconate titanate (PZT),
potassium sodium niobate (KNN), barium titanate (BaTiOs), bismuth ferrite (BiFeOs3),
potassium niobate (KNbO3), lead titanate (PbTiO3), and zinc oxide (ZnO) are notable due
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to their high piezoelectric coefficient. These fillers interact with the PVDF matrix to
improve the alignment of dipoles and increase the overall piezoelectric output. However,
the use of these materials poses certain challenges. For example, PZT contains lead,
which raises environmental and health concerns, while BaTiOs and KNN, though lead-
free, have a brittle nature that limits their application in flexible and wearable devices.
Additionally, 2D materials such as molybdenum disulfide (MoS:), tungsten disulfide
(WS:), hexagonal boron nitride (hBN), graphene, MXenes etc. have also reported to be
effective nanofillers[48-50]. These materials are characterized by their unique layered
structures, high surface areas, and excellent mechanical and electrical properties. When
incorporated into the PVDF matrix, they reinforce its mechanical strength, enhance its
dielectric properties, and improve charge mobility. In the present thesis we have chosen
carbon-based nanomaterials such as rGO as the nanofillers materials for improving the
performance of PVDF-based nanogenerators. These materials offer a combination of
exceptional properties, such as superior electrical and thermal conductivity, mechanical
flexibility, chemical stability and biocompatibility[51, 52]. When integrated into the
PVDF matrix, carbon-based materials enhance the dielectric constant through interfacial
polarization and improve charge transfer efficiency, resulting in higher energy conversion
performance. Additionally, their lightweight nature, nanoporous architecture, high aspect
ratio and ease of functionalization and interactions ensure uniform dispersion and
compatibility with PVDF, unlike some rigid piezoelectric or ceramic fillers. Furthermore,
incorporating carbon-based materials into the PVDF matrix serves as a nucleating agent,
promoting increased B-phase content and enhancing the crystallinity of PVDF film.
Additionally, the charge-trapping and conductive properties of these nanofillers improve
polarization efficiency, thereby generating more dipoles and charges within the PVDF
matrix, resulting in improved performance of nanogenerator[39, 53]. These
characteristics make carbon-based nanomaterials a highly effective choice for advancing
PVDF-based nanogenerators, particularly in applications requiring flexible, efficient, and

sustainable energy harvesting devices.

1.5.1 Reduced Graphene Oxide (rGO) as an Effective Nanofiller

Reduced graphene oxide is a derivative of graphene, consisting of a single layer of carbon

atoms arranged in a 2D honeycomb lattice[54]. rGO is obtained by chemically reducing
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graphene oxide (GO), which is graphene that has been oxidized to introduce oxygen-
containing functional groups like hydroxyl, epoxide, and carboxyl groups on its surface.
This reduction process removes some of these oxygen groups, restoring much of the
electrical conductivity of graphene while maintaining the structure and some of the
chemical functionalities of GO. It is highly promising material for energy harvesting
applications due to its exceptional electrical conductivity, high surface area, and flexibility,
combined with its ability to be easily functionalized to enhance its properties. Additionally,
rGO’s tunable chemical properties allow for functionalization with various dopants, such
as nitrogen, boron, or sulphur, to further enhance its performance[55, 56]. For instance,
nitrogen doping can increase the charge carrier density and electron affinity, while boron
doping can improve the material’s catalytic activity, which is beneficial in energy
conversion processes. These modifications can further improve the energy harvesting
capabilities of rGO-based composites, allowing for optimized devices that can be tailored
to specific applications. Also, rGO exhibits inherent piezoelectric properties due to the
introduction of oxygen-containing groups (such as hydroxyl or epoxy) during the
reduction process can disrupt this symmetry, enabling piezoelectric behaviour[57-59].
Further, the insertion of heteroatoms such as nitrogen, boron, or sulphur into the rGO
structure can enhance this asymmetry, inducing stronger piezoelectric effects. These
heteroatoms introduce additional electronic states that further break the symmetry and
create dipole moments in the material. As a result, rGO becomes piezoelectric, and this
effect is more pronounced when heteroatoms are introduced. In TENG, the incorporation
of rGO into the triboelectric layer enhances its electron affinity, leading to better charge
accumulation and transfer when the material comes into contact with other surfaces.
Together, these properties make rGO and its heteroatom-doped variants highly effective
nanofillers for PVDF-based nanogenerators, supporting the development of efficient,
flexible, and durable devices suitable for applications in sustainable energy harvesting,

wearable electronics, and self-powered sensors.

1.6 Research Challenge

The field of piezoelectric and triboelectric nanogenerators (PENGs and TENGs) has seen

significant advancements in recent years, yet several key challenges remain that hinder

Ph.D. Thesis (Shilpa Rana) 18



their broader application, particularly in energy harvesting and self-powered systems. One
of the primary challenges is the relatively low output performance of these devices. While
both PENGs and TENGs can convert mechanical energy into electrical energy, the power
generated is often insufficient to power high-demand devices, especially in low-energy
environments where mechanical vibrations or movements are irregular and unpredictable.
Additionally, the power output tends to be inconsistent, affected by factors such as
frequency, amplitude, and environmental conditions, making reliable and sustained
operation difficult. Consequently, fully eliminating the reliance on batteries remains a
significant challenge. Furthermore, energy harvesting devices may experience fluctuating
outputs over time due to factors such as environmental changes, wear, and mechanical
degradation. Another key challenge in this field is the integration of energy harvesting and
self-powered technologies into a unified platform. This integration often leads to an
increase in the size, weight, and overall volume of the system, which complicates its
practical use, particularly for applications requiring compact and lightweight solutions. A
critical consideration for self-powered IoT platforms is achieving the seamless integration
of energy harvesting, sensing, power management, processing, and transmission

components within the limited physical space available in the device.

1.7 Thesis Problem

The key objective of this thesis is to enhance the output performance of PVDF-based
nanogenerator, with a particular emphasis on understanding the role of nanofillers in
improving the overall device efficiency for a wide range of applications. In addition to
optimizing the performance of PVDF-based nanogenerators through the incorporation
of nanofillers, the present work explores the advantages of fabricating hybrid devices.
This hybrid approach holds promise for expanding the applicability of nanogenerators
in self-powered systems, such as wearable electronics, IoT devices, and biomedical

sensors, where compactness, high efficiency, and sustained power output are crucial.

1.7.1 Research Objectives

The main research objective of this thesis is the development of PVDF nanocomposite

films based nanogenerator for multifunctional applications, specifically by leveraging
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piezoelectric and triboelectric effects for harnessing ambient mechanical energy. The

main objectives of this research are outlined as follows:

s To study the effect of the pristine and heteroatom doped reduced graphene oxide
in the output performance of the PVDF-rGO based flexible piezoelectric

nanogenerator.

K/
L X4

To study the effect of hybridization of piezoelectric and triboelectric
nanogenerator in improving the output performance of the heteroatom doped

reduced graphene oxide based nanogenerator.

¢ To analyse the effect of wt% of reduced graphene oxide on the output

performance of PVDF-rGO/Nylon based triboelectric nanogenerator.

K/
L X4

To study the effect of drop-casting and electrospinning in improving the output
performance of PVDF/N-rGO based triboelectric nanogenerator for self-powered

electronic devices and wireless sensor applications.

s To study the effect of variation of weight percentage of B, N Co-doped reduced
graphene oxide in electrospun PVDF nanofibers based triboelectric nanogenerator

for self-powered water remediation.

1.7.2 Overview of Thesis
Chapter 1: Introduction

This chapter provide a brief introduction about the need of sustainable energy solutions,
emphasizing the importance of energy harvesting technologies in addressing global
energy demands. Furthermore, as we are marching into the smart era, where wearable and
portable electronics have become widespread in variety of fields, such as healthcare,
artificial intelligence, Internet of things (IoT), wireless sensor networks etc. The powering
of these electronic devices still remains a major issue. In this regard, it is necessary to
look towards the cleaner, and renewable power sources for these wearable and portable
electronics to address this issue. In light of this, several energy harvesting technologies
have been developed over the years, based on mechanisms such as piezoelectric,
triboelectric, electromagnetic, and pyroelectric phenomena. Among the various energy

harvesting technologies, mechanical energy harvesters are of utmost importance as they
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can capture ambient mechanical energy, for instance, vibrations, movements, and minor
pressure changes and convert it into electricity with the help of piezoelectric and
triboelectric nanogenerator. This ability makes them ideal for powering distributed loT
devices and smart systems that require low-power, continuous energy supplies without
relying on conventional power grids or frequent battery replacements. The present chapter
will then explore how piezoelectric and triboelectric nanogenerators, as innovative
technologies, are particularly well-suited to fulfil these energy requirements due to their
efficiency, scalability, and potential for integration into various applications and can
contribute to a more sustainable and energy-efficient future, addressing the energy

challenges posed by the rapidly growing number of smart devices and systems.

Chapter 2: Synthesis and characterization techniques

Chapter 2 provides an overview of the various experimental techniques used to
synthesize and examine the samples, along with their relevant theoretical foundations.
Reduced graphene oxide (rGO) and heteroatom (boron, nitrogen and boron nitrogen)
doped rGO have garnered significant attention from researchers due to their excellent
electronic, optical, and mechanical properties, as well as their non-toxic nature.
Additionally, PVDF and its copolymers are highly valued in the fabrication of
nanogenerators for its lightweight, high flexibility, cost-effectiveness, and ease of
processing. The chapter begins, by briefly discussing the common processes used for
synthesizing GO and heteroatom doped rGO using hydrothermal methods, and the
techniques employed in fabricating PVDF/rGO and PVDF/heteroatom doped rGO
nanocomposite thin films, including drop casting and electrospinning. It then delves
into the characterization techniques used to analyse the prepared samples, including
powder X-ray diffraction, XPS, FESEM, EDAX, FTIR, Raman, KPFM, PE loop tracer,

dielectric analysis, and more, providing a detailed examination of each method.

Chapter 3: Effect of pristine and heteroatom doped rGO on the output
performance of the PVDF nanocomposite based piezoelectric

nanogenerator for biomechanical energy harvesting applications

This chapter presents a high-performance nanogenerator based on PVDF/heteroatom

(Boron, nitrogen and boron nitrogen) doped rGO for generating electrical power. The
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result demonstrates that the addition of rGO and heteroatom doped rGO (B-rGO, N-
rGO, and BN-rGO) in the PVDF matrix has significantly enhances the piezoresponse of
PVDF nanocomposite films. A maximum output voltage and current of 20.4 V and 15.9
HA, respectively is generated by PVDF/BN-rGO based piezoelectric nanogenerator
which is ~2 and ~6 times higher than the voltage and current produced by the pristine
PVDF based piezoelectric nanogenerator. The impact of varying input frequency was
also examined for all PENGs, revealing that each device exhibited the highest response
at a frequency of 6 Hz. The enhanced performance of PENGs are ascribed to nucleation
of electroactive polar B-phase content in PVDF nanocomposite films and formation of
the conducting network within the polymer matrix which facilitate the better charge
transfer and hence enhance the resultant output of PVDF nanocomposite films. The as
fabricated PENG is then utilized to harness biomechanical energy from different human
motions including finger tapping, wrist bending, foot tapping, leg and elbow folding. To
further enhance the nanogenerators output performance, a hybrid nanogenerator (HNG)
combining piezoelectric and triboelectric effects was developed by layering the high-
output PVDF/BN-rGO nanocomposite film with a PDMS thin film. A maximum output
voltage of 57.6 V is generated by PVDF/BN-rGO based HNG. The generated output
power is then utilized to charge variety of capacitors, LEDs and calculator. This study
presents an effective approach for creating high-performance energy harvesters for self-
powered wearables by using graphene derivatives as nanofillers in a PVDF matrix. It
also shows that combining different mechanisms in a single device can boost energy
harvesting efficiency in the resulting HNG, enabling more effective mechanical energy

capture.

Chapter 4: Synergistic effect of N-doped rGO nanofillers concentration and
electrospinning technique on the output performance of PVDF
nanocomposite based triboelectric nanogenerator for self-powered

electronics and wireless sensor applications

As we have concluded in the previous chapter that addition of heteroatom doped rGO
enhances the piezoelectric as well triboelectric properties of drop casted PVDF film but
the concentration of nanofillers in the PVDF also have significant impact on device

performance. Therefore, in this chapter we have presented two important aspects of
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nanogenerator to boost the performance of triboelectric nanogenerators. The initial
approach is to identify the ideal concentration of the nanofillers (i.e. rGO, and N-rGO)
in PVDF matrix and second approach involves the usage of the electrospinning
technique for fabrication of nanofibers mat, which improves the surface area and
mechanical properties of the TENG. For this, we have fabricated the different
triboelectric energy harvesters using PVDF nanocomposite films and nylon film by
varying the weight percentage (0.025 %, 0.5%, 1 %, 1.5 % and 2 wt %) of rGO and N-
rGO in PVDF matrix prepared via drop casting technique. The incorporation of
nanofillers (i.e. rGO and N-rGO) in PVDF matrix enhanced its triboelectric output. In
comparison to bare PVDF film, the triboelectric nanogenerator with 1.5 wt% of rGO
and N-rGO as a nanofillers in PVDF matrix can generate maximum output voltage of
98.4 V and 156 V at 8 Hz frequency, while pure PVDF film based nanogenerator
produce 67.2 V output voltage. The results demonstrate that 1.5 wt% of rGO and N-
rGO is ideal doping concentration for triboelectric nanogenerator. Above 1.5 wt% of
rGO and N-rGO the triboelectric performance of the nanogenerator abruptly declined
due to formation of conducting network of rGO and N-rGO within the PVDF matrix.
Moreover, the heteroatom doped rGO (i.e. N-rGO) can generate more power in
comparison to pure rGO based TENG which might be due to higher capacitance of N-
rGO in comparison to rGO. Furthermore, nanofibers mat of PVDF, PVDF/N-rGO with
1.5 wt% of N-rGO and nylon are fabricated by the electrospinning technique. A
maximum voltage, current and power density of 368 V, 35uA and ~282.8 pW/cm? is
generated by the PVDF/N-rGO nanofibers mat based TENG, which is six times higher
than the power density of the drop casted PVDF/N-rGO film based TENG under
impedance matching condition. The effects of tapping frequency and impact force on
TENG's triboelectric performance were also analysed, showing that higher frequency
and force enhances output performance due to faster charge transfer and increased
effective area and capacitance. Additionally, incorporating N-rGO raises the polar
crystalline B-phase content and dielectric constant in PVDF/N-rGO nanofiber mats and
films, boosting triboelectric performance. The dispersed N-rGO nanosheets in PVDF
also increase surface potential, improving charge transfer density and significantly
enhancing the output of the PVDF/N-rGO and Nylon-based TENG. Finite element

analysis using COMSOL have also been carried out for quantitative understanding of

Ph.D. Thesis (Shilpa Rana) 23



the surface potential distribution between two triboelectric layers of the TENG.
Furthermore, the power generated by TENG is utilized to power small power electronic
devices, such as, LEDs, thermometer, digital watch, and hygrometer and also used to
harness mechanical energy from the human movements. Finally, the constructed TENG
is employed as a self-powered motion sensor, automatically turning on lights when
there is human motion at night. This study suggests a cost-effective method for
developing a high-performance TENG for designing self-powered human-machine

interface for managing wireless sensing system.

Chapter 5: Optimizing B, N Co-doped rGO concentration in electrospun PVDF

nanofibers for triboelectric nanogenerator-driven water remediation

In this chapter, to further improve the efficiency of TENG, we have constructed the
nanofibers of PVDF and PVDF nanocomposites with different weight percentage of B,
N Co-doped rGO and coupled it with nylon fibres and demonstrates its application in
degradation of organic pollutants from wastewater. At first, the effect of BN-rGO wt%
on the triboelectric performance of PVDF/BN-rGO nanofiber films were compared
with pristine PVDF, and it was discovered that 1.5 wt% of BN-rGO is the ideal amount
for triboelectric energy harvesting. The as fabricated TENG can generate a maximum
voltage, current and power of 380 V, 36 uA and 336 uW/cm? respectively. Also, the as
fabricated TENG is subjected to variable tapping force and frequency to examine the
output performance of the TENG. The TENG's output performance improves as
frequency increases which might be attributed to faster charge transfer at higher
frequencies and moreover when we increase the force, the effective area and
capacitance of the triboelectric films also grow, resulting into enhanced output
performance of TENG. The effect of different triboelectric layer is also studied by
varying the second triboelectric layer (i.e. nylon) with the PTFE, PDMS, PET, Paper
and nitrile gloves. However, the maximum output performance corresponds to
PVDF/BN-rGO and nylon nanofiber based TENG. The electronegativity difference
between PVDF/BN-rGO and Nylon may be responsible for the increased performance.
Finally, a self-powered dye degradation system is constructed by employing TENG as a
power supply source to degrade methylene blue dye from the wastewater. The

methylene blue takes 12 hours to completely degrade when TENG is used as power
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source and no catalysis is used while in presence of both catalysis and TENG, it takes
only 100 minutes to completely degrade the dye. The presents study sheds light on the
development of efficient and sustainable TENG/catalyst system for wastewater

remediation by utilizing the mechanical energy.

Chapter 6: Conclusions and future scope of work

This chapter provides a comprehensive summary of the key findings of thesis with a
detailed focus on mechanical energy harvesting technologies, particularly piezoelectric
and triboelectric nanogenerators. Additionally, it highlights promising avenues for
future research that pave the way toward self-sustaining energy solutions, enhancing the
practicality of nanogenerators in real-world applications. The arrangement of the
various thesis chapters are shown in flowchart, which is illustrated in Figure 1.7.

Thesis Title

Synthesis, Fabrication, and Characterization of Polymers-Carbon Based Flexible
Nanogenerator for Energy Harvesting Applications

|

Chapter-1
Introduction
Chapter-2
Synthesis and Characterization
Techniques
Chapter-3 Chapter-4 Chapter-5
Effect of pristine and heteroatom doped Synergltstlcﬁeffect;f T—Toped- 1‘(%0 I:anlfﬁ-“ers Optimizing B, N Co-doped 1GO
rGO on the outpuiperforma.nce o-r tl‘le_ concentll']a O"t a“t < e: rosplnumlgpifnglque concentration in electrospun PYDF
PVDF nanocomp ! based | ! tric on the outpu .I:ell‘]orzutn'c; Ol b nanofibers for triboelectric
nanogenerator for biomechanical energy nanocomposite based {riboefectric nanogenerator-driven water
harvesting applications nanogenerator for self-powered electronics T

and wireless sensor applications.

|
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Conclusi and Future P
Scope of Work

v

Figure 1.7: Flowchart for the organisation of the thesis.
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CHAPTER 2

Synthesis and characterization techniques
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This chapter provides a comprehensive summary of the synthesis and fabrication methods used for
nanostructured materials and polymer nanocomposite films, along with the characterization
techniques employed. Nanostructures are synthesized via the hydrothermal method, while
nanocomposite films and nanofiber mats are fabricated through drop-casting and electrospinning.
Structural and morphological analyses, including X-ray diffraction (XRD) and field emission
scanning electron microscopy (FESEM), reveal crystallinity and surface features. X-ray
photoelectron spectroscopy (XPS) and energy dispersive X-ray spectroscopy (EDS) assess chemical
composition and elemental distribution. Fourier transform infrared spectroscopy (FTIR) identifies
different phases, and dielectric studies examine electrical properties. Polarization-electric field (P-
E) loop and Kelvin probe force microscopy (KPFM) measurements evaluate piezoelectric and
ferroelectric behavior, alongside surface potential distribution. Furthermore, the chapter discuss the
Jabrication of nanogenerators based on these nanocomposite films, followed by extensive electrical
characterization to evaluate their performance in energy harvesting applications. All of these

techniques and methodologies are concisely summarized in this chapter.
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2.1 Synthesis of Reduced Graphene Oxide (rGO) and its Heteroatom
Doped Variants

Numerous techniques are available for synthesis of graphene and its derivative by
tailoring the structure and properties for a wide range of applications. These methods
are classified into two categories : 1) Top-down and 2) Bottom-up approaches. The
top-down approach aim to extract nanostructures from bulk materials by overcoming
the interlayer forces. The key techniques used in this approach are mechanical
exfoliation, plasma etching, ball milling, electrochemical exfoliation. In contrast,
bottom down focuses on building nanostructures by facilitating interactions among
atoms and molecules, resulting in the formation of material clusters. Therefore,
selecting the appropriate synthesis route is important before investigating the
properties and potential applications of the graphene oxide and its derivative. As high-
quality nanomaterials must be produced in large quantities for their successful
commercialization and industrial application. Therefore, to synthesize reduced
graphene oxide, first graphene oxide is produced using modified Hummer’s method
and then hydrothermal technique is used for synthesis of rGO and its heteroatom
doped variants. The various synthesis methods employed in present work are briefly

summarized in the sections below.

2.1.1 Modified Hummer’s Method

The modified Hummer’s method is a well establish chemical procedure for synthesis
of graphene oxide (GO) from graphite[1]. This method is the improvement on the
original Hummer’s method and utilize strong oxidizing agents, including potassium
permanganate (KMnQO4) and sulfuric acid (H2SOs4). This process/ method is favored
for its improved efficiency, safety and high yield.

The key features of Modified Hummer’s method are:

1. Efficient Oxidation Agents: The usage of high concentration of potassium
permanganate along with the phosphoric acid (HsPO.) contributes in more
efficient and controlled oxidation of graphite, resulting in GO with a higher

oxygen content and better structural integrity.
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2.  Optimized Reaction Conditions/ Controlled Reaction Kinetics: In comparison
to the original Hummers' method, the modified method operates at a lower
temperature, which helps in reducing the possibility of runaway reactions and
violent exothermic reactions that can occur with the original method by

controlling the reaction rate, making the process more manageable.

3. Higher Yield and Quality: This method produces higher yield of GO with
enhanced exfoliation of graphite layers, leading to an improved surface area of
GO. Additionally, the formation of oxygen-containing functional groups (such as
hydroxyl, carboxyl, and epoxy groups) on the graphene sheets improves its

dispersion in solutions.

4. Better Structural Integrity: The GO prepared by modified hummer’s method
typically has a better structural integrity with fewer defects and improved carbon
to oxygen(C/O) ratios, which is crucial for applications in electronics, energy

storage, and sensors.

5. Reduction of Hazardous Byproducts: Unlike the conventional method, the
modified Hummers method removes the usage of sodium nitrate (NaNOs), which
in the traditional process generates harmful gases like nitrogen dioxide (NO-) and
dinitrogen tetroxide (N204), posing significant environmental and safety risks.
This modification not only improves safety but also makes the process more

environmentally sustainable.

2.1.2 Hydrothermal Synthesis Route

In the current work, hydrothermal method is employed for synthesize reduced graphene
oxide and its heteroatom doped variants. This method is first reported by Karl Emil von
Schathdutl, a German geologist in 1845 and thereafter, collaborative efforts by
researchers and scientists have propelled worldwide in the advancement of this method.
The hydrothermal method involves synthesis of nanostructured materials through
chemical reaction taking place within a Teflon lined stainless steel autoclave, containing
reagents in aqueous media under specific temperature and pressure conditions. This
process allows materials to dissolve and then crystallize, which is not achievable at

normal temperature and pressure. To obtain the nanomaterials with specific morphology
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and properties, a fixed amount of solution containing reagent is introduced into the Teflon
lined autoclave, maintaining the required pressure throughout the process. It is important
to avoid any overflow of the Teflon liner during the reaction. By optimizing key
parameters such as temperature, pressure, and reaction time in a high-temperature oven, a
significant yield of well-crystallized nanostructured materials can be achieved[2]. Figure
2.1 illustrates the setup of the hydrothermal autoclave utilized in the synthesis process.

The hydrothermal reaction includes the following components:

1.  Precursors: These are the starting materials that undergo chemical reactions in

suitable solvents, leading to the production of the desired nanomaterial.

2.  Mineralizing Substance and Other Additives: Various acids and bases are
introduced throughout the reaction to attain specific pH levels. These compounds,
known as mineralizers, are essential to the process. Furthermore, other additives,
such as, chelating agents, reducing agents, and stabilizers are used to regulate the

morphology and properties of synthesized nanomaterials.

Spring
Stainless Steel
Lid
Teflon

Stainless Steel Solution of
Autoclave Precursors in Water

Figure 2.1 A schematic showing hydrothermal autoclave set-up used in hydrothermal synthesis.

The hydrothermal approach presents numerous advantages for synthesizing
nanomaterials, particularly in controlling particle size, morphology, and crystallinity.

The key advantages include:
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1. Controlled Morphology and Crystallinity: It offers precise control over
nanomaterials size, morphology, and crystallinity by adjusting temperature,

pressure, and reaction time, enhancing its versatility.

2. Cost-effectiveness and Scalability: This method is highly feasible for the
inexpensive and large-scale production of nanomaterials, making it suitable for

both laboratory and industrial applications.

3.  Compatibility with other Synthesis Techniques: This method can be effortlessly
combined with various other techniques, including electrochemical microwave
synthesis and sonochemical, broadening the scope for synthesizing new

nanomaterials.

4.  User-friendly Experimental Setup: The experimental setup is simple and easy
to operate. Once established, it can be reused multiple times for nanomaterial

synthesis, enhancing its practicality and efficiency.

2.2 Film Preparation Techniques

In present thesis, two different approaches drop casting and electrospinning techniques
are employed for preparation of films/fibers of polymer and polymer nanocomposites

where each method offers unique advantages.

2.2.1 Drop Casting Method

The drop casting method is a straightforward and effective method widely utilized for
preparing thin films with controlled thickness and composition. In this study, we
employed this approach to fabricate flexible films from polymer and polymer
nanocomposite materials. This method is especially beneficial for the area, where exact
control over the properties of films is required. The drop-casting process begins with
dissolving the solutes in a selected solvent at a fixed concentration. To achieve
homogeneity, the solution is first thoroughly mixed with a magnetic stirrer and then
subjected to ultrasonic agitation in an ultrasonic bath to ensure a uniform mixture. The
concentration of the solute and the choice of solvent are pivotal in attaining the desired
film characteristics. A preset volume of the solution is then taken using a micropipette

and dropped onto the glass substrate, as illustrated in Figure 2.2. After this, solvent is
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allowed to evaporate by placing the substrate in an oven maintained at a fixed

temperature, leading to the formation of a film with the desired thickness.

This technique is valued for its simplicity, low cost, and capability to control film
thickness and composition through adjustments in solution concentration and deposition
volume. However, it is essential to note that some variation in film thickness may occur,
and the final characteristics of the film might be affected by factors, such as, substrate
surface properties and solvent evaporation rate. Therefore, optimizing these parameters

is necessary for producing smooth, uniform films with consistent thickness.

»
~
’

/

Dryi mg at 90°C

= T =

PVDF + DMF Solution PVDF Film casted over Glass PVDF Flexible Film peeled
from substrate
b4
1rGO/ heteroatom doped rGO g
nanosheets /
s
+ ' & ' Drying at 90°C

PVDF + DMF Solution PVDF/TMDC composite

casted over substrate PVDF composite Film

Figure 2.2 A schematic illustration of drop casting method to prepare polymer nanocomposite
films.

2.2.2 Electrospinning Technique

Electrospinning is one of the most versatile technique used for synthesis of ultrafine
nanofibers with the diameter ranging from 2 nm to several micrometers from wide range
of materials including polymers, ceramics and composites. It enables precise control over
nanofibers morphology, structure, and properties, resulting in key benefits such as, high
surface-to-volume ratio, tunable porosity, and good mechanical properties. These
advantages make electrospinning technique as a valuable technique across various fields
including nanocatalysis, energy harvesters, tissue engineering, sensors, defense, security

and environmental engineering[3, 4]. The electrospinning process involves application
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of high DC voltage in the range of several tens of kVs to a polymer solution or melt
which creates an electrostatic force that draw solution into thin continuous jet. As the jet
moves towards the collector, it undergoes stretching and thinning due to electrostatic
repulsion resulting in formation of continuous nanofibers. Figure 2.3 shows the typical
setup for the electrospinning system which mainly consists of three part a spinneret
containing the polymer solution, a high voltage power supply attached to the needle of the
syringe, and a ground collecting plate. In this process, polymer solution is held by its
surface tension at the end of the capillary, therefore when we apply high electric field
across it, a charged jet of solution ejects form needle tip and move towards the collector,
and due to rapid whipping of jet it results in evaporation of solvent during its trajectory,
leaving behind the polymer fibers. In addition to this, several factors influence the
electrospinning process, such as viscosity of solution, collector distance, applied voltage,
flow rate, humidity therefore these parameters need to be optimized for achieving the

nanofibers with the desired characteristics.

Metering Pump

PVDF

n Electrospinning
—
6 G

Heteroatom doped rGO+
DMEF Solution

Syringe

Polymer
Solution

Taylor Cone

Collected Nanofiber
Mat

Figure 2.3 Illustration of electrospinning setup for synthesis of nanofibers.
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2.3 Characterization Techniques

Several characterization techniques are utilized to confirm the successful synthesis of
rGO and its heteroatom doped variants together with their polymer nanocomposite
films. This section will provide a concise overview of the operating principles of each

characterization techniques that have been used in the entire thesis work.

2.3.1 X-Ray Diffraction (XRD)

The x-ray diffraction technique is an analytical technique in the field of material
characterization, providing valuable insights into the crystal structure of the materials. It
helps in determining material's phase composition, crystallinity, and lattice parameters
by analyzing interaction of X-rays with the atomic planes of a crystal[5]. The process of
X-ray diffraction involves the irradiation of sample with high energy x-ray radiations
with the wavelength ranging from 0.1 A to 100 A. However, for precise diffraction
analysis, X-rays with wavelengths between 0.5 A and 2.5 A are commonly utilized, as

these wavelengths correspond closely to the size of crystal lattices.

X-rays are generally produced in x-ray tube containing a cathode (usually made of
tungsten filament) and copper anode. When tungsten filament is heated, it emits high
energy electrons that are accelerated towards anode. Upon collision, these electrons
displace electrons from the innermost shell of the copper anode. Thereafter, transition of
electron from L and M shells to K shell take place to fill these vacancies, which results
in emission of CuK, and CuKp x-rays with wavelengths of 1.54 A and 1.39 A,
respectively and to obtain monochromatic radiation, CuKg radiations are filter out using

nickel filter, ensuring that analysis relies on desired CuK, lines[6].

The typical experimental setup for X-ray diffractometer is shown in Figure 2.4 which
consists of a x-ray tube that directs the x-ray onto the sample at a specified incident
angle (0). The intensity of the diffracted X-rays is then recorded by the detector placed
at angle 26 and the resulting data is analyzed to get the information about crystal

structure.
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Figure 2.4 A Schematic showing the components of XRD diffractometer.

Bragg’s law is used to interpret the interference pattern generated by the scattered X-rays,
which proposed that crystal can be conceptualized as a series of parallel planes with
defined spacing (d), where atoms are periodically arranged (Figure 2.5). Therefore, when
X-rays reflect off ions in parallel planes, they produce sharp intensity peaks, and if
reflected from successive planes, constructive interference will take place resulting in
enhanced peak formation, as illustrated in Figure 2.5. For constructive interference, the
path difference between the reflected X-rays must equal an even integer multiple of half

the wavelength. This Bragg’s condition can be mathematically expressed by the equation:
2dsinf =nAl (2.1)

Where d is interplanar spacing, 6 is diffraction angle and , n represent order of
diffraction, and A is wavelength of x-rays. Thus, by analyzing the diffracted x-ray, one
can deduce the crystal structure of the material as, diffraction pattern is unique for each

material.

In this study, X-ray diffraction (XRD) patterns were obtained using a Rigaku, Ultima IV
X-ray diffractometer using CuK, radiation with a wavelength of 1.5406 A. The
measurements were performed at room temperature (RT) with scan speed of 2° per

minute and a step size of 0.02°.
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Figure 2.5 A Schematic showing the diffraction of X-rays obeying Brags law.

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy is an analytical technique that is utilized
infrared radiation spanning a broad spectrum from 400 cm™! to 4000 cm™ to analyze the
composition and molecular structure of the sample. It is a non-destructive technique and
can be used to investigate materials of any nature including, organic and inorganic
compounds, polymers, and composites[7]. The fundamentals of FTIR is based on the
irradiation of sample through infrared radiation(IR), where different molecular bonds
absorb specific wavelengths of the infrared light, causing vibrations in the molecular
structure. Materials are made up of different chemical elements that are linked by strong
covalent bonds, forming molecules. The type of bonds between these elements is
determined by the electronic arrangement of the atoms involved. These bonds are in
constant motion, including vibrations, stretching, and rotation, within the structure of
the material, with their energy primarily found in the ground state. Therefore, when IR
lights pass through sample, the interaction between infrared light and the molecules in a
sample will take place, resulting in absorption of light by molecules at a particular
frequency corresponding to their vibrational modes[8, 9]. This results in generation of a

series of spectral lines, known as infrared spectrum, which is unique for every material
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which provide crucial information about the chemical composition of the material or

substance and thereby act as molecular fingerprint of the material.

Moving Mirror

Beam splitter ’ [

Compensating platc\

Figure 2.6 Michelson interferometer schematic.

In this method, an interferometer is utilized, which initially splits the light from the
source lamp into two separate beams (Figure 2.6). These beams pass through an optical
system and are recombined at the beam splitter, creating an optically interfered beam
that contains all MIR wavelengths in a single signal, referred to as an interferogram.
This interferogram is then directed through the sample, where specific wavelengths are
absorbed according to the material's properties. The absorption of radiation causes the
molecules in the sample to transition to an excited state, followed by a return to the
ground state, during which radiation characteristic of the energy difference is emitted.
The output interferogram is recorded by detector, which transforms the beam into an
electrical signal. The recorded signals, needs to be decoded to plot the intensity
corresponding to each IR, which is achieved by Fourier transform mathematics. Hence
the name Fourier transform infrared spectroscopy originates. The resulting graph
displays the wavenumber on the x-axis against the "transmittance" or "absorption" of
the infrared radiation on the y-axis (Figure 2.7). The graph may reveal many peaks
based on the molecule's properties. These peaks are carefully examined and compared

to known standard IR peaks associated with various materials and bonds.
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Figure 2.7 Instrumental setup for FTIR spectroscopy.

In this study, the Perkin Elmer Spectrum 2 FTIR spectrometer, equipped with an
attenuated total reflectance (ATR) accessory, is utilized to analyze the various phases
present in PVDF and PVDF nanocomposite films. Additionally, it is employed to

quantify the B-phase content in these materials.

2.3.3 Raman Spectroscopy

Raman spectroscopy is an effective technique to examine a material’s vibrational,
rotational and other low-frequency modes. This spectroscopy technique is based on
the Raman effect and bears its name from C.V. Raman, an Indian scientist who
discovered the Raman phenomenon in 1928. This method is frequently employed to
characterize a variety of materials, such as gases, liquids, and solids and provide
comprehensive details regarding molecules bonding, composition, and structure,
thereby providing a distinctive molecular fingerprint, which aids in the identification
of different compounds[10]. Raman spectroscopy operates on the principle of
inelastic scattering of light, also known as Raman scattering. In this method, when a
ray of monochromatic light illuminates the sample, most of the light is elastically
scattered and a very small fraction of light approximately 1 in 10 undergoes inelastic

scattering. The elastically scattered light results in generation of Rayleigh lines also
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known as Raman lines and have the same frequency as that of incident light. Whereas,
inelastic scattered light results in manifesting of stokes and anti-Stokes lines with a
shift in energy. In Stokes scattering, the scattered light possesses a lower frequency
compared to the incident light, whereas in anti-Stokes scattering, the scattered light
has higher energy relative to the incident light. This shift in energy towards higher and
lower energy sides is known as Raman shift gives information about the molecules

vibrational modes present in sample[11, 12].

Laser
Source

[ ]
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Filter
— = /

Sample Focusing Notch Filter Entrance Slits Grating
lens

Detector

Figure 2.8 Schematic of a Raman spectrometer setup.

The experimental setup of the Raman spectrometer is shown in Figure 2.8 which
consist of a laser source, sample illumination system and a spectrometer. Lasers as a
source of light is favored in Raman spectrometer owing to their monochromaticity,
high-intensity nature, resulting in favorable signal-to-noise (S/N) ratios. Moreover, this
technique often outperforms IR spectroscopy in its ability to analyze inorganic systems
in aqueous solutions. This advantage arises because Raman spectroscopy is based on
molecular polarizability, rather than relying on changes in the electric dipole moment
during molecular vibrations, as is the case with IR spectroscopy. This technique is
extremely useful in fields of nanotechnology, especially for biotechnology, where only
small amount of sample is sufficient for its analysis. In addition to this, Raman
spectroscopy is an important tool for providing insights into the presence of structural

defects in carbon based nanomaterials. Here, we use WITec alpha 300 RA Raman
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spectrometer to detect and measure the defects and various vibrational bonds present in

reduced graphene oxide and its heteroatom doped variants.

2.3.4 Field Emission Scanning Electron Microscopy (FESEM)

FESEM is an advanced microscopy technique that utilizes a field emission source to
obtain the high-resolution images of the sample surface by scanning the surface of
sample in zigzag pattern. It is similar to scanning electron microscopy(SEM) technique
expect that it uses field emission gun as its electron source, which enables a narrower
electron beam and much improved resolution compared to conventional SEM technique
[13]. FESEM also gathers secondary electrons using a scintillator detector, which then
transforms them into photons. However, as FESEM operates at higher vacuum levels,
the sample must be coated with a very thin layer of gold (Au) or palladium (Pd) to
improve conductivity and imaging quality. Figure 2.9 shows the typical setup of the
FESEM, consisting of field emission gun that emits a narrow beam of electrons which
is collimated through electromagnetic lenses to form a thin monochromatic beam. This
highly focused electron beam when interact with the sample, several complex process
will take place which results in generation of various types of electrons such as
secondary electrons, backscattered electrons, auger electrons etc., each with distinct
characteristics and significance. Secondary and backscattered electrons are essential for
imaging samples. Secondary electrons are emitted when primary electrons collide with
the specimen, transferring enough energy to eject lower-energy electrons from the outer
atomic shells. Their low energy and high sensitivity to surface features make them vital
for topographic imaging, resulting in high-resolution images with fine surface detail.
Backscattered electrons, on the other hand, are primary electrons that are elastically
scattered off the atomic nuclei and return to the detector and are mainly responsible for
image contrast based on the composition. FESEM is notably more effective than
conventional SEM, providing images with spatial resolutions as fine as 0.5 nanometers
and significantly reduced electrostatic distortions making it particularly useful for
examining nanoscale structures, materials, and biological specimens[14]. Zeiss Gemini
SEM 500 field emission scanning electron microscope is used to examine the surface

morphology of nanomaterials and nanocomposite films.
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Figure 2.9 Schematic illustrating the components of FESEM

2.3.5 Energy-dispersive X-ray Spectroscopy (EDS or EDX) for Elemental Analysis

It is an analytical technique used to determine the different elements present in the
sample. In this technique, when high energy electrons remove the electron from
innermost shell of atom, then transition of electrons from higher state to lower state take
place which results in emission of characteristic x-ray[15]. The energy of these
characteristic x-rays depends on the energy level difference of electrons in atom, which
in turn depends on atomic number. Therefore, by measuring the energy of these emitted
x-ray by energy-dispersive detector in EDS system, elemental composition can be
easily identified as each element in the sample emits X-rays at specific energy levels,
which correspond to its unique atomic structure. This technology enables a quick and
accurate determination of the elemental composition, making it particularly valuable for
examining the chemical makeup of solid materials, thin films, and nanostructures. In
this work, we have used EDS technique to evaluate the presence of boron, nitrogen

elements in rGO matrix which is attached with Zeiss Gemini SEM 500 for EDS studies.
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2.3.6 X-ray Photoelectron Spectroscopy (XPS)

It is an analytical technique utilized to characterize a material's surface, providing
comprehensive details about the elemental composition, chemical states, and electronic
surroundings of atoms on a material's surface[16]. The technique is based on the
photoelectric effect, where the material is irradiated with monochromatic soft X-rays
(commonly MgK, (1253.6 eV) or AIK, (1486.6 ¢V)). The kinetic energy of the emitted
electrons is then measured, and the resulting data displayed in terms of number of
electrons detected as a function of their energy (ranging from 0 to the source energy).
Moreover, when X-rays with a known energy hv irradiates the specimen, and electrons
with a binding energy of Ep are released and the kinetic energy (Ek) of these electrons is

measured by the spectrometer and given by the following equation

Ex = hv —Ep — ¢s — ¢sp (2.2)

Here ¢p5 and ¢psp are the work function of specimen and spectrometer. This measured
kinetic energy of electrons is then used to deduce the binding energies of electron. As
the binding energy is characteristic of specific elements and their chemical states, XPS
provides both qualitative and quantitative information about the elements present on the

surface[17].

A schematic representation of the key components in an XPS setup is illustrated in
Figure 2.10 which comprises of an X-ray source, sample holder, an electron energy
analyzer, and detector, all operated under ultra-high vacuum (UHV) conditions. The
setup also includes electronics to convert the detected current into a readable spectrum.
In this study, Nexsa Surface Analysis XPS spectrometer of thermoscientific with
hemispherical analyzer chamber is utilized to check the presence of different
heteroatom in rGO matrix and analyze their chemical structure. The sample's position
can be adjusted along multiple axes, and rotationally (6) using a manipulator. Emitted
photoelectrons are collected by a four-element lens and analyzed with a hemispherical
analyser. Data acquisition is performed via a channeltron and subsequently processed

using a computer.
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Figure 2.10 A schematic illustration of the XPS system, highlighting the various components
involved in its operation.

2.3.7 Polarization vs Electric Field Measurements (P-E Loops)

The polarization-electric field (P-E) measurements are used to analyze the distinctive
behavior of ferroelectric materials, which possess spontaneous electric polarization. In
this method, an electric field is applied across the sample, and polarization induced
across its surface is measured, which provides important insights into the material's
ferroelectric characteristics, such as domain switching behavior and polarization
saturation. Ferroelectric materials possess intrinsic electric polarization, which can be
modified and reoriented through external electric field application. Initially, dipoles in
ferroelectric materials are randomly oriented, resulting in net zero polarization.
However, once the electric field is applied, the dipoles start to align in the same
direction, resulting in net polarization. Up until saturation, this polarization grows;
beyond that, additional increases in the electric field have no effect on the polarization.
When the electric field is reduced to zero, the dipoles remain in their reoriented state,
leading to residual polarization. The dipoles eventually shift to the opposite orientation
as the field is reversed in the negative direction. When the field reverts to zero

following this reversal, the negative remnant polarization occurs. This entire process
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generates a characteristic hysteresis loop, reflecting the material's ferroelectric behavior.
Important details concerning ferroelectric properties like remnant polarization, coercive
field, and domain stability can be learned from the P-E loop size and shape. The charge
generated across the sample is measured by the Sawyer-Tower circuit. A reference
capacitor with much lower capacitance than the ferroelectric sample is placed in series.
In this setup, a reference capacitor with much lower capacitance than the ferroelectric
sample is placed in series for less voltage drop across it. This design distributes the
majority of the applied voltage over the ferroelectric sample, whereas the voltage
measured across the reference capacitor reflects the sample's polarization. In present
work, ferroelectric properties of PVDF and PVDF nanocomposite films/fibers are
examined using Marine India P-E loop tracer by sandwiching these films between two

metal electrodes.

2.3.8 Dielectric/Impedance Analyzer

Dielectric measurements evaluate a material's dielectric characteristics, or how it reacts
to an electric field. It evaluates a material's ability to absorb and release electrical
energy, which is important in applications requiring insulators, capacitors, and other
electronic devices. When assessing a material's appropriateness for electronic and
energy applications, its permittivity (dielectric constant), dielectric loss, and electrical
conductivity are all determined by these measures. The method can be used to evaluate
variations in parameters such as the loss factor (tand) and real and imaginary
permittivity (¢' and €") with respect to changes in temperature or frequency. In the
dielectric measurements, a thin film of polymer and polymer nanocomposite is
sandwiched between two brass plates acts ac electrode and its capacitance is measured.
The formula for the capacitance of the parallel plate capacitor with dielectric material
inserted between them is given by the following equation

g'gpA
d

C= (2.3)

where, C is capacitance of sample measured, €’ is dielectric constant of material, & is

permittivity of free space, A is area of electrode, and d is thickness of film. In addition,
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the loss tangent (tand) and imaginary component of dielectric (¢") of the samples are

given as
g = ¢g'tand 2.4)

Here, tand represents the "dielectric loss tangent," which denotes the energy lost from

the applied field into the sample.

The setup for the dielectric measurements encompass the feature of varying frequency
and temperature, therefore by altering these parameters, various parameters such as
inductance (L), capacitance (C), and resistance (R) can be measured. In the present
work, we have used Agilent E4980A precision LCR meter to perform the dielectric

measurements in 20 Hz- 104 Hz frequency range.

2.3.9 Atomic Force Microscopy (AFM)

AFM is a scanning probe microscopy technique which is designed to study the surface
topography of the samples. This technique is first developed by the prominent scientists
Gerd Binnig, Calvin Quate, and Christoph Gerbe in 1986 and thereafter it becomes one
of the powerful tool used in several field to provide high-resolution topographical
images of sample surface, including conducting as well as non-conducting samples
[18]. The fundamental principle of AFM is based on the interactive force between
probe/tip of the cantilever and sample surface. In this method, when the AFM tip
mounted on flexible cantilever scans across the sample surface, it deflects the cantilever
due to force between tip and sample. These deflections are monitored by the laser beam
reflected off the cantilever and fed onto photodetector to construct detailed image of
surface topography. The schematic representation of AFM working mechanism is
illustrated in figure. Furthermore, the separation between the probe's tip and the sample
is depend on the type and magnitude of force experienced between them (Figure 2.11).
If the relative distance between probe and sample is less than 0.1 nm, quantum
mechanical exchange-correlation force predominates because of overlapping of probe
wave function with sample wave function. Whereas, van der Waals force predominates

when the value of relative distance between probe and sample is greater than or equal to
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1 nm, and this force is attractive in nature (Figure 2.12). Therefore, by analyzing the
different types of force and their magnitude, one gets information about the surface

features/properties of the sample[19].

Deflection Topograph
DC Signal [ S 2 #l Friction

Figure 2.11 Schematic showing the components of a AFM.

The AFM can mainly operate in three different modes: contact mode, non-contact mode
and tapping mode to analysis the surface topography of the samples. In contact mode,
the probe is in constant contact with the sample as it scans over the sample surface to
provide high-resolution image. However, this method exerts lateral force on the sample
therefore not suitable for analysis of surface for soft or delicate materials. In non-
contact mode, the probe is not in direct physical contact by sample surface, but interact
with attractive van der Waal forces. This method is suitable for soft and sensitive
samples. Whereas, in tapping mode the probe is in periodic contact mode with the
sample surface as the cantilever is set to oscillate near its resonant frequency, which
reduces damage on sample surface and increase the deflection amplitude. Thus,
improve the feedback loop control for providing high-resolution images of surface

topography without continuous direct contact.
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Figure 2.12 Variation in force of interaction between tip and sample as a function of distance.

2.3.9.1 Kelvin Probe Force Microscopy (KPFM)

KPFM is an advanced non-contact variant of AFM technique utilized to determine
surface potential and work function variations between tip and sample at nanoscale
precision. It is an effective technique for studying the behavior of materials in a range of
domains, including semiconductors, photovoltaics, nanotechnology, and corrosion
research, because it can offer high-resolution electrical property mapping in addition to
surface topography[20]. KPFM operation mainly relies on measuring the change in
electrostatic force between AFM tip and sample surface which arises due to difference
in their work function. The work function of the sample can be estimated by the

following equation[21]

brip = Ps + eVepp (2.5)

Where, ¢, and ¢ is the work function of tip and the sample Vpp is the contact
potential difference between them. Therefore, when we bring tip and sample close to
each other, it results in generation of contact potential difference between them. This
contact potential difference (CPD) can be compensated by applying the external voltage
known as bias voltage between tip and sample, which will nullify the electrostatic force

between them. When the bias voltage is equal to the contact potential difference
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between tip and sample, no force will be experienced by tip. Thus, by measuring this
CPD value of a sample, we can estimate the amount of charge generated on the sample

and work function of the material.

In the current study, we utilized the Bruker Dimension Icon XR system to measure the
work functions of polymer and polymer nanocomposite films and fibers. This advanced
system is also employed to analyze the surface potential of these materials, providing
detailed insights into their electrical properties at the nanoscale. Through the precise
measurements offered by the Bruker Dimension Icon XR, we gained a comprehensive
understanding of the variations in surface potential and work function, which are crucial
for optimizing the performance of triboelectric nanogenerator for energy harvesting

applications.

2.3.10 Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy is an analytical technique that employs electromagnetic radiation
in the ultraviolet and visible spectrum to investigate electronic transitions among atoms,
ions, and molecules. It works on the principle of interaction of light with matter. When
ultraviolet or visible light passes through a sample, certain wavelengths are absorbed by
the molecules present, triggering electronic transitions that cause electrons to move
from one energy level to another. Each molecule uniquely absorbs specific wavelengths
of light, resulting in a characteristic absorption profile. By analyzing these wavelengths,
researchers can determine the energies associated with these transitions, gaining
valuable insights into the molecular structure and properties of the sample[22]. This
technique provides crucial insights into the absorption characteristics of different
substances and finds applications across numerous fields, including biotechnology,
biochemistry, and materials science. Consequently, it serves as an essential tool for
characterizing the optical properties of a wide range of materials, such as polymers and
nanoparticles. Figure 2.13 demonstrates the working mechanism of UV-Vis

spectrometer.
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In the present work, we have used UV-Vis spectroscopy technique to record the
absorbance through methylene blue dye solution. The Beer’s Lambert law is used to
measure the absorbance, which correlates concentration of solution and path length of
light through solution to the absorbance of light. The absorbance (A) can be given by

the following equation;
A= logIL = ecL (2.6)
0

Here, I is the intensity of incident light, I, is intensity of light after passing through
sample, € is molar absorption coefficient, ¢ is molar concentration, and L is optical path
length. In present study, Perkin Elmer lambda UV-Vis spectrometer is employed for

absorbance measurements.

2.4 Electrical Measurements of Nanogenerators

The electrical characterization of the piezoelectric nanogenerator, triboelectric
nanogenerator and hybrid device is carried out by adhering the aluminum electrode onto
the polymer and polymer nanocomposite film. Copper wires are drawn from these

electrodes to establish the necessary electrical connections. The output performance of
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the nanogenerators is evaluated by tapping them with the help of a dynamic shaker
(Micron MEV-0025), which provides mechanical vibrations at variable forces and
frequencies. Voltage measurements are taken using a mixed-domain oscilloscope
(Tektronix MDQO34) with a TPP series probe (TPP0500B), while current measurements
are recorded with a digital multimeter (Keithley DMM7510). Additionally, a Keysight
electrometer (B2985B) is employed to monitor the current and charge generated by the
nanogenerators. A full-wave bridge rectifier IC (DB107) is used to measure the rectified

output performance of the nanogenerators in terms of voltage and current.
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Effect of pristine and heteroatom doped rGO on the
output performance of the PVDF nanocomposite based
piezoelectric nanogenerator for biomechanical energy
harvesting applications
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This chapter presents the development of piezoelectric nanogenerators for biomechanical energy
harvesting, enhanced by the incorporation of pristine and heteroatom-doped reduced graphene
oxide (rGO) into polyvinylidene fluoride (PVDF) nanocomposites. The study examines the influence
of rGO, boron-doped rGO, nitrogen-doped rGO, and boron-nitrogen co-doped rGO on the output
performance of piezoelectric nanogenerator (PENG). Among the fabricated devices, PVDF/BN-
rGO film based PENG demonstrated superior performance. This high-performing film is then
coupled with polydimethylsiloxane (PDMS) film to fabricate a hybrid nanogenerator capable of
harvesting mechanical energy through both piezoelectric and triboelectric effect. A maximum
voltage and current of 57.6 V and 28.8 uA is generated by this hybrid device. The improved
performance of the nanogenerator is ascribed to the synergistic effect of piezoelectric and
triboelectric effects together with the addition of co-doped rGO in PVDF matrix, which increases
the remnant polarization and dielectric property of the PVDF nanocomposite film. The present work

has shown the importance of rGO and its derivative for energy harvesting applications.
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3.1 Introduction

An upsurge in the growing energy demands, with the development of the Internet of things
(IoT), portable electronics, and wearable/wireless technologies has sparked great interest in
the field of energy harvesting technologies. Among the various energy harvesting
technologies, the scavenging of electrical energy from the wasted mechanical energy via
piezoelectric and triboelectric effects has stirred up a huge interest not only in overcoming
energy crisis issues to power the microelectronic system, but also in realizing their
application in designing a flexible, wearable, self-powered system [1-4]. In this direction,
a piezoelectric nanogenerator (PENG) devices have profound great importance in energy
harvesting due to their thin, highly flexible, and mechanical stretchable nature (in some
cases), which allows them to be mounted on any type of surface. However, there has been
only a minor improvement in the output performance of nanogenerators from a few nW to a
few uW since the invention of the first PENG, which hinders their application in high-
powered devices[5, 6]. Further, a triboelectric nanogenerator (TENG) based on
triboelectrification and electrostatic induction has demonstrated to generate more output
power with high energy conversion efficiency (85%), and its diverse material choice,
simple structure, cost-effectiveness, and ease of fabrication make it more promising to
scavenge energy under different small mechanical and biomechanical actions with variable
amplitude and frequency [7-9]. However, standard practices used for enhancing the
performance of TENG, such as, physical and chemical surface modification [10], charge-
injection [11], printing of specific structure [4], and electric polarization [12] are
complex and difficult to implement on large scale. Therefore, integrating both piezoelectric
and triboelectric effects to harvest energy from a single source (mechanical energy),
presents a promising strategy for developing self-powered and sustainable power systems
with improved energy conversion efficiency[13]. This approach is advantageous because
the fabrication of piezo-triboelectric hybrid nanogenerators does not require significant
alterations to the device structure. The only key requirement is that one of the two selected
triboelectric materials must also possess piezoelectric properties. In this regard,
polyvinylidene fluoride (PVDF), a well explored piezoelectric polymer, known for its
excellent flexibility, biocompatibility and mechanical strength, making it an ideal candidate

for use as both a piezoelectric and triboelectric material[13-15]. PVDF exists in five
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distinct phases i.e. o, B, v, 6 and €, among which B(TTTT) and y(T3GT3G') phase are of
utmost importance due to the spontaneous polarization and high piezoelectric sensitivity.
The piezoresponse of the PVDF can be enhance further by addition of suitable materials in
it, for example ZnO[16, 17], PZT [18], BaTiO; [19], ZnSnO3 [20], NaNbO; [21],
KNbO;3 [22], and so on. Additionally, carbon-based materials like carbon nanotube (CNT),
graphene and its derivative, carbon black have been shown to significantly improve the
performance of piezoelectric nanogenerators (PENGs). These materials aid in nucleation,

dipole alignment, stress reinforcement, and the formation of micro-capacitors.

Zhang et.al. reported a flexible PENG by adding graphene oxide (GO) and reduced
graphene oxide (rGO) in PVDF polymer matrix [23]. The results show that, rGO
incorporated in polymer matrix has higher content of B phase and can generate high
voltage and current as compared to GO. A maximum voltage and current of 16 V and
700 nA is generated by PVDF-rGO based PENG. The fact that rGO has fewer
functional groups than GO accounts for its higher output. Tiwari et.al. reported that
addition of sulfonated graphene oxide in polymer nanofiber decreases the diameter of
fiber and enhances the electroactive phase upto 88% confirmed by spectroscopic and
thermal studies[24]. Karan et.al. demonstrate a self-poled Fe-RGO/PVDF based PENG
with 5.1 V output voltage, which is 12 times greater than the voltage produced by the
pristine PVDF film [25]. This enhancement in performance of PENG is attributed due
to nucleation of y phase rather than electroactive  phase in PVDF which can stabilize
polar y phase upto ~99%. Marina et.al. recently reported manifestation of piezoelectric
properties in the vertically aligned CNTs after introducing nitrogen atom, where the
main source of existence of anomalous piezoelectric properties in nitrogen doped CNTs
is formation of bamboo-like bridges and pyrrole-like defects in the cavity of the
nanotube which results in an uncompensated dipole moment due to curvature of
graphene sheet surface [26]. Furthermore, recent doping of rGO with nitrogen has
shown to enhance the output performance of piezoelectric energy harvesting device by
improving rGO conductivity [27]. Because when we dope the nitrogen and other
heteroatoms in the rGO matrix, they react to vacancies and defects in the material,
improving its electrical and structural properties [28, 29]. Moreover, compared to single

heteroatom doped rGO, co-doping of two or more types of heteroatoms has shown
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better electrochemical properties and electrical conductivity As the addition of two
different types of dopants boron and nitrogen with alike size but with opposite doping
effect (p-type and n-type) in carbon network of GO can induce strong charge
polarization between boron and nitrogen atom and also helps in providing more active
sites for electrocatalytic activity and enhanced charge transfer abilities in comparison to
single heteroatom doped rGO due to synergistic effect of co-doping[28, 31].

In this chapter, we first design a flexible PVDF-based piezoelectric nanogenerator by
incorporating rGO, boron-doped rGO (B-rGO), nitrogen-doped rGO (N-rGO), and
boron-nitrogen co-doped rGO (BN-rGO) nanosheets, and demonstrated its potential for
biomechanical energy harvesting through various human motions. To further enhance
the nanogenerator output performance, we fabricate a hybrid piezoelectric and
triboelectric nanogenerator by combining the PVDF/BN-rGO film, which exhibits
superior piezoelectric properties, with a PDMS film as the two triboelectric layers. This
hybrid design shows that the introduction of BN-rGO into the PVDF matrix not only
improves its piezoelectric response but also enhances the triboelectric effect, resulting

in a more efficient configuration for harnessing mechanical energy.

3.2 Experimental Details
3.2.1 Materials

PVDF powder used in this work was procured from Alfa Aesar. Urea, boric acid,
potassium permanganate, sulphuric acid, graphite powder, orthophosphoric acid,
hydrochloric acid, hydrogen peroxide, N, N di-methyl formamide were procured from
Fisher Scientific. Polydimethylsiloxane (PDMS) was procured from dow corning. All

the chemicals utilized are of analytical grade.

3.2.2 Synthesis Procedure for rGO, B-rGO, N-rGO, and BN-rGO

A modified hummers method was used to synthesize graphene oxide(GO) from graphite
flakes[32]. In order to synthesize BN-rGO, 0.5g of boric acid and 0.5g of urea is added
simultaneously in 70 ml aqueous solution of GO (1.5 mg/ml) and ultrasonicated for 1
hour for uniform dispersion. The prepared solution was then transferred to a 100 ml

Teflon-lined autoclave for the hydrothermal reaction at 180° for 12 hr. The black
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precipitate obtained after natural cooling down of autoclave was then washed multiple
times with DI water ethanol and kept in oven 60°C for drying. A similar hydrothermal
procedure was used to make rGO, but without the use of any heteroatom sources.
Similarly, boron doped rGO (B-rGO) and nitrogen doped rGO (N-rGO) was synthesized
through a similar hydrothermal process by using boric acid and urea as precursors. The

schematic for hydrothermal synthesis of powder sample is shown in Figure 3.1(a).

3.2.3 Preparation of PVDF Nanocomposite and PDMS Films

The flexible films of the polymer nanocomposite materials were prepared via drop
casting method. Initially, PVDF and N, N dimethylformamide (DMF) were mixed
together in a 1:10 ratio and stirred to obtain a clear viscous solution. After that, 10 mg of
GO, B-rGO, N-rGO, and BN-rGO nanosheets were added separately to the above
solution and stirred for 45 minutes for uniform dispersion of nanosheets. The obtained
solution was then drop cast on the glass substrate and kept in the hot-air oven at 90° for 2
hours (Figure 3.1(b)). Then, by dipping the films in DI water, the films were detached

from the glass substrate and freestanding films of PVDF nanocomposites were obtained.

ﬁd) GO suspension + \
Sonicated GO Boric Acid/Urea
suspension o
i IR N
((( >)) Drying & r
Grinding
i ﬁ’ ‘ﬁ’ Transfer to Heteroatom
3 Teflon lined Hydrothermal treatment d(?(];ed rGOI
autoclave at 180° for 12 hours powder sample
Stir for 30 min
6) - ~

rGO/ doped rGO /
nanosheets

Washing

’6 \ Drying at 90°C
+ A T k| —

PVDF + DMF Solution PVDF/doped rGO P\'DF/dOPGd ?"GO
composite casted over composite Film
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- /

Figure 3.1 A schematic showing the step by step procedure for (a) hydrothermal synthesis of
rGO and heteroatom doped rGO, and (b) synthesis of PVDF/ doped rGO composite film
prepared via drop casting method.
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A thin film of PDMS was 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.

3.2.4 Device Fabrication

To fabricate a PENG device, PVDF and its nanocomposite films were cut in the
requisite shape (with effective working area of 1.75 cm x 1.75 cm) and 100 nm thin
aluminium layer is deposited on both sides of film as top and bottom electrode by
thermal evaporation technique, then copper wires are attached on the two electrodes to

take measurements across the fabricated device.

To fabricate hybrid nanogenerator (HNG), the PVDF composite film with Al electrode
on both sides serve as bottom piezoelectric component of HNG, and a PDMS film with
a thin film of Al on back side, served as top component of HNG. Finally, both the films
were attached to an acrylic substrate, making HNG to operate in vertical contact-

separation mode.

3.3 Results and Discussion
3.3.1 Material Characterization

Figure 3.2 (a) shows the Raman spectra of as-synthesized nanosheets of rGO, B-rGO,
N-rGO, and BN-rGO respectively. Apparently, all the samples exhibit two characteristic
peaks assigned to D and G band at approximately 1344 cm™ and 1586 cm’,
respectively, while a wide 2D band corresponding to the carbon structure in rGO is
present around 2800 cm™!. The D band originates as a result of the structural defects and
partially disordered structure within sp? domain, whereas, G band arises because of Exg
vibration mode of sp? hybridization in a hexagonal lattice. It has been observed from
the spectra that the intensity ratio of the D and G band (Ip/Ig) which can be used to
evaluate the degree of disorder in graphene materials, increases after the incorporation

of foreign heteroatom (i.e. boron and nitrogen) in rGO. In comparison to rGO
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(In/16=0.99), the ratio of Ip/Ig for B-rGO, N-rGO and BN-rGO increased to 1.01, 1.02
and 1.04, respectively, indicating successful doping of boron and nitrogen respectively.
The following factors can be responsible for increase in the value of the In/Ig ratio (a)
increase in the number of vacancies or defects after doping of heteroatom which cause
lattice distortion by increasing disorder; (b) complex bonding configurations (C-B, C—
N, and C-N-B) cause severe electronic asymmetry and polarization [33]. Moreover, the
largest value of Ip/Ig ratio in BN-rGO shows the highest structural defects and most

complete reduction.
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Figure 3.2 (a) Raman spectra, (b) XPS survey spectra of the rGO, B-rGO, N-rGO and BN-rGO
powder sample.

To further confirm the successful doping of boron and nitrogen in rGO, X-ray
photoelectron spectroscopy analyses (XPS) was conducted. Figure 3.2 (b) shows XPS
survey spectra of pristine rGO, B-rGO, N-rGO, and BN-rGO where two additional
peaks at 191eV (Bls) and 400.1eV (N1s) shows that boron and nitrogen atoms are
successfully doped in corresponding samples. Also, it has been observed that the
oxygen contents in B-rGO, N-rGO, and BN-rGO is relatively low than in rGO, which is
ascribed to the effective removal of oxygenated groups (i.e., carboxyl, hydroxyl) in the
hydrothermal process. Also, the high concentration of nitrogen in BN-rGO as
compared to N-rGO, indicates the mutual promotion of heteroatom (boron & nitrogen)

in co-doping process.
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Figure 3.3 Deconvoluted Cls core level XPS spectra of (a) rGO, (b) B-rGO, (c) N-rGO and (d)
BN-rGO.

The high-resolution Cls spectra of rGO (Figure 3.3 (a)) was deconvoluted in four
distinguishable peaks at 284.5 eV, 285.4 eV, 288.2 eV, 290.6 eV corresponding to sp?
hybridized C=C, C-O, C=0, and O-C=0 respectively[30]. The Cls spectra of B-rGO
and N-rGO also exhibit the same functional group as that of rGO except that in B-rGO
peak at 290.6 eV is shifted to 290.1 eV and this new peak corresponds to the C-O-B
bond, whereas in N-rGO this peak disappears and a new peak corresponds to the C-N
bond is observed at 285.8 eV (Figure 3.3 (b-c)). Furthermore, Cls spectra of BN-rGO
exhibits the new peaks corresponding to C-O-B and N-C=0 (289.1 eV), as well as C-B
(285.06 eV), C-N (287 eV) in addition to the characteristic peak of C=0, O—C=0 and
sp? hybridized C=C, indicating the successful doping of boron and nitrogen atoms [34]
(Figure 3.3 (d)).
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Figure 3.4 Deconvoluted Bls core level spectra of (a) B-rGO, and (b) BN-rGO, N1s core level
spectra of (¢) N-rGO and (d) BN-rGO samples

The high resolution Bls spectra of B-rGO and BN-rGO is shown in Figure 3.4 (a-b),
which is deconvoluted in three peaks at binding energies 191.3, 192The Bls spectra
demonstrates that boron can exist in three different form, first is by substitution of
carbon atom by boron atom in the rGO network to form bond BCs, second is co-doping
with the oxygen to form BC,0 bond which creates nanovoids in layer and third is BCO»

bond resulting from the formation of functional groups[37] [38, 39].

There are three major nitrogen bonded configurations in the N1s XPS spectra of the N-
rGO i.e. pyridinic N (398.3), pyrrolic N (399.7 eV), and graphitic N (401.6 eV) as
shown in Figure 3.4 (c). It has been observed that the Nls spectra of the BN-rGO
change significantly as compared to the N-rGO. The spectra show the four peaks
corresponding to pyridinic N (398.1), pyrrolic N (400.1 eV), graphitic N (401.3 eV),
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and C-N-B (399.5 eV) respectively (Figure 3.4 (d)). The presence of C-N-B bonds
suggests that some of the carbon atoms among the C-N bond are displaced by boron
atoms and combined with neighbouring nitrogen atoms and sub-adjacent carbon atoms

to form C—N-B [40, 41].

Furthermore, all of the samples were also analysed for morphology and elemental
composition. Figure 3.5 (a-d) shows the FE-SEM micrograph of rGO, B-rGO, N-rGO,
and BN-rGO which shows that all the samples exhibit laminated structure comprised of
planar sheets with wrinkled surface and corrugations because of doping of boron and
nitrogen atom together with the residual functional groups. Moreover, the elemental
composition of heteroatom doped rGO was further confirmed by EDX analysis. Figure
3.5 (e) depicts the EDX spectra of BN-rGO nanosheets with the corresponding element
maps of C, O, B and N (Figure 3.5 (f-1)) which further confirms that boron and nitrogen

have been successfully doped in rGO.
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Figure 3.5 FE-SEM micrographs of (a) rGO, (b) B-rGO, (¢) N-rGO, (d) BN-rGO, and (e-i)
EDX spectrum with the elemental mapping image of all element present in BN-rGO.

3.3.2 Films Characterization

As we know that high content of electroactive polar phase (i.e. B and y phase) in PVDF
is desirable for improved piezoelectric properties. Therefore, XRD and FTIR analysis

was used to confirm presence of various phase of PVDF and to investigate the effect of
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doping of rGO, N-rGO and BN-rGO on the PVDF crystalline structure. Figure 3.6 (a)
depicts the XRD pattern of pristine PVDF and heteroatom doped rGO based
nanocomposite films, which consists of two characteristic peaks one ascribed to non-
polar o phase at 18.4° and another at ~20.2° corresponds to electroactive polar phase of
PVDF [42] are observed in all samples. It has been observed that compared to pristine
PVDF film, the peak intensity corresponding to polar electroactive phase increases in
PVDF nanocomposite films. This indicates that even a small amount of pure rGO and
doped rGO is sufficient to nucleate polar electroactive phase, that can enhance the

overall piezoelectric response of the PVDF polymer.
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Figure 3.6 (a) XRD and (b) FTIR spectra of PVDF, PVDF/rGO, PVDF/N-rGO and PVDF/BN-
rGO thin film, (c) polarization versus electric field (P-E) hysteresis loop and (d) room
temperature dielectric constant of PVDF and PVDF nanocomposite films after doping of rGO,
N-rGO and BN-rGO.
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The content of electroactive polar phase in PVDF and composite films are determined
using FTIR. Figure 3.6 (b) shows the FTIR spectra of PVDF, PVDF/rGO,PVDF/B-
rGO, PVDF/N-rGO and PVDF/BN-rGO films, showing that all samples exhibit
characteristic peak at 840 cm™ corresponding to the combined B and y phase of PVDF.
The peak ascribed to non polar a-phase is marked by the peak at 612, 762, 795 and
1382 cmt, while peaks at 1279, and 1400 cm™ attributed to the polar p and y phase of
the PVDF[43, 44]. The relative fraction of electroactive polar phase of PVDF can be

calculated by Beer-Lambert law given by the equation
F(EA) = —280 % 100% (3.1)

k840)
A +A
(k762 7621t Asg40

where A, and Ag are absorbance at 762 cm™ and 840 cm!, ko =6.1 x 10* cm?/mol and kg
= 7.7 x 10* cm?*/mol represents absorption coefficients at corresponding wavenumber
[45].

For the PVDF, value of the fraction of electroactive polar phase content is 61.34%
while after doping of rGO, B-rGO, N-rGO and BN-rGO in PVDF its value increases
upto 75%, 80%, 85.27% and 87.1%, respectivly. It was observed that the value of
electroactive polar phase in the PVDF/BN-rGO composite film is highest among all
the doped samples. The substantially increased value of electroactive polar phase
results from the increased electrostatic interaction of —CH, and —CF> dipoles of PVDF
with surface charge (developed due to presence of B, N particles, oxygen containing
functional groups and delocalized n electron in rGO) of BN-rGO as shown in
schematic drawn in Figure 3.7. Therefore, when we insert it into PVDF, the positive
charge present at the basal plane of BN-rGO interact with the flourine group of PVDF
i.e. boron and carbonyl group in BN-rGO interect with flourine group of PVDF.
Also, the H atom in —CH2/-CF, dipole tends to approach BN-rGO surface, and
interact with nitrogen and oxygen containing functional groups present in BN-rGO
which assist rotation of polymer chain for formation of all trans conformation. Thus,
these results indicate that additon of BN-rGO in PVDF induces polar phase formation
by providing a substrate for the crystal nucleation in PVDF and thus, acts as a

nucleating agent.
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Figure 3.7 A schematic illustration of interaction of BN-rGO nanosheet with the PVDF chain.

Furthermore, to analyze the effect of doping on ferroelectric properties of PVDF,
polarization versus electric field (P-E) measurements are carried out on PVDF and PVDF
nanocomposite films as illustrated in Figure 3.6 (c). The P-E measurements results clearly
affirmed the enhanced ferroelectric behavior of PVDF after incorporation of rGO and
heteroatom doped rGO in polymer matrix. The values of the remnant polarization (Pr)
obtained from P-E loops for PVDF, PVDF/rGO, PVDF/B-rGO, PVDF/N-rGO and
PVDF/BN-rGO are 0.21, 0.30,0.32, 0.33 and 0.37 uC/cm respectively. The enhanced
value of the remnant polarization depicts that addition of rGO and heteroatom doped rGO
helps in alignment of dipoles in P\VDF which result in an increased electroactive polar
phase in nanocomposite films. To further support the enhancement in the performance of
the nanogenerator, the frequency dependent dielectric measurements were carried out on
pristine PVDF and PVDF nanocomposite films using the LCR meter at room
temperature. Figure 3.6 (d) shows the variation in the dielectric constant of pristine PVDF
and PVDF nanocomposite films after doping of rGO and heteroatom doped rGO in the
polymer matrix. It has been observed from the graph that after doping of rGO, B-rGO, N-
rGO and BN-rGO in the PVDF matrix the value of dielectric coefficient is enhanced
significantly. The value of dielectric constants for PVDF, PVDF/rGO, PVDF/B-rGO,
PVDF/N-rGO and PVDF/BN-rGO are 2.6, 4.1, 5, 8.2 and 9.2 respectively. The highest
dielectric constant value of PVDF/BN-rGO sample can be attributed to improved surface
charge density of film after boron and nitrogen co-doping in the rGO structure, which

increases the dielectric constant[27].
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The surface morphology of PVDF, PVDF nanocomposite films are shown in Figure 3.8
(a-e) which shows that heteroatom doped rGO is uniformly distributed in PVDF matrix
while slight agglomeration of rGO nanosheets is observed in PVDF/rGO comosite film.

Figure 3.8 SEM images of (a) PVDF, (b)PVDF/rGO, (c) PVDF/B-rGO, (d) PVDF/N-rGO, (e)
PVDF/BN-rGO films.

3.3.3 Electrical Characterization of PENG

To evaluate the piezoresponse and energy harvesting performance of the PVDF, rGO
and heteroatom doped rGO nanocomposite films, the films were sandwiched between
two aluminum electrodes to fabricate PENG device and their output performance were
examined by continuous tapping of the nanogenerator with the help of commercially
available electrodynamic shaker at 6 Hz frequency. The voltage produced by pristine
PVDF, PVDF/rGO, PVDF/B-rGO, PVDF/N-rGO, and PVDF/BN-rGO film based
nanogenerators are shown in Figure 3.9 (a). The results demonstrate that among the
various fabricated PENG, the highest voltage of 20.4 V(peak to peak) is generated by
PVDF/BN-rGO based composite film which is ~2 times greater than the voltage
generated by PVDF film. Furthermore, we have also performed short-circuit current
measurements at the same frequency and amplitude as applied in voltage measurements
case, and the corresponding values of the rectified current obtained for PVDF,
PVDF/rGO, PVDF/B-rGO, PVDF/N-rGO, and PVDF/BN-rGO nanocomposite films
based nanogenerators are 2.6 pA, 5.1 pA, 5.9 pA, 8.7 pA and 15.9 pA respectively
(Figure 3.9 (b)).
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Figure 3.9 (a)The open-circuit voltage, and (b) rectified short-circuit current produced by
PVDF, PVDF/rGO, PVDF/B-rGO PVDF/N-rGO, and (d) PVDF/BN-rGO nanocomposite film
at 6 Hz frequency.

Figure 3.10 (a) depicts the open-circuit voltage of PENGs as a function of tapping
frequency, indicating that all films follow a similar pattern in which the output voltage
first increases and reaches a maximum at 6 Hz frequency, then begins to decrease as
frequency increases. The maximum peak to peak voltage achieved by PVDF,
PVDF/rGO, PVDF/B-rGO, PVDF/N-rGO, PVDF/BN-rGO nanocomposite films are
9.2V, 124 V, 138 V, 142 V, and 20.4 V respectively. The open-circuit voltage
generated by PVDF/BN-rGO nanocomposite film based PENG by varying the input
frequency in the range from 1Hz to 10 Hz is illustrated in Figure 3.10 (b).
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Figure 3.10 (a) PENGs output performance analyzed by varying the input frequency in the

range from 1Hz to 10Hz, (b) PVDF/BN-rGO nanocomposite fim-based PENG output voltage as
a function of variable frequency.
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These results demonstrate that in both the voltage and current measurement, the
maxium value corresponds to the PVDF/BN-rGO films based nanogenerator. The
enhanced piezoelectric performance of PVDF/BN-rGO film in comparision with
PVDF film may be attributed to the following facts: First, is the enhanced nucleation
of polar phase after introduction of BN-rGO in PVDF matrix which increases
remanant polarizaton of the nanocomposite film as confirmed by XRD, FTIR and P-E
studies. Second, is that addition of rGO in PVDF increase the local stress of the film,
which boosts the mechanical property of nanocomposite film[46]. Third, is that when
we add B, N co-doped rGO in PVDF matrix, it forms conduction network in the
polymer matrix which can effectively reduce internal resistance of PENG resulting in
faciliating better charge transfer and hence enhanced output voltage. Fourth is that,
although graphene is non-piezoelectric, but Ong et.al. demonstrated by first principal
study that piezoelectricity in graphene can be induce by selective surface adsorption
of atoms which break the inversion symmetry in graphene and hence exhibit

piezoelectricity[47].

3.3.4 Electrical Characterization of Hybrid Nanogenerator

It may be noted that even though the PENG based on PVDF/BN-rGO has the highest
output power, but it is not sufficient to drive the practical devices. Therefore, to further
improve the mechanical energy conversion efficiency of device, we fabricate a hybrid
nanogenerator (HNG) which will utilize both triboelectric and piezoelectric effects in
single press and release cycle and enhances device performance [48, 49]. For this, we
have coupled the PDMS film with PVDF/BN-rGO nanocomposite film having highest
piezoelectric output as two triboelectric layer that works in vertical contact separation

mode.

A schematic of device structure of HNG is shown in Figure 3.11, where connection
from aluminium deposited on back side of PDMS and PVDF nanocomposite film gives
triboelectric output, whereas connection from top and bottom of PVDF nanocomposite

film gives the piezoelectric output. Furthermore, to mitigate the issue of voltage
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degradation arises from the mismatch between the internal resistance of triboelectric
and piezoelecric units, two full wave bridge rectifier are fed to output terminals of
triboelectric and piezoelectric units which helps in eliminating the voltage cancellation
effect arises due to phase mismatch. First, output performance of piezoelectric and
triboelectric nanogenerator are measured individually and then to acquire the combined
output of HNG the positive and negative terminal of the bridge rectifiers are short

together.

Acrylic Sheet

Acrylic Sheet

Al [ Double side tape

Figure 3.11 A schematic representation of piezo-tribo hybrid nanogeneration with the electrical
connections.

Figure 3.12 (a-d) demostrates the comparision of rectified output voltage and current
response of PVDF and PVDF/BN-rGO nanocomposite film generated from the
individual PENG, TENG and HNG. It is observed from graph that not only the hybrid
performance of the device get enhanced after addition of nanofiller in PVDF matrix,
but there is also significant enhancement in both the piezoelectric and triboelectric
performance of PVDF/BN-rGO film based nanogenerator when compared to PVDF
based nanogenerator. After incorporation of BN-rGO, the output voltage in
piezoelectric case increases from 6.4V to 15.2V, while in the case of triboelectric its
value increases from 16.8 V to 26.8 V. Moreover, when the both outputs are
combined, a rise in voltage observed from 25.2 V to 57.6 V for PVDF/BN-rGO
composite film based hybrid nanogenerator. The electrical current generated by
PENG, TENG and HNG are 11.7 pA, 18.2 pA and 28.8 pA for PVDF/BN-rGO
nanocomposite film whereas for PVDF film its values are 6.4 pA, 13.6 pA and

22.3 PA respectively.
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Figure 3.12 Comparision between the (a-b) rectified open-circuit voltage, and (c-d) short-
circuit current of piezo, tribo and hybrid nanogenerator of PVDF and PVDF/BN-rGO
composite film.

The high output performance of HNG in comparision with the PENG and TENG
component can be understood by the fact that when PDMS film and PVDF/BN-rGO
nanocomposite films are bring in contact with each other by external force, opposite
charges are produced on the surface due to triboelectrification. On further increase in
the external force, a net non-zero dipole moment is induced in the PVDF/BN-rGO
nanocomposite film which creates an piezoelectric potential between upper and lower
surface of the nanocomposite films. As a result, additional charges are induced on the
surface of the electrode due to synergetic effect of both piezoelectric potential and
triboelectric charge which contribute in improving the output performance of the hybrid
nanogenerator[50, 51]. The load matching studies of HNG is shown in Figure 3.13,
showing a maximum power density of 70.65 pW/cm? generated by the HNG at 1 MQ

resistance.
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Figure 3.13 The output voltage and power density curve of PVDF/BN-rGO film based HNG as
a function of resistance.

3.3.5 Applications of PENG and Hybrid Nanogenerator
3.3.5.1 Biomechanical Energy Harvesting using PENG

Furthermore, the as fabricated nanogenerator is utilized to harness biomechanical energy
from human body by attaching it to different parts of the body and a schematic
representation of human body parts from which energy has been harvested is shown in
Figure 3.14 (a). Figure 3.14 (b-d) illustrates the output voltage generated by PENG by
tapping it with one finger, two finger and thumb. The output voltage generated by
nanogenerator by clapping and attaching it to wrist, elbow, knee, and tapping it with foot
are illustrated in Figure 3.14 (e-i). The variation of the tapping with finger in slow,
moderate and high speed is also illustrated in Figure 3.14 (j). We also measured PENG
output voltage by bending elbow at various angles (30°, 45° and 90°) as illustrated in
Figure 3.14 (k). The above results demonstrate the flexible PVDF nanocomposite film
based PENG is an effective device that can harness biomechanical energy from the
human motion. Thus, by harvesting the energy associated with these various
biomechanical motions, it is possible to design a pervasive, sustainable and
environmental friendly energy solution for the bioelectronics which will revolutionize the

future of wearable electronics in upcoming era of 10T and artificial intelligence[47-49].
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Figure 3.14 (a) A schematic representation of different parts of human body from which energy
can be harvested. The output voltage generated by PBR film based PNG by (b) one finger, (c)
two fingers, (d) thumb tapping, (e) clapping, (f) wrist bending, (g) elbow bending, (h) knee
folding, and (i) foot tapping, (j) variation in the output performance of PNG by slow, moderate
and fast finger tapping, (k) The voltage produced by PNG by bending elbow at different angles.

3.3.5.1 Capacitior Charging and Powering of Electronic Devices

Figure 3.15 (a) shows the comparision of charging of 1uF capacitor by PENG, TENG
and HNG and their corresponding energy stored in the capacitor is calculated by the

formula W = %CV2 where W is energy, C is capacitance and V is the voltage. For the

PENG, TENG, and hybrid nanogenerator, the energy stored in the capacitor are ~4.5uJ,
~20.4 uJ and 28.8 pJ, respectively (Figure 3.15 (b)). The charging of various capacitor
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with the help of PVDF/BN-rGO composite film based hybrid nanogenerator is shown
in Figure 3.15 (c). The 1uF capacitor can charge upto 7.6 V in 40 s, while 2.2 pF, 10
MF and 47 uF capacitor can charge upto 7'V, 3.4 V and 1.1 V respectively.
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Figure 3.15 (a) charging of 1 pF capacitor by individual PENG, TENG and hybrid
nanogenerator, (b) energy stored in 1 yF capacitor by individual PENG, TENG and hybrid
nanogenerator, (c) capacitior voltage characteristic curves of 1, 2.2, 10, and 47 uF capacitor
charged through PVDF/BN-rGO composite film based HNG, (d) charging and discharging
cycle of 1 pF capacitor, (e) A photographic image of powering of 15 LEDs and a calculator by
the PVDF/BN-rGO composite film based hybrid nanogenerator.
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Figure 3.14 (d) demonstrates the charging and discharging characteristics of the hybrid
nanogenerator. Furthermore, to demonstrate the practical feasibility of PDMS and
PVDF/BN-rGO film based hybrid nanogenerator, the output power generated by the
hybrid generator is used to glow up 15 LEDs connected in series and powering of
calculator as shown in Figure 3.14 (e). Thus, the present work propose an effective
strategy for developing a high-performance energy harvester for self-powered wearable
devices by employing graphene and its derivative as an effective nanofiller material in a
PVDF matrix.

3.4 Summary

In summary, we have succesfully examined the effect of doped rGO nanosheets in
PVDF matrix for harvesting the mechanical energy from pure piezoelectric
nanogenerator, and piezo-triboelectric hybrid nanogenerator based structure. Among the
various fabricated devices, PENG based on PVDF/BN-RGO nanocomposite film has
highest peak to peak voltage of 20.4 V and current of 15.9 YA, which is greater than
pristine PVDF based PENG. This composite film was then coupled with the PDMS
film to fabricate the hybrid nanogenerator and can produce a maximum voltage of 57.6
V. The improved performance of HNG is ascribed to the improved piezoelectric and
triboelectric property of PVDF after addition of BN/rGO in it. The increase in the
piezoelectricity can be attributed to the fact that when we add the codoped rGO in
polymer matrix, the content of electroactive polar B-phase increases because of the
interaction between —CF,and —CH> groups of PVDF with the various groups present in
BN-rGO, resulting in an increase in piezoelectric properties of the nanocomposite film.
Also, additional surface charges are induced due to the synergic effect of piezoelectric
potential and trbioelectrictrification, which improves the output performance of the
HNG. Furthermore, the energy generated by the HNG is stored in the 1 uF capacitor
and used to lightup 15 series-connected LEDs and powering calculator. These results
showcase a novel strategy for enhancing nanogenerator performance and highlight the
potential application of the PVDF/BN-rGO hybrid nanogenerator in wearable and

bioelectronic devices.
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CHAPTER 4

Synergistic effect of N-doped rGO nanofillers
concentration and electrospinning technique on the
output performance of PVDF nanocomposite based
triboelectric nanogenerator for self-powered electronics
and wireless sensor applications

Metering Pump

L ht illumination when human motion is detected

Syringe

Polymer
Solution

Taylor Cone

As the power generated by piezoelectric nanogenerators (PENG) is insufficient to drive electronic
devices, the present chapter will focus on the fabrication of highly efficient triboelectric
nanogenerators (TENG) to harvest ambient mechanical. Specifically, two distinct strategies have
been employed to enhance the performance of TENG. The first method involves incorporation of
conductive nanofillers, such as reduced graphene oxide (rGO) and nitrogen-doped rGO (N-rGO),
while the second approach focuses on modifying the morphology of the triboelectric layer using
electrospinning techniques. By combining the electrical conductivity of rGO/N-rGO and the tailored
nanostructured morphology of electrospun PVDF fibers, the chapter investigates how these
strategies can improve energy harvesting efficiency. This study systematically examines the influence
of nanofiller concentration and fiber morphology on the triboelectric properties of the TENG,
aiming to optimize performance parameters. Additionally, the chapter highlights the potential of
these TENGs in powering portable electronics and smart systems, such as motion sensors for loT
applications. This work provides valuable insights into the development of efficient, flexible, and

sustainable power sources for the next generation of wearable and wireless technologies.
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4.1 rGO Embedded Polymer Nanocomposite Layer for Improved

Performance of Triboelectric Nanogenerator
4.1.1 Introduction

The global energy crisis with the technological advancement and increase in human
population has become one of the major problem that motivated the researchers all
around the world to actively seek for innovative solutions to generate electricity from
unconventional renewable energy sources. In light of this, various technologies have
been developed and studies are still ongoing to harvest energy from sustainable energy
sources, such as, solar, thermal, vibration, wind etc.[1-4] Among these technologies,
TENG operating on principle of triboelectrification and electrostatic induction have
garnered considerable attention as an innovative technology which converts mechanical
energy from diverse sources into electrical energy. Because of its working principle,
TENGs possess several advantages over other energy harvesting device due to their
outstanding performance in energy harvester with strong output signal, cost-
effectiveness, robustness, simple design, and abundant choice of materials[5-7]. Also, it
is well known that the surface charge density of triboelectric materials has a significant
impact on TENG output performance. Therefore, various methods have been adopted
by the researchers to improve TENG performance. Among, the various approaches, two
major approaches are: first one is to select a suitable friction material with markedly
different polarities and structural optimization as the performance of the device highly
depends on structure and material selection. The other method includes the surface
modification with micro/nanostructures formation, doping composition, and charge
injection to improve and regulate the friction ignition effect[8-10]. A lot of materials
organic, inorganic, polymer etc. have been explored since the invention of TENG in
2012 and their triboelectric series have been made, in which polymers currently
dominates the triboelectric series due to their high charge transfer capacity[11, 12].
PVDF is one of the most versatile polymer whichserve as negative triboelectric layer in
TENG due to its high electronegativity, and flexibility, which keeps PVDF in the
frontline of polymer to integrate with TENG[13-15]. Till now, several methods have
been used to boost the performance of PVDF based TENG by electrospinning,

microstructure formation, porous structure formation which increases the effective
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contact surface area of PVDF[16]. Another, possible way to enhance the output
performance of the PVDF based TENG is the addition of optimized concentration of
nanofillers in polymer matrix [17-19]. For this it has been observed that reduced
graphene oxide is preferred over the other materials because of its electron trapping
capabilities, good conductivity, and higher electronegativity which helps in in

efficiently capturing external electrons.

Hence, in this study, we propose a polymer composite film based TENG by coupling of
PVDF nanocomposite film with the nylon film. The rGO nanosheets with different
weight percentage (0.5, 1.0, 1.5, 2.0 wt%) are incorporated into the PVDF polymer
matrix and subjected to structural and morphological characterization to confirm
successful doping of nanofiller into polymer matrix. The TENG's electrical output
performance is optimized by subjecting it to tapping via a dynamic shaker at different
force and frequency parameters. A maximum voltage, and current of 95.9 V, and 16.8
LA is produced by device with 1.5 wt% of rGO. Furthermore, the device's ability to
harvest energy is showcased through capacitor charging and powering of LEDs. Thus,
the present studies demonstrate an easy and efficient approach for boosting TENG’s
performance by addition of the nanofillers and extend its potential application in self-

powered and wearable devices.

4.1.2 Experimental Details

In the present study rGO is synthesized using hydrothermal method as reported in our

previous study[21].

4.1.2.1 Synthesis of PVDF and PVDF/rGO Nanocomposite Films

For the synthesis of PVDF polymer nanocomposites films firstly, various weight
percentages of synthesized rGO (0.5, 1.0, 1.5 and 2.0 wt%) are mixed in 10 ml of N, N-
dimethylformamide and stirred vigorously until rGO completely disperse in the solvent.
Then, 1gm of the PVDF powder is slowly added to the prepared solution of rGO
dispersed DMF and stir for 30 minutes to form a homogenous composite solution.
Using a micropipette, the prepared solutions is drop casted onto the glass substrate and

dried in oven at 90° C. After natural cooling down, the films were immersed in distilled
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water to obtain the free standing composite films. The same procedure is used for

synthesis of the PVDF film without addition of the rGO.

The nylon films are synthesized by the phase-inversion processes reported by Soin et

al.[22]

4.1.2.2 Fabrication of TENG

Furthermore, TENG device is fabricated by assembling the PVDF and PVDF/rGO
nanocomposite with the nylon film in vertical contact-separation mode. For this, as
prepared PVDF/rGO nanocomposite and nylon films are cut into 2x2 cm? and used as
the two active triboelectric layers. Aluminum tape is applied to the back side of each

film to act as electrodes, while copper wire is utilized to establish electrical connections.

4.1.3 Results and Discussion
4.1.3.1 Material Characterization

Several characterizations techniques are used to confirm successful synthesis of reduced

graphene oxide (rGO).

Initially, different concentration of rGO (0.0, 0.5, 1.0, 1.5, and 2.0 wt%) are mixed
with PVDF to form the polymer nanocomposite films and are labelled as P, PR1, PR2,
PR3, and PR4 respectively. The crystallinity of PVDF and its composite films with
varied concentration of rGO (0, 0.5, 1.0, 1.5, and 2.0 wt%) are analyzed by the X-ray
diffraction measurements (Figure 4.1.1 (a)). All the films exhibit two characteristic
peak at diffraction angle of 20 =18.3° and 20.4° respectively. The peak at 18.3°
corresponds to (020) reflection plane and is associated with o phase, whereas peak at
20.4° is attributed to B phase of (110/200) reflection plane [23, 24]. As we increase the
concentration of rGO, the peak intensity associated with the § phase rises, but it falls
after 1.5 wt %. Furthermore, the peak conforming to rGO is not observed in XRD
spectra, which may be due to relatively lower diffraction intensity and lower
concentration of rGO in PVDF nanocomposite film. For, further better understanding
of crystallographic phase in polymer nanocomposite films, FTIR spectroscopy is

further used to quantify rise in the content of B phase of PVDF after doping it with
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rGO. Figure 4.1.1 (b) shows that several vibrational groups are present in FTIR
spectra of films and absorbance peaks corresponding to different phases (a, B, and y
phase) are indicated in the spectra[25]. Moreover, when we dope rGO in the polymer
matrix, the intensity of peak corresponding to non-polar o phase got diminished and
relative fraction of electroactive polar  phase is determined using the following
equation (4.1.1)

F(B) = A—“’ﬁ x 100% (4.1.1)

1.26A44+A

Where, A, and Az are the absorption intensities at 762 and 840 cm respectively. The

calculated value of relative fraction of electroactive polar phase F(f) of prepared
samples P, PR1, PR2, PR3, and PR4 are 58%, 64.4%, 71.1%, 77.1%, and 75.3%

respectively and corresponding results are illustrated in Figure 4.1.1 (c).
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Figure 4.1.1 (a) XRD pattern, (b) FTIR spectra, (c) content of electroactive polar B phase and
(d) dielectric constant of PVDF nanocomposite films with different weight percentage of rGO.
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The percentage of B phase content in PVDF nanocomposite films is enhanced
significantly with increase in rGO concentration upto 1.5 wt%, and further addition of
the nanofillers reduces its value. The possible reason behind initial increase in the
value of F(f) upto certain concentration and thereafter decreases can be understood
by the fact that when we add rGO in PVDF matrix, the crystallinity of
nanocomposites first increases due to the interaction between surface charges (i.e.
oxygen containing functional group and delocalized = electron) of rGO with the CH>
and CF; dipoles of PVDF which helps in gradual enhancement in the nucleation of
polar B phase by maximizing all trans (TTTT) molecular conformation[21, 26]. But,
after certain concentration of rGO nanosheets (i.e. 1.5 wt% in our case), the alignment
of the polymer chain got disturbed resulting in suppressing tendency of [ phase
formation, which arise because of poor dipole arrangement in PVDF chain[24, 27].
Also, it has been reported in the literature that, dielectric constant of the triboelectric
material is an important property which helps in improving TENGs device
performance. Therefore, the dielectric constant of PVDF and its composite films are
measured as a function of frequency with the help of LCR meter (Figure 4.1.1 (d)).
With increases in the rGO concentration the dielectric constant of the PVDF film
increases from 2.4 to 3.3, 4.1, 5.7 and 5.2 corresponding to the 0.5, 1.0,1.5, and 2.0
wt% of rGO nanofillers. As expected 1.5 wt% (i.e. PR3) have maximum dielectric
constant which is consistent with the XRD and FTIR studies. This increase in
dielectric constant value after addition of nanofillers is due to formation of
microscopic dipole and a network of microcapacitors which increases capacitance of
nanocomposite film. However, the subsequent decrease in value from 1.5 to 2.0 wt%
occurs due to the establishment of a conductive pathway, leading to a reduction in the
films capacitance. Hence, 1.5 wt% of the nanofillers is the optimum amount for
generation and retention of significant quantity of triboelectric charges on dielectric
layer. The surface morphology of PVDF and its composite films with varied
concentration of rGO is illustrated in Figure 4.1.2 (a-e). It can be clearly seen from
the figures that GO nanosheets are uniformly dispersed within the PVDF matrix

without any agglomeration of rGO nanosheets.
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Figure 4.1.2 FESEM micrographs of (a-e¢) PVDF and PVDF nanocomposite films with varied
concentration of rGO.

4.1.3.2 Electrical Characterization of TENG

TENG is fabricated by coupling of PVDF and PVDF-rGO nanocomposite films with
nylon as two highly negative and positive triboelectric layers operating in a simple
vertical contact separation mode. In order to assess TENG’s performance, a series of
tests are carried out systematically by tapping nanogenerator with the help of
electrodynamic shaker. Initially, electrical outputs including, open-circuit voltage (Voc),
and short-circuit current (Isc) are measured with different concentration of rGO as

depicted in Figure 4.1.3 (a-b). TENG with 1.5 wt% loading amount of rGO (i.e. PR3
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based TENG) generates the highest Voc, and Isc of 95.9 V, and 16.8 pA in contrast to
pristine PVDF based TENG which can generate Voc, and Isc of 35.4 V, and 2.3 pA.
While, PR1, PR2, and PR4 film based nanogenerator can produce Voc, Isc of 48.1 V,
749V, 819V, 54 uA, 8.9 pA, and12.7 pA respectively.
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Figure 4.1.3 Measured open-circuit voltage, and short-circuit current waveforms of the TENG
obtained by (a-b) varying the concentration of rGO in PVDF, (c-d) by varying input frequency,
and (e-f) impact force on the TENG with 1.5 wt% of rGO.
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The maximum output performance of 1.5 wt% of rGO is also supported by the FTIR
and dielectric studies which shows maximum content of B phase and dielectric constant
corresponding to 1.5 wt% of rGO doping in PVDF matrix. Moreover, the impact of
input excitation force and frequency on TENG output performance with 1.5 wt % of
rGO (PR3) is also investigated and the corresponding Voc, and Isc waveforms are
shown in Figure 4.1.3 (c-d). The frequency of tapping is also varied from 2 Hz to 10
Hz, with a highest value of voltage and current of ~ 107 V and 22 pA is attained at 10
Hz frequency. In the same way, the impact of applied force on the output capabilities of
the TENG with 1.5 wt% rGO is explored through force variations ranging from 10 N to
50 N (Figure 4.1.3 (e-f)). At a forceful impact of 50 N, the TENG yields a maximum
voltage and current of around 113 V and 20 pA, respectively. It is clearly illustrated
from the Figure 4.1.3 (c-f) that both the frequency and force follows similar rising
pattern for voltage, and current. The enhanced open-circuit voltage and short-circuit
current in relation to operating frequency and force may be attributed to the following
reasons. First, is the faster charge transfer at higher tapping frequency, secondly, when
we increase the impact force, there is increase in the elastic deformation and effective
contact area in the polymer nanocomposite film causing a rise in TENG capacitance
which may be helpful in storing the more triboelectric charges, as a result improved the

TENG performance[28, 29].
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Figure 4.1.4 (a) Output voltage and power density measurements as a function of varied
resistance, and (b) Durability of PVDF/rGO based TENG with 1.5 wt% of rGO.

To investigate the ideal output condition of the as-fabricated TENG, the generated

voltage is also measured as a function of load resistance ranging from 1 MQ to 100 MQ
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as shown in Figure 4.1.4 (a). The optimal TENG can deliver a maximum power density
of ~95 nW/cm? across a matching load resistance of 10 MQ. The durability of the as-
fabricated TENG is illustrated in Figure 4.1.4 (b), which shows excellent stable cyclic
operation of TENG over 1200 cycles with negligible change in the value of current.

These results demonstrate that good durability of TENG for long-term applications.

4.1.4 Summary

In summary, we have successfully fabricated PVDF/rGO nanocomposite film based
TENG and thoroughly examined the impact of rGO doping on TENG performance by
coupling of PVDF nanocomposite films with the nylon film. The results showed that
addition of rGO in PVDF matrix greatly improves nucleation of crystalline B-phase,
dielectric and charge transfer property of PVDF film, resulting in the improved
performance of the TENG device. A maximum voltage and current of 95.9 V, and 16.8
LA is obtained by PR3 film based TENG (i.e. 1.5 wt% of rGO), whereas pristine PVDF
film based TENG can only generate 35.4 V voltage and 2.4 pA current. Also, this
device produces a highest power density of ~95 pW/cm? when connected to matching

load resistance.
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4.2 PVDF/N-rGO Nanofibers based Sustainable Triboelectric Nanogenerator

for Self-Powered Wireless Motion Sensor
4.2.1 Introduction

Triboelectric nanogenerator based on the conjunction of tribology and interfacial charge
transfer is considered as a potential candidate for designing self-sufficient power system
which can also operate as self-powered sensor by harvesting energy from various
mechanical motions in our day to day life including human motion, vibration, water
waves, friction, rotation etc.[13, 30] Beside this, TENG also bestow superior advantages
over the other energy harvesting technologies such as high efficiency, diverse material
choice, ease of fabrication, cost-effectiveness paving the way for developing self-powered
system. Nevertheless, whether TENG is used as an energy harvesting module or self-
powered sensors, the performance of TENG still requires further optimization to boost the

energy conversion efficiency of device for practical applications.

In previous section, we have demonstrated that adding an optimal concentration of
conducting nanofillers (i.e. rGO) can improve the output performance of PVDF based
TENG due to its excellent electron trapping ability, higher electronegativity, optimal
conductivity, and presence of different functional groups which helps in improving the
charge trapping capabilities, dielectric properties and surface potential of the polymer
materials[18, 26, 30, 41]. Moreover, nitrogen doping in graphene is also reported to
increase the charge density, and induces interfacial capacitance, which can further boost
the performance of the nanogenerator[42, 43]. In addition to incorporation of
nanofillers, synthesizing polymer nanofibers are also reported to enhance the TENG
performance by createing nanoscale roughness in the frictional layers which imparts
unique characteristics, such as, enhanced effective surface area, hierarchically porous
structure, and mechanical flexibility. Thus, by keeping in mind all aspects mentioned
above, this study aims to design an efficient triboelectric nanogenerator. To achieve this,
we employed two key strategies: the incorporation of nanofillers and the use of
electrospinning techniques to enhance the nanogenerator’s output performance. To
achieve this, firstly PVDF and its nanocomposite films are synthesized via drop casting
method with varied content of nitrogen doped rGO(N-rGO) to determine optimum
concentration of N-rGO i.e. 1.5 wt% obtained from our measurements. After that
nanofibers mat of PVDF and PVDF with 1.5 wt% of N-rGO are synthesized with
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electrospun technique and coupled with nylon nanofiber mat to fabricate TENG with
superior triboelectric performance. The results demonstrate that PVDF/N-rGO-Nylon
nanofibers (NFs) delivers remarkable enhanced performance with an open-circuit
voltage of 368 V, and short-circuit current of ~35uA in comparison to PVDF-Nylon
drop casted films based TENG which can only deliver output voltage and current of 92
V and 10 pA respectively. Furthermore, energy harvesting capabilities of the fabricated
TENG is evaluated and demonstrated by harnessing biomechanical energy from various
human motions and powering various electronic devices, such as, LEDs, thermometer,
watch, alarm clock and calculator through bridge rectifier. Besides energy harvester,
TENG is also showcased as an active self-powered motion sensor, capable of
automatically activating lights during night time. The results demonstrate the

sustainable and efficient solution for energy harvesting and smart sensing applications.

4.2.2 Experimental Details
4.2.2.1 Synthesis of PVDF and PVDF/N-rGO Nanocomposite Films and Nanofibers

N-rGO is synthesized via hydrothermal method as reported in our previous paper[21].
Firstly, pristine PVDF and its nanocomposite films with varied content of N-rGO (0.25,
0.1, 0.5, 1, 1.5, and 2 wt%) are synthesized via the drop casting method. For this,
different content of N-rGO is ultrasonically dispersed in 10 ml of DMF for 1 hour.
Then, 1 gm PVDF is mixed thoroughly in the above-prepared solutions via magnetic
stirring with PTFE bar for two hours to obtain a homogenous solution. The solutions
are then drop-casted onto glass substrate and kept in oven at 90°C for two hours.
Following natural cooling, coated glass substrates are immersed in the distilled water to
obtain the freestanding films. For comparison, we have also prepared PVDF and PVDF
nanocomposite films via electrospinning technique. To synthesize nanofibers, PVDF
and PVDF/N-rGO (1.5 wt%) solution is filled in the 10 ml plastic syringe, and
electrospinning is performed by VPD40CH electrospinning equipment, applying high
voltage of 12 kV while maintaining a distance of 12 cm between syringe needle and
aluminum collector, where the drum speed is set at 250 rpm. Moreover, the
nanocomposite fiber mat is fabricated by electrospinning at a constant flow rate of 1
ml/h and under a relative humidity of approximately 35%. Finally, the nanofibers

collected on the aluminum foil are oven-dried at 60° C overnight.
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4.2.2.2 Synthesis of Nylon Film and Nanofibers

Nylon films are prepared by the phase-inversion process[22]. Furthermore, nanofibers
of nylon are synthesized by dissolving nylon 6 pellets in the formic acid in 1:10 weight
ratio by constantly stirring at 70°C for 3 hours. Subsequently, solution is filled in the 10
ml syringe and electrospinning is carried out at 25 KV supply voltage with flow rate of
0.5 ml/h maintaining a distance of 10 cm between needle and collector. Finally, the
obtained nanofibers are dried in an oven to remove the remaining moisture content

therein.

4.2.2.3 Fabrication of TENG

The electrospun PVDF/N-rGO nanofibers and Nylon nanofibers are employed as two
opposite triboelectric materials for fabricating TENG to work in simple contact
separation mode. Then both the PVDF/N-rGO and nylon nanofibers are cut in the
requisite size i.e. 3x2 cm? and an aluminum tape is adhered on the back side of both
materials to serve as an electrode followed by the external wiring connection with the

copper wire for electrical measurements.
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Figure 4.2.1 A schematic representation of step by step synthesis of PVDF and PVDF
nanocomposite films prepared via drop casting and electrospinning method.

Ph.D. Thesis (Shilpa Rana) 96



4.2.3 Results and Discussion
4.2.3.1 Materials Characterization

Figure 4.2.1 depicts the detailed synthesis procedure for fabrication of PVDF/N-rGO
nanocomposite films via drop casting and electrospinning technique. The PVDF
nanocomposite films are used as a negative triboelectric material owing to its strong
ability to gain electrons because of presence of highly electronegative fluorine group,
high mechanical stability, and biocompatibility, while nylon film is chosen for their high
positive charge affinity and mechanical stability, and serve as a positive triboelectric layer.
Thus, both PVDF nanocomposite films and nylon are utilized as active triboelectric
materials in TENG fabrication. Furthermore, electrospinning of these polymeric solutions
leads to formation of nanofibrous films with increased surface roughness and higher
effective contact area, which increases accumulation of triboelectric surface charges,
resulting into improved performance of TENG. The surface morphology of synthesized
films and nanofibers are characterized via the field-emission scanning electron
microscopy (FESEM). Figure 4.2.3 (a-f) depicts FESEM micrographs of drop-casted
PVDF and PVDF nanocomposites films with different weight percentage of N-rGO
(0.25,0.5, 1, 1.5, 2 wt%) and their photographic image are shown in Figure 4.2.2.

b 4

Pristine PVDF/N-rGO  PVDF/N-tGO  PVDF/N-rGO PVDF/N-rGO PVDF/N-rGO
PVDF (0.25 wt%) (0.5 wt%) (1 Wt%) (1.5 wt%) (2 wt%)

Figure 4.2.2 Photographic image of PVDF and PVDF nanocomposite films with different
weight percentage of N-rGO prepared by drop-casting method.

The pure PVDF film exhibits smooth surface with few nanopores formed as a result of
solvent evaporation during the phase inversion process. Furthermore, a uniform
dispersion of N-rGO nanosheets in PVDF matrix is observed with doping of N-rGO in
different concentration. Also, at higher concentration (2 wt%) of N-rGO, aggregation

of N-rGO nanosheets have been observed, indicating 1.5 wt% is the ideal doping level.
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Figure 4.2.3 FESEM images of (a-f) drop casted PVDF and PVDF nanocomposite films with

different weight percentage of N-rGO (0, 0.25, 0.5, 1, 1.5, and 2 wt%), and (g-1) electrospun
PVDEF, PVDF/N-rGO(1.5 wt%), and nylon nanofibers mat.

Moreover, to further verify the presence of N-rGO in the PVDF/N-rGO films, EDAX
analysis was performed, and the corresponding spectra are shown in Figure 4.2.4- Figure
4.2.8. The results reveal that the pure PVDF film contains only carbon and fluorine, while
the PVDF/N-rGO nanocomposite films also exhibit additional elements, namely oxygen
and nitrogen. Furthermore, as the N-rGO content increases, the nitrogen content in the
nanocomposite films rises accordingly. The increasing nitrogen concentration confirms

the successful incorporation of N-rGO in films with varying blend ratios.
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Figure 4.2.4 EDAX spectrum with the elemental mapping image of all elements present in
PVDF film.
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Figure 4.2.5 EDAX spectrum with the elemental mapping image of all elements present in
PVDF/N-rGO film with 0.5 wt % of N-rGO.
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Figure 4.2.6 EDX spectrum with the elemental mapping image of all elements present in
PVDF/N-rGO film with 1 wt % of N-rGO.
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Figure 4.2.7 EDX spectrum with the elemental mapping image of all elements present in
PVDF/N-rGO film with 1.5 wt % of N-rGO.
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Figure 4.2.8 EDX spectrum with the elemental mapping image of all elements present in
PVDF/N-rGO film with 2 wt % of N-rGO.
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The FESEM images of PVDF, PVDF/N-rGO (1.5 wt%), and nylon nanofibers shown
above in Figure 4.2.3 (g-1) exhibit the formation of bead free fibrous network without
aggregation of nanosheets in the PVDF nanocomposite films, suggesting that the
electrospinning parameters selected in this study are optimum. Moreover, a small
decrease in the diameter of nanofibers is also observed after introduction of the N-rGO
in the polymer solution, which may be attributed to enhanced charge density of
polymeric solution, resulting in fiber stretching during electrospinning process[31].
Moreover, to examine the influence of doping and electrospinning on crystalline
structure and properties of polymer film, XRD, FTIR and dielectric measurements are

also carried out.

The XRD pattern of pristine PVDF and PVDF composite films and nanofibers mat is
displayed in Figure 4.2.9 (a). As illustrated in the figure, all the samples exhibit two
diffraction peaks corresponding to o and B-phase. The main diffraction peak observed at
20=20.2°, corresponds to (200)/(110) plane of crystalline B-phase and a less intense
peak at 20= 18.4° belongs to (111) plane is ascribed to the non-polar a phase of PVDF.
Moreover, observations from the XRD plot indicate a slight increase in the intensity of
the peak associated with the polar electroactive phase in nanocomposite films in
comparison to pristine PVDF film. This suggests that the incorporation of N-rGO into
PVDF matrix, stimulates nucleation of polar  phase. Also, no peaks corresponding to
N-rGO is seen in XRD pattern, this could be due to presence of very low content of N-
rGO in nanocomposite films[32]. In addition to this, the intensity of the peak
corresponding to polar B-phase is further increased for both electrospun PVDF and
PVDF/N-rGO nanofiber mat. This may be attributed to uniaxial stretching of PVDF
solution during the course of electrospinning because of electrostatic repulsion between
the surface charges across jet in applied electric field which leads to transition from

non-polar a- phase to electroactive polar B-phase.

To further verify these results, FTIR analysis is carried out to quantify the increase in
crystalline B-phase. Figure 4.2.9 (b) depicts, FTIR spectra of PVDEF, PVDF
nanocomposite films and fibers mat. The vibrational bands at 613, 762, 796, 974, 1382
cm! are designated to nonpolar a-phase of PVDF, while characteristic vibrational bands

around 840, 1279, and 1400 cm™ are attributed to electroactive polar B-phase [25, 33].
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The characteristic vibrational band around 840 cm™ is attributed to mixed mode of CF»

asymmetric stretching and CH» rocking vibrations.
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Figure 4.2.9 (a) XRD, and (b) FTIR, analysis of drop casted PVDEF, and PVDF nanocomposite
films with different weight percentage of N-rGO (0, 0.25, 0.5, 1, 1.5, and 2 wt%) and
electrospun PVDF and PVDF/N-rGO (1.5 wt%) nanofibers prepared by electrospinning
technique

It should be noted that compared to pristine PVDF film, the intensity of characteristic
peak of o phase at 762 cm’! assigned to C(F)-C(H)-C(F) skeletal bending and CH;
rocking sharply decreases after addition of N-rGO in PVDF matrix demonstrating
significant role of N-rGO doping in the development of crystalline B-phase.
Furthermore, Lambert-Beer law is utilized to determine the relative fraction of -phase
(F(B)) in polymer nanocomposite films. The value of relative fraction of B-phase in
polymer composite films experience a rise in the value from 59.8 % to 74.6 % as the
content of N-rGO varies from 0 to 1.5 wt%, thereafter its value decreases. The initial
increase in the value of F(B) up to a certain concentration, followed by a decrease can
be attributed to the interaction dynamics within the PVDF/N-rGO matrix[34]. The
initial increase in the crystallinity after introduction of N-rGO stems from the
interaction between CH; and CF; dipoles of PVDF with the local electric field around
the filler, which helps in nucleation of polar  phase by promoting the maximization of
the all-trans (TTTT) molecular conformation. However, beyond a specific concentration
of N-rGO (i.e. 1.5 wt%), the alignment of the polymer chains becomes disrupted which
hinders the propensity for -phase formation by diminishing dipole arrangement within

the PVDF chain. Furthermore, similar results are obtained for the electrospun nanofiber,
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where the value of F(B) can reach upto 79.6 % in PVDF/N-rGO nanofiber. These results
illustrate that both the inclusion of nanofillers and the utilization of electrospinning

techniques are effective strategies for stimulating the formation of electroactive -phase

of PVDFE.

As we know that the TENG performance is highly influenced by the transferred charge
density, which is dependent on dielectric property, and surface potential and surface
roughness of the material used in TENG fabrication[29]. Therefore, dielectric constant of
PVDF and its composite films with different concentration of N-rGO is measured. Figure
4.2.10 illustrate dielectric constant of PVDF film as a function of frequency where
increase in the content of N-rGO (0 to 1.5 wt%), results in rise of dielectric constant from

2.7t04.5,5.6,7.05, and 10.8 respectively.
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Figure 4.2.10 Dielectric constant measurements of drop casted and electrospun PVDF, and
PVDF nanocomposite films/nanofibers.

Moreover, the value of dielectric constant further increases from 7.9 to 17.2 in PVDF
composite nanofiber mat. The rise in dielectric constant may be attributed to following
fact: firstly, incorporation of conducting nanofillers in the polymer matrix results into
formation of micro capacitor network in PVDF film which enhanced the capacitance of
nanocomposite films. Another possible reason is the polarizability of the PVDF upon
application of the electric field, which results in the formation of dipoles between N-rGO

surface atoms in PVDF chain[29]. Furthermore, a slight decrement in the dielectric
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constant to 8.3 is observed for 2 wt% N-rGO sample and is attributed to the percolation
limit of PVDF/N-rGO nanocomposite[29, 35, 36]. Hence, 1.5 wt% N-rGO is considered
as optimal concentration for efficient charge transportation due to increase in conductivity

of nanocomposite films which improve charge density of nanogenerator.

Furthermore, to better understand the influence of doping and electrospinning on
surface potential and charge transfer mechanism between two triboactive polymer
films, Kelvin Probe Force Microscopy (KPFM) measurements are performed. Figure
4.2.11 (a-f) display the surface potential maps of drop casted films and electrospun
nanofibers made of polymer and polymer N-rGO nanocomposite materials, across a 2
pum x 2 um surface. The relative value of surface potential (Vcpp) of PVDF film is
1.33V, whereas addition of N-rGO (1.5 wt%) in PVDF induce a shift in surface
potential of PVDF towards negative value. The value of Vcpp measured for PVDF/N-
rGO film is 0.96 V. Besides this, the value of Vcpp obtained for nylon film is 2.76 V.
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Figure 4.2.11 (a-f) KPFM surface potential mapping of pristine PVDF, PVDF/N-rGO (1.5
wt%) and nylon films and electrospun nanofibers mat scanned over a surface of 2x2 pm?.

Consequently, the potential difference (AVcpp) between two triboelectric layers,
increases from 1.43 V for nylon /PVDF to 1.8 V for nylon/PVDF/N-rGO films. The
increase in the AVepp in case of PVDF nanocomposite film is due to increase in surface

roughness, polarization after addition of nanofillers which increases charge trapping
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capabilities of the nanocomposite film[28, 37]. Similar results have been obtained for
the PVDF and PVDF/N-rGO nanofibers, where the value of Vcpp obtained for PVDE,
and PVDF/N-rGO (1.5 wt%) nanofibers mat are 1.27 V, and 0.62 V, while for nylon
fiber the value of Vcpp obtained 2.91V. In case of nanofibers, AVcpp further enhanced
from 1.64 V for pure PVDF to 2.28 V after addition of N-rGO.

In TENG, more is the potential difference between two materials, higher charge transfer
will occur to attain an equilibrium state thereby, enhancing the output performance of
nanogenerator. Therefore, charge transfer behavior is an important parameter to
determine the voltage generated and to know about the triboelectric polarities of the
materials. The charge transfer process strongly relies on work function and potential
difference between two materials, therefore the work function of all the materials is also
calculated to confirm the direction of charge flow. The work function difference

between sample and tip is given by following equation

¢ (sample) = ¢(tip) — eVepp 4.2.1)

where, ¢(sample) is work function of the triboelectric material, ¢ (tip) is work
function of tip, e is electronic charge. The calculated value of work function of drop
casted PVDF, PVDF/N-rGO and nylon films are 4.26, 4.64 and 2.69 respectively,
whereas the value of work function obtained for electrospun nanofibers of PVDF,
PVDF/N-rGO are nylon are 4.33, 4.9 and 2.89 respectively. In both the cases, nylon
have smallest work function potential in comparison to PVDF and PVDF
nanocomposite films/nanofibers. Therefore, flow of electrons from nylon to PVDF and
PVDEF/N-rGO will take place when they come in contact with each other to equalize the
fermi level difference as shown in energy band diagram (Figure 4.2.12 (a))[38]. As a
result, PVDF and PVDF/N-rGO experiences negative charge electrification while nylon
surface experiences positive charge electrification. Additionally, higher work function
of PVDF/N-rGO in comparison to PVDF will shift the fermi level to more negative
value, enlarging the difference between nylon and PVDF/N-rGO(Figure 4.2.6 (b))[31,
39]. Thus, more electrons will flow from nylon to PVDF/N-rGO thereby boosting the

device performance.
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Figure 4.2.12 (a-b) A schematic band diagram illustrating the characteristic electronic energy
level to describe TENG mechanism.

Moreover, the output enhancement mechanism and contact electrification between
surfaces in presence of mechanical stimuli can be further understood by the overlapped
electron cloud model (OEC). Figure 4.2.13 (a-b) shows the electron transfer process of
tribo-negative pristine PVDF and PVDF/N-rGO nanocomposite when they are pressed
into contact with tribo-positive nylon where Erwnyion), Erevor), and Erevbrn-co),
represents the fermi level of nylon, pristine PVDF and PVDF/N-rGO, and AE, and AEx
represent the greatest energy difference between nylon and pristine PVDF and
PVDEF/N-rGO. Initially, when nylon film does not come in contact with PVDF film, the
electron cloud of these materials do not overlap with each other and no transfer of
charges takes place between them. But when these two materials are pressed together to
come in contact with each other, the potential barrier (AE) between them starts
decreasing and transfer of electrons take place between the atoms until there fermi
levels reaches equilibrium state (i.e. Ernylon) = Erpvpr)) and their electron cloud overlap
with each other. Moreover, when we add N-rGO nanosheets in PVDF matrix, the fermi
level of PVDF/N-rGO shifts downwards due to enhanced surface polarization, as
confirmed by the KPFM measurements where PVDF/N-rGO films exhibits higher work

function in comparison to PVDF film.

As the fermi level of nylon is constant, therefore the potential barrier AEn between
PVDF/N-rGO and nylon increases in comparison to AE (i.e. energy difference
between PVDF and nylon films). Hence, more charges will transfer from nylon to
PVDF/N-rGO in comparison with pristine PVDF thereby increasing the output

performance of PVDF/N-rGO based nanogenerator. These results are in accordance
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with FTIR, and dielectric measurements where addition of nanofillers together with
the electrospinning technique leads to an increase in P phase as well dielectric

constant of PVDF film.

Compressed

(a)

(b)

Figure 4.2.13 Electron cloud potential well model of (a) PVDF and (b) PVDF/N-rGO
composite films.

4.2.3.2 Theroretical Investigations and COMSOL Simulation
As we know, that in vertical contact-separation mode the output voltage is given by the
following V-Q-x relation[40, 41]

ox(t)
€o

V(t) = ‘A% (do +x(t)) + (4.2.2)

where, o is the surface charge density, x(t) is the time dependent distance between two
triboelectric materials, &, is permittivity of the free space, and d, is thickness of the

dielectric film.

The open circuit voltage (Voc), and transferred charges in short-circuit condition (Qsc)

is given by equations:
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Voo = = (4.2.3)
0
__ Aox(t)
Qsc = Toax(® 4.2.4)
and the corresponding short-circuit current (Isc) is given as
__dQsc _ Aodg d_x __ Aagdyv(t)
SCT o ar T (do+x(D))2 dt  (do+x(D)? (4.2.5)
Moreover, the surface charge density is defined as
_ CA_V __ &o&rAV
g=""="" (4.2.6)
C = _Sozrs 4.2.7)

Here, &, is the relative dielectric constant, and C is capacitance

In can be deduce from the above equations that TENG’s output performance depends
on triboelectric charge density, separation between two layers, and speed of relative
movement between two layers. Moreover, the output voltage of the nanogenerator
depends on charge density which in turns depends on the capacitance of the TENG
working in contact separation mode [42]. Therefore, to fabricate high performance
TENG, we have to maximize value of capacitance which depends mainly on the
dielectric constant, and frictional contact area. Consequently, it can be inferred from
above equations that the output voltage of TENG will rise with increase in materials
dielectric property and effective surface area. These observations align with prior
findings, where the triboelectric charge density of the TENG is significantly influenced
by the materials dielectric property, thickness, and distance between two layers[43]

Furthermore, COMSOL stimulations via finite element method (FEM) is carried out for
quantitative understanding of the surface potential distribution between two triboelectric
layers of the TENG. Figure 4.2.14 (a-b) illustrates the stimulated potential distribution
plot for the PVDF nanofibers and PVDF/N-rGO(1.5 wt%) nanofibers with nylon
nanofibers. It can be clearly observed from the plots that the value of potential
difference is enhanced after doping of N-rGO in the PVDF matrix which results in more

charge transfer between PVDF/N-rGO nanofiber and nylon nanofibers in comparison of
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pristine PVDF and nylon nanofibers, thereby improving the output performance of
TENG](28, 44]. These results are in correlation with the experimental results where
doping of the conducting nanofillers i.e. N-rGO improves the electroactive polar
phase, dielectric properties and surface potential difference between two layers,

resulting in improved device performance.
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Figure 4.2.14 COMSOL simulation of (a) PVDF and (b) PVDF/N-rGO nanocomposite films.

4.2.3.3 Electrical Characterization of TENG

To investigate the influence of nanofillers and electrospinning technique on the output
performance of the TENG device, detailed electrical characterization is systematically
conducted by tapping the as fabricated TENGs with the help of dynamic shaker.
Initially, PVDF composites films synthesized using drop casting method with varied
loading content of N-rGO (0, 0.25, 0.5, 1, 1.5, 2 wt% named as P, PN1, PN2, PN3,
PN4, PN5) is coupled with nylon film to design TENG devices. The electrical
performance of these devices are then evaluated in terms of open-circuit voltage (Voc)

and short-circuit current (Isc) measurements to optimize the concentration of N-rGO.

Figure 4.2.15 (a-c) illustrates the Voc, Isc, and charge waveforms of the drop-casted
PVDF nanocomposite films based TENG device with varied concentration of N-rGO at
8 Hz frequency. The recorded waveforms clearly depicts that the output voltage, and
current of the polymer nanocomposites film, first increases gradually with increase in

content of N-rGO from 0 to 1.5 wt%, thereafter on further increasing the content of N-
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rGO to 2 wt% a reversible trend, leading to decrease in output voltage and current value

to 144V, and 16 pA.
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Figure 4.2.15 (a) The open-circuit voltage, (b) short-circuit current, and (c) charge measurements
of drop casted PVDF and PVDF nanocomposite films with different weight percentage of N-rGO
(0,0.25,0.5, 1, 1.5, and 2 wt%)).

Meanwhile, similar trends are observed in the charge measurements, where the charges
values first increases from 18 nC (PVDF film) to 46 nC ( PVDF/ N-rGO (1.5 wt%)
nanocomposite film), and then subsequently its value decreases to 43 nC for polymer
nanocomposite film with 2 wt% N-rGO. The maximum Voc, Isc, and charge of 156 V,
20 pA, and 40 nC is produced by the PN4 film based nanogenerator with 1.5 wt%
loading content of N-rGO, whereas pristine PVDF (P) film based nanogenerator can
only generate Voc, Isc, and charge of 67.2 V, 7 pA, and 18 nC respectively. This
enhancement in the output performance is ascribed to ample charge transfer paths
produced by honeycomb structure and charge trapping abilities of the N-rGO which
results in enhanced P-phase and dielectric constant of polymer nanocomposite
films[45]. Further decrease in performance of TENG with 2 wt% N-rGO might be
attributed to formation of conducting network of N-rGO in PVDF film. Moreover, to
check the impact of tapping frequency on device performance, all the fabricated TENG
with varied concentration of N-rGO are tapped with the help electrodynamic shaker in
2Hz to 10 Hz frequency range and corresponding results are shown in Figure 4.2.16 (a-
b). The results reveals that both output voltage and current follows the similar trends of
increasing gradually with tapping frequency which could be attributed to the faster

charge transfer at higher frequency. Thus, from all the measurements we can conclude

Ph.D. Thesis (Shilpa Rana) 109



that best performance corresponds to N-rGO with 1.5 wt% content. Hence, 1.5 wt%

content of N-rGO is the optimum concentration for fabricating TENG.
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Figure 4.2.16 The output (a) voltage, and (b) current measurements of PVDF and PVDF
nanocomposite films based TENG as afunction of varied frequency.

To further enhance TENG’s output performance, we have prepared nanofiber (NF) mats
of PVDF, PVDF nanocomposite films with 1.5 wt% of N-rGO, and nylon using the
electrospinning technique and their electrical performance are assessed by adjusting the
tapping frequency from 2Hz to 10 Hz. Figure 4.2.17 (a-c) illustrates the dependence of
the Voc, Isc, and charges on the operating frequency for PVDF and PVDF/N-rGO
nanofibers mat. As it can be seen from Figure 4.2.17 (d-e), the PVDF NFs mat based
device shows the enhancement in the output voltage from 8.6 V to 156 V, while
corresponding current values increases from 0.7 uA to 16 pA respectively as we vary
the tapping frequency. Meanwhile, the PVDF/N-rGO NF mat based device can generate
more output voltage and current under the same operating frequency. Specifically, the
output voltage of the PVDF/N-rGO NF mat gradually increases from 19.4 V to 368 V,
while the current rises from 1.8 pA to 35 pA. Moreover, the charges produced by the
both PVDF and PVDF nanocomposite follows the similar trend as an impact of
excitation frequency, where maximum charge of 80 nC is produced by nanocomposite
fiber mat, whereas PVDF fiber based TENG can produce 56 nC charge (Figure 4.2.17

(f)). These results demonstrate that the Voc, Isc, and charges increased linearly as the
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input frequency vary from 2Hz to10 Hz. Additionally, influence of impact force on
device performance of PVDF/N-rGO NF based nanogenerator is also investigated by
varying the force upto 50 N and respective waveforms are presented in Figure 4.2.17

(g-1). The maximum Voc, and Isc, of, 376 V, and 40 pA, is recorded at 50 N force.
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Figure 4.2.17 The open-circuit voltage, short-circuit current and charge measurements of (a-c)
pristine PVDF nanofibers mat, and (d-f) PVDF/N-rGO (1.5 wt%) nanofibers mat based TENG
at variable frequency, (g-i) output performance of the PVDF/N-rGO (1.5 wt%) based TENG
under different impact force.

As we know maximum power can be delivered at the matching load resistance of
nanogenerator. Therefore, to examine optimal output condition of TENG, the output
voltage of PVDF film, PVDF/N-rGO (1.5 wt%) film, and PVDF nanofibers and
PVDF/N-rGO (1.5 wt%) nanofibers are measured across varying load resistance and
corresponding power density is measured (Figure 4.2.18 (a-b)). The output voltage
peaks of all the samples first increase with increase in the load resistance and then gets

saturated.
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Figure 4.2.18 The variation of (a) output voltage and (b) power density of TENGs as a
function of load resistance.

Figure 4.2.18 (b) shows the comparison of output power density of all the four
fabricated TENGs where maximum power density of ~282.8 pW/cm? is achieved by
the PVDF/N-rGO nanofibers based TENG at matching load resistance of 8 MQ, which
is three times higher than the power density of PVDF nanofibers based TENG and six
times higher than that of PVDF/N-rGO drop casted film. Thus, it can be concluded
from the above results that addition of conducting nanofillers (N-rGO), boost the output
performance of both the drop casted film and electrospun PVDF nanofibers. Moreover,
in comparison to drop casted films, electrospun nanofibers of PVDF nanocomposite
generates more power which is in accordance with the dielectric studies and surface
potential measurements, where nanofibers have large dielectric constant and potential
difference (A Vcpp) than the drop casted films. Hence, PVDF/N-rGO (1.5 wt%)
nanofibers is used for further characterization. The comparison in electrical
performance of PVDF/N-rGO nanofiber based TENG with other TENG reported in the

literature is illustrated in Table 4.1.
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Table 4.1 Comparison of the output performance of fabricated TENG with other reported
TENG

Triboelectric materials Electrode  Device Voc Isc Power Ref.

Material 1 Material 2 size \2) (nA) density
(cm?) (WW/cm?)
rGO-ZnSnO; Paper Aluminum 2x2 410 13 200 [46]
/PDMS
PVDF/polystyr  Copper Copper 3x3 165 11.1 66.3 [47]
ene
PVDF-MoS, PDMS Aluminum - 189 1.6 104 [48]
PVDEF- Nylon Copper 6%x6 300 11.5 - [49]
MoS,/CNT
PVDF/titania Copper Copper 2x2 52 22.7 92 [50]
monolayer
PVDF/Mustard ITO coated  Aluminum 3x3 126 - 33 [51]
seeds PET
PVA/MXene Silk fibroin  Metal - 118 - 108 [52]
MoS,/PAN Nylon Aluminum 2x2 245 5.1 175 [53]
PTFE Silk fibroin ~ Aluminum 3x3 238 12.6 26.3 [54]
PDMS Nylon Graphene - 397 6.8 33 [55]
FEP Copper Copper 2x2 400 5 - [56]
PTFE Cellulose Aluminum - 460 23 180 [57]
ZiF-67 FEP Aluminum  4.5x4.5 280 70 235 [58]
PVDF/N-rGO  Nylon 6 Aluminum 3x2 368 35 282 This
Work

In addition to high performance of TENG, reliability and mechanical stability of
obtained output signal is also an important parameter for longer operation of device.
Therefore, to check mechanical stability of nanogenerator, we have measured open-
circuit voltage of the PVDF/N-rGO NFs TENG for consecutive five months, which
shows negligible deterioration in the output performance of TENG (Figure 4.2.19 (a)).
Besides, stability in voltage signals, the stability of current is also evaluated by pressing
and releasing triboelectric layers for over 5000 s under the constant frequency (Figure
4.2.19 (b)) with inset showing the current waveforms. These results demonstrate the
excellent long term durability and stability of nanogenerator, thus making them suitable

for flexible electronics applications.
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Figure 4.2.19 (a) Durability of PVDF/N-rGO nanofiber based TENG with stable output voltage

over 5 months, and its (b) Mechanical stability with consistent current output over 5000
seconds.

4.2.4 Applications of TENG
4.2.4.1 Capacitior Charging and Deriving Electronic Devices

To validate TENG’s energy harvesting capabilities for practical applications, it is
required to convert AC signal generated by TENG into desired form to operate the
commercial devices and sensors. Thus, a full wave bridge rectifier IC (DB107) is used
to convert AC signals generated by TENG to DC signals. The rectified output generated
by TENG under periodic press-release cycle is then used to investigate the charging
capabilities of various capacitors (1, 2.2, 10, 33 uF) and the corresponding charging

curves are depicted in Figure 4.2.20 .
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Figure 4.2.20 (a) Capacitor charging curves of various capacitors (1, 2.2, 10, 33 uF) charged
through TENG, (b) ) A schematic circuit diagram for powering LEDs with inset showing the
photographic images of LEDs powered by TENG.
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As evident from these curves, a small capacitor (1uF), need less time to charge and
reach a maximum voltage of ~9.5 V within 45 s. In contrast, a larger capacitor (33 puF)
only reaches around 1.6 V within the same time frame, given a tapping frequency of 6
Hz. The energy stored in the capacitors are utilized to power commercial LEDs
connected in series with cooresponding circuit diagram is illustrated in Figure 4.2.20
(b),. In addition to this, output generated by TENG is also used for driving electronic
device, such as, thermometer, digital watch, and hygrometer and their charging-
discharging curves are depicted in Figure 4.2.21 (a-c) with inset showing the turn on

conditions of these devices.
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Figure 4.2.21 The charging/discharging curve of capacitor to power (a) thermometer, (b) digital
watch, and (c) hygrometer from the energy harvested by TENG after storing it to capacitor.

4.2.4.2 Biomechanical Energy Harvesting

The human body is considered as a vast energy source, where different biomechanical
movements of various parts of body possess their own characteristics and contains
accessible energy which goes wasted. Hence, it is important to harvest the energy from
human motions. Thus, besides the charging of capacitors and driving electronic devices,
the fabricated TENG can also be employed as a biomechanical energy harvester which
can produce electricity from various biomechanical movements of body parts. Figure
4.2.22 (a-d) shows the utilization of TENG in scavenging the energy from human
motions, such as, gentle pressing with different fingers and thumb tapping with the inset
showing the respective photographic image. The TENG is also pinched with the fingers
at different pace slow, medium and fast and the respective waveforms generated are
shown in Figure 4.2.22 (e). The sensitivity of the TENG is analyzed by blowing with
mouth which can generate a maximum voltage of ~22 V, indicating excellent sensitivity

of TENG (Figure 4.2.22 (f)). In addition to this, the TENG is subjected to knocking,
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elbow tapping and foot tapping and corresponding wave forms are illustrated in Figure
4.2.22 (g-i).
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Figure 4.2.22 The output voltage waveforms produced by PVDF/N-rGO(1.5 wt%) nanofibers
based TENG from various human motions (a-c) Tapping with one, two and three fingers, (d)
thumb tapping, (¢) pinching of TENG with different pace, (f) blowing, (g-1) fist, elbow and foot
tapping.

4.2.4.3 TENG as Self-powered Motion Sensor

As, the PVDF/N-rGO nanofibers based TENG can sense even smaller contact
separation very quickly, so its most promising application is in self-powered sensing
platform. In the smart era, we all are surrounded by the different types of sensors among
which motion sensors are most common ones that are implemented from residential
homes to commercial buildings. These sensors can detect human motion/presence and
can facilitate the automatic control of light, thereby optimizing energy consumption.
However, these motion requires external power source for their continuous operation,

leading to the significant consumption of energy. The real time application of TENG is
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showcased through development of a self-powered motion sensor capable of
illuminating lights automatically in response to human movements. Figure 4.2.23 (a-c)
shows the detailed electronic circuit design for the light control system which consist of
mainly two components: electrical signal acquisition module and signal processing

module which interact with each other via wireless communication unit.

Ea-g

(smart sensor)

Power Module Transmitter Receiver Processing circuit

circuit
l Application

—
Signal Processimg Unit

Figure 4.2.23 (a) A schematic showing the block diagram of a self-powered smart lighting
system for automatically ON the lights in night time, with (b-c) photographic image of signal
acquisition unit and signal processing unit.

During the operation of light control system, whenever any mechanical motion from
finger or by foot is experienced by the TENG, a voltage signal is generated by the
TENG. The microcontroller unit (MCU) modulates these signals into binary
instructions (1 or 0) and transmits them to the signal processing unit via the wireless
communication unit. After receiving the signals, MCU compares the signal and based
on the control information provided by sensors (TENG and light sensor) about darkness
and human presence, will set the relay to “ON” or “OFF” condition. Thus, making a
smart decision to operate the light. Thus, when these motion sensors are placed in

corridors, streets, homes etc. and peoples walk over them, the light will turn “ON”
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automatically in night time or when intensity of light is less than certain limit by
retrieving the information from light sensor. Meanwhile, during day time the lights
remain inactive (OFF) regardless of people walking over them. Hence, the present

study illustrates the potential application of TENG as a self-powered motion sensor.

4.2.5 Summary

In summary, we have investigated the synergistic effect of N-rGO blending and
electrospinning technique on the dielectric, charge transfer and triboelectric property of
PVDF polymer material for energy harvesting application. The TENG comprises of
PVDF/N-rGO nanofibers as one of the triboelectric layer, showed significant
enhancement in the electrical performance in comparison to pristine PVDF film
prepared via drop casting method. A maximum output voltage of 368 V and current of
35uA is generated by the PVDF/N-rGO nanofiber based TENG device with a power
density of ~282.8 nW/cm?, which is six times higher than the power density of the drop
casted PVDF/N-rGO film under impedance matching condition. This improved
performance of the TENG is credited to both additions of N-rGO and electrospinning
which increases the crystalline B phase, dielectric constant, surface roughness and
charge trapping capabilities of PVDF film. The energy scavenged by TENG is used to
drive electronic devices and charging of capacitors. The fabricated TENG can
effectively harness energy from human motions and exhibits excellent durability and
stability under several contact separation cycles. In addition, the as fabricated TENG is
used to develop a self-powered human-machine interface for smart lighting system
which can automatically turn on the lights upon human motion detection. This study not
only provides insights into the mechanisms underlying the enhanced performance of
nanogenerators but also presents a practical application for self-powered motion
sensors, contributing to the advancement of sustainable energy harvesting technologies

and smart sensor systems.
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CHAPTER 5

Optimizing B, N Co-doped rGO concentration in
electrospun PVDF nanofibers for triboelectric
nanogenerator-driven water remediation
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In this chapter, we have presented a self-powered dye degradation system for removing
the organic pollutants from the wastewater by coupling of triboelectric nanogenerator
(TENG) with BN-rGO as an one of the electrode used in dye degradation system. A high-
performance TENG was initially developed by optimising the BN-rGO concentration
within the PVDF matrix, achieving a maximum power density of 336 uW/cm? at an
optimal BN-rGO content of 1.5 wt%. The electrical power generated by the TENG is used
to degrade the toxic and carcinogenic methylene blue dye through an oxidation process
facilitated by OH radicals at the electrode interface, achieving complete degradation
within 100 minutes. The present works shed light on integration of TENG with carbon
based materials as an electrode for designing an efficient and sustainable, self-powered

electrochemical degradation system for wastewater remediation applications.
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5.1 Introduction

With the rapid acceleration in urbanization and industrialization, the environmental
pollution and energy scarcity has become one of the pressing issue that possess significant
threat to the human society and ecosystem[1-3]. Large amount of organic pollutants in air
and water, especially organic dyes generated from industries, such as, textiles, printing,
dyeing, cosmetics and electroplating contains harmful and carcinogenic compounds,
which seriously endangers/significantly affects the human health and cause great damage
to aquatic life and ecological system[4, 5]. Therefore, it is necessary and imperative to
develop efficient, sustainable and eco-friendly methods to remove organic dyes from
wastewater. Nowadays, numerous strategies are developed for removing the pollutants
from the wastewater[6]. These strategies are mainly divided into two categories, first is
the separation of organic pollutants through adsorption which is not effective as it simply
transfers contaminants from one place to another and thereafter organic pollutants require
further treatment. Another approach is advanced oxidation processes which degrade the
organic pollutants through photocatalysis, piezocatalysis, electrocatalysis, electron-fenton
catalysis etc. Among these techniques, electrocatalytic degradation have gained
significant interest for its clean, versatility, higher effectiveness and environmental
compatible approach|[7]. However, its practical application to large scale is still restricted
due to high consumption of the electrical energy. To solve these problems, one of the
possible ways is to design a self-powered degradation system for wastewater treatment by
using renewable energy which is a key solution for energy sustainability and
environmental issue. In view of this, several types of energy harvesting technologies are
employed to drive the electrochemical systems. Among the various emerging harvesting
technologies, triboelectric nanogenerator stands out to be a promising technology which
can convert randomly distributed, irregular and waste mechanical energy into electrical
energy based on the coupling effect of contact electrification and electrostatic induction.
TENG offers several advantages, such as wide range of material choice, flexible
structural design, ability to operate at low frequency domain, cost-effectiveness making
its prospects in multitudinous applications including self-powered devices[8], smart
agriculture[9], Internet of things[10], implantable device[11], and blue energy[12].

However, to foster the usage of TENG in efficient self-powered degradation system,
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certain issues need to be address for successful integration of TENG with dye degradation
system[13]. Firstly, the output performance of TENG plays a crucial role in determining
their degradation efficiency, which strongly depends on material choice and their
structure. Therefore, suitable material selection and simple device structure should be
utilized to design a self-powered system for unnecessary energy loss during large scale
grid integration. Second, is the selection of cathode which decides the degradation
efficiency of organic pollutants and can make the reaction faster[14, 15]. These issues
can be overcome by integration of high performance TENG with a catalysis with good
performance and selectivity to be used as an active cathode material for developing a self-

powered degradation system for wastewater treatment.

Herein, we have designed a polymer nanofiber based TENG by coupling of PVDF and
PVDF nanocomposite films with nylon film as two triboelectric layers as a power supply
and then apply it to electrochemical degradation system to degrade the methylene blue
dye. Initially, we optimized the concentration of nanofillers by investigating the effect of
boron-nitrogen co-doped reduced graphene oxide (BN-rGO) weight percentage on the
TENG's output performance. The results showed that the PVDF/BN-rGO nanofiber-
based TENG, with 1.5 wt% BN-rGO, produced a maximum output voltage of 380 V,
current of 36 pA, and power density of 336 pW/cm?. Finally, the power generated by the
TENG is utilized to degrade methylene blue dye, which take 14 hours to degrade
completely. Additionally, the potential application of BN-rGO nanofillers is also
demonstrated to be an effective cathode catalysis that can significantly reduce the
degradation time of methylene blue dye. When the catalytic activity of BN-rGO is
combined with the power generated by the TENG for dye degradation, the process was
notably accelerated, and methylene blue dye can completely degrade within 105 minutes.
The present work offers an efficient pathway for designing an efficient and sustainable

self-powered dye degradation system for wastewater treatment applications.

5.2 Experimental Section
5.2.1 Synthesis of PVDF/BN-rGO and Nylon Nanofibers

The hydrothermal route is opted for synthesis of BN-rGO nanosheets as described in

our previous work[16] electrospinning method is employed for fabrication of
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nanofibers of PVDF, PVDF/BN-rGO and nylon. To prepare the electrospinning
solution, different amounts of BN-rGO (0.25, 0.5, 1, 1.5, 2 wt%) are dissolved in DMF
separately and stirred continuously to obtain homogeneous solution. Thereafter, 1g
PVDF is added to above solution and mixed thoroughly at 60° C to obtain an ideal
viscosity required for electrospinning process. Afterwards, the resulting mixture is
loaded in 10 ml syringe and electrospinning is carried out by maintain the flow rate of 1
ml/h at 12 kV voltage and the distance between collector and needle is 10 cm. The
obtain nanofibers are dried in oven overnight at 60° C before further use. The PVDF
nanofibers are prepared via similar route without addition of BN-rGO powder sample.
The PVDF/ BN-rGO nanocomposites with varied concentration of BN-rGO (0, 0.25,
0.5, 1, 1.5, 2 wt%) are labelled as P, PBN1, PBN2, PBN3, PBN4, and PBNS.

Nylon nanofibers are prepared by dissolving nylon 6 pellets in formic acid at a weight
ratio of 1:10, with continuous stirring at 70°C for 3 hours. The resultant mixture is then
loaded into a 10 mL syringe, and electrospinning is carried out at 25 kV supply voltage,
with 0.5 mL/h flow rate. The distance between needle and the collector was set at 10
cm. After electrospinning, the resulting nanofibers were dried in an oven to eliminate

any residual moisture.

5.2.2 Fabrication of TENG

To fabricate the TENG in vertical contact-separation mode, PVDF and PVDF
composite nanofibers were used as the negative triboelectric layer, while nylon
nanofibers served as the positive triboelectric layer. Conductive aluminium adhesive
tape is attached on the back of both the positive and negative triboelectric layers,
functioning as electrodes. Copper wires were then connected to the system for external
wiring and electrical measurements. To assemble the TENG, both films, measuring 3
cm x 2 cm, were securely affixed to acrylic sheets using double-sided tape.

5.3 Results and Discussion
5.3.1 Material Characterization

To analyse the synergetic effect of addition of nanofillers (i.e. BN-rGO) in PVDF matrix,
along with the electrospinning, a set of comprehensive characterizations are carried out.

In the electrospinning method, the electrostatic repulsion between surface charge along
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the jet cause the uniaxial stretching of PVDF solution in presence of electric field, leading
to the crystallization transition from the non-polar a-phase to polar B-phase[17, 18]. The
higher content of the B-phase and enhanced degree of crystallinity generally encourage a
stronger dipolar orientation within the molecular structure of the material. This improved
dipolar alignment, in turn, improves the triboelectric properties. Additionally, when BN-
rGO nanosheets are added to PVDF solution and subjected to electrospinning,
electrostatic interactions arise between hydrogen or fluorine atoms in PVDF and the
functional groups on BN-rGO. These two effects simultaneously improve the mechanical
and dielectric properties of nanofibers, which is supported by XRD, FTIR, and FESEM
studies. Figure 5.1 (a) shows the XRD spectra of PVDF nanocomposites fibres with
varied content of BN-rGO. All the samples exhibit two characteristic peaks, one at 20.2°
correspond to (200)/(110) reflection plane of polar B phase, which is associated with all
trans conformation. Whereas, another peak at 18.4° correspond to non-polar o phase with
trans-gauche-trans-gauche (TGTG) linkage[19, 20]. The intensity of diffraction peak
corresponding to 3 phase increases significantly after addition of BN-rGO, which might
be due to enhanced electrostatic interaction of -CH> and —CF> dipoles of PVDF with

functional groups present in BN-rGO.
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Figure 5.1 (a) XRD, and (b) FTIR spectra of electrospun PVDF nanofibers with different
weight percentage of BN-rGO.

To further confirm the increment in electroactive polar  phase in PVDF nanofiber after
addition of BN-rGO, FTIR analysis is carried out. Figure 5.1 (b) presents the FTIR
spectra of PVDF and PVDF nanocomposite fibres, showing vibrational bands at 840,
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1276, and 1402 cm’!, which are associated with the crystalline polar B-phase[21, 22].
Meanwhile, the characteristic vibrational bands located at 612, 762, 795, 974 and 1382
cm™! correspond to nonpolar o phase of PVDF. The FTIR spectra indicate that adding
BN-rGO to the PVDF matrix enhances the B-phase peak at 840 cm™, while the a-phase
peak at 762 cm™! gradually diminishes. This suggests a consistent transformation from
the nonpolar a-phase to the polar B-phase in PVDF due to the addition of nanofillers, as
well as the poling and stretching effects during electrospinning. The relative content of
the B-phase in nanofibers was determined using Lambert-Beer law. The calculated B-
phase content for pristine PVDF nanofibers is 74.1%, whereas for PVDF/BN-rGO
films, it reaches 77.5%, 78.4%, 80.9%, 85.9%, and 77.8% for 0.025, 0.5, 1, 1.5, and 2
wt% of BN-rGO, respectively, suggesting that 1.5 wt% is the optimal nanofillers
concentration. The decrease in B-phase content at 2 wt% may be due to the interaction
dynamics of BN-rGO within the PVDF matrix, which disrupts polymer chain alignment
and hinders B-phase formation[23-25].

Figure 5.2 shows the FESEM micrographs of PVDF and PVDF/BN-rGO nanofibers
prepared via electrospinning technique. FESEM images shows that electrospun
nanofibers with uniform thickness and smooth surface, having diameter ~ 200 + 140 nm
are prepared without any bead formation. Furthermore, the addition of BN-rGO has
minimal effect on the microstructure and morphology of the PVDF nanofibers,

indicating successful intercalation of BN-rGO nanosheets within the PVDF matrix.

Figure 5.2 FESEM micrographs of electrospun PVDF and PVDF composite nanofibers with
different weight percentage of BN-rGO.

Ph.D. Thesis (Shilpa Rana) 128



As TENG is a capacitive energy device, and its capacitance can significantly affect its
output performance[26, 27]. Typically, a higher dielectric constant results in greater
capacitance and increased charge transfer density. Consequently, enhancing the dielectric
constant of the materials can substantially improve the output performance of the TENG.
Therefore, to evaluate the dielectric characteristics of PVDF nanofibers with varying BN-
rGO loading, an LCR meter is used to measure capacitance of nanofibers by sandwiching
the nanofiber mat between two copper plates, thereby forming a parallel plate capacitor.
The dielectric constant (k) can be calculated using the capacitance (C) measured with

LCR meter, according to the following equation

k=52 (5.1)

AEO

Where d is thickness of nanofiber film, A is electrode area, and &, is permittivity of
free space. The Figure 5.3 illustrates the dielectric constant values of PVDF nanofibers
with varying concentrations of BN-rGO. As the nanofillers content increases from 0 to
1.5 wt%, the dielectric constant rises progressively from 5.4 to 7.1, 9.2, 12.1, and 16.7,

respectively. However, at 2 wt% BN-rGO, the dielectric constant decreases to 14.1.
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Figure 5.3 Dielectric constant measurements of electrospun PVDF and PVDF composite
nanofibers with different weight percentage of BN-rGO.

These findings align with the FTIR studies. The initial increase in the dielectric constant

of the PVDF nanofibers upon the addition of BN-rGO is attributed to the formation of a
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micro-capacitor network and the emergence of microscopic dipoles within the PVDF
matrix, which enhance the film's dielectric properties. The slight decrement observed at

2 wt% is likely due to reaching the percolation limit[18, 28, 29].

5.3.2 Electrical Characterization of TENG

The electrical performance of the PVDF nanofibers based TENG with varied
concentration of BN-rGO, is optimized by conducting a series of test with the help of
electrodynamic shaker and function generator, which allows meticulous control over
both frequency and amplitude, facilitating a thorough investigation of how different
vibration parameters (frequency, force and acceleration) influence the energy harvesting
efficiency of the device. By adjusting these parameters, the device performance in terms
of open-circuit voltage, short-circuit current and transferred charges are analyzed. The
open circuit voltage (Voc) and short-circuit current (Isc) of PVDF nanofibers mat with
varried concenrtration of BN-rGO at 8 Hz frquency is illustrated in Figure 5.4.
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Figure 5.4 (a) The open-circuit voltage, and (b) short-circuit current measurements of
electrospun PVDF and PVDF composite nanofibers with different weight percentage of BN-
rGO.

The result indicate that PVDF/BN-rGO fim based TENG with 1.5 wt% of BN-rGO
obtained the highest output performance, generating a voltage and current of 242 V and
24 YA which is ~2.6 times the voltage, and ~ 3 times the current generated by PVDF
nanofiber based TENG. As we know that output voltage of a TENG depends on
triboelectric charge density which is in turns depends on the dielectric property of the
material, and interlayer distance between them. Therefore, we can conclude that output
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voltage of TENG tends to increase with increase in the dielectric property of the
material. Considering these factors, the observed trend of rising TENG output voltage
and current with increasing BN-rGO concentration up to 1.5 wt%, followed by a
subsequent decrease, could likely be attributed to the following reasons: Initial increase
in the output performance of PVDF nanocomposite nanofibers based TENG upto 1.5
wt% of BN-rGO is due to increase in dielectric constant of PVDF nanofiber, after
addition of conducting nanofillers (i.e. BN-rGO) which creates the charge trapping sites
within the PVDF matrix thus boosting the devic performance. Therafter, on further
addition of conductive nanofillers i.e 2 wt% of BN-rGO in PVDF matrix led to
formation of conductive network within PVDF matrix, causing the leakage effects and
dielectric loss, as a result output performance of TENG decreases. Moreover, the
impact of input excitaion frequency on the output performance of the PVDF and PVDF
nanocomposite nanofibers based TENG is analyzed by tapping the nanogenerator in
frequency range 2 Hz to 10 Hz, and cooresponding output voltage and current

generated is shown in Figure 5.5 (a-b).

Figure 5.5 (a) The open-circuit voltage, and (b) short-circuit current measurements of
electrospun PVDF and PVDF composite nanofibers as a function of varied frequency.

Hence, it can be obtained from the results that 1.5 wt% of BN-rGO is optimum
concentration of doping and subsequent analysis of TENG is performed by using
PVDF/BN-rGO nanofibers mat with 1.5 wt% of BN-rGO, considering its high
performance. Firstly, effect of impact frequency on TENG performance in terms of

Voc, Isc, and charge generated is analyzed and their waveforms produced at different
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frquencies are illustarted in Figures 5.6 (a-c). A maxium voltage, current and charge of
380V, 36 YA and 80 nC is generated by the PVDF/BN-rGO (1.5 wt%) nanofibers mat

TENG. The increase in output performance of TENG with rise in the impact frequency

is due to the higher charge transfer rate and improved energy transfer efficiency,
resulting in higher output performance of TENG [30].
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Figure 5.6 The open-circuit voltage, short-circuit current, and charge measurements of
electrospun PVDF/BN-rGO (1.5 wt%) composite nanofibers based TENG (a-c) as a function of
varied frequency, and (d-f) under different impact force.

Ph.D. Thesis (Shilpa Rana)

132



Additionly, we have also evaluated the output performance of TENG under different
tapping force. Figure 5.6 (d-f) illustrates the Voc, Isc, and charge waveforms of TENG
as a function of varied force, ranging from 10 N to 50 N. The improved triboelectric
output observed with higher contact force can be attributed to an increase in effective

contact area, which facilitates greater triboelectric charge generation.
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Figure 5.7 (a) The open-circuit voltage, and (b) short-circuit current measurements of

electrospun PVDF/BN-rGO (1.5 wt%) composite nanofibers based TENG by varying the
second triboelectric layer.

In regard to the analysis of effect of different triboelectric layer on output
performance of TENG, we have fixed PVDF/BN-rGO nanofiber mat as first
triboelectric layer, while the second layer was systematically varied among different
materials: PTFE, PDMS, PET, paper, and nylon. Figure 5.7 depicts the Voc, and Isc
generated by TENG by using different triboelectric layer. This approach allowed for a
comparative assessment of how each material influences TENG performance. The
Figure 5.7 (a-b) illustrates the open-circuit voltage (Voc) and short-circuit current
(Isc) generated by the TENG with each of these triboelectric layers, providing insights
into the optimal material choice for enhanced energy output. These results

demonstrates that the TENG with nylon and PVDF/BN-rGO produces maximum

output performance among various materials.
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Figure 5.8 The variation of output voltage and power density of PVDF/BN-rGO (1.5 wt %)
based TENG as a function of load resistance.

The nanogenerator deleivers maximum output power, when the load impedance is
optimally matched. Therefore, power density measurements are carried out as a
function of varied resistance, which reveals that a maximum power density of 336
HUW/cm? is obtained for TENG at 10 MQ resistance and is illustarted in Figure 5.8.
Furthermore, the stability and durability of TENG is assesed by measuring the output
current over 1500 s at 8Hz frequency, showing the stable oberation of TENG without
any degradation in current values (Figure 5.9).
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Figure 5.9 Durability of PVDF/BN-rGO (1.5 wt %)nanofiber based TENG with consistent
current output over 1500 seconds.
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5.4 Application of TENG
5.4.1 TENG as a Power Source for Electrochemical Reduction of Methylene Blue Dye

In order to evaluate the potential application of TENG in wastewater treatement
application, a self-powered dye degradation system is constructed by employing TENG
as a power source to degrade methylene blue dye from the wastewater, which provides
bias potentail and current to generate electric field. This electric field accelerates the
separation and movement of charge carriers, which in turn enhances the efficiency of
degradation processes. By boosting the energy available for carrier transfer, TENGs
effectively support faster and more efficient breakdown or degradation of targeted
substances. A schematic diagram showing the setup for the self-powered dye

degradation system is illustrated in Figure 5.10.
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Figure 5.10 A schematic of self-powered dye degradation system for methylene blue dye.

In the typical process, aqueous solution of methylene blue (0.01g/L) is placed in the beaker
and platinum wires are used as two working and counter electrodes used in the system. In
this work, we have utilized two approaches to assesse the decomposition of methelyene
blue. First is the degreadation of dye, where TENG is employed as power source and
another is the usage of BN-rGO as an working electrode instead of platinium electrode
together with the TENG to degrade the methylene blue dye. Here, prepared solution is

stirred at constant speed to maintain uniform concentration and after regular interval of
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time, some amount of solution is taken out and its absorbance spectra is recorded. The UV
spectra of methylene blue solution and its discoloration process is shown in Figure 5.11(a-
b), which shows that characteristic absorption peak of Methylene blue i.e. at 664 nm
decrease gradually with increase in degration time, indicating methyle blue is removed
sucessfully.
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Figure 5.11 UV-vis spectra of dye degradation of methylene blue driven by TENG (a) when
platinum is used as active electrodes and, (b) when BN-rGO is used as an active electrode.

When only TENG is employed as power source to degreade the methylene blue dye it
takes 14 h to completely degrade the dye, whereas when BN-rGO is used as working
electrode instead of platinum, the colour of methylene blue solution decays from blue to
colorless within 100 minutes. The faster degradation mechanism in presence of BN-
rGO is due to its high surface area and enhanced conductivity and advantage of electron
collection and transportation, which makes the degradation process faster [31]. Here,
the degradation of organic pollutants follows the direct electron transfer mechanism,
where organic pollutants are oxidized on the anode surface by hydroxyl radicals (OH),
which are electrogenerated through the water discharge process and then adsorbed onto
the anode and occurs in accordance to following equations[32-34]

2H,0 — 20H - +2H" + 2e~ (5.2)

These OH radicals then react with methylene blue and result in its breakdown into CO:

and H-O as given in following reactions

51 OH:
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Moreover, pseudo first order kinematics is used to explore the kinematics of
degradation of methylene blue dye which can be expressed as

kt = —1n(C—CO) (5.4)

where C, is concentration of methylene blue dye at t = 0, C is the concentration at any
time t. while k and t are the rate constant and the time in minutes, respectively. The
kinetics of electrochemical degradation of methylene is illustrated in Figure 5.12 (a-b).
Additionly, after approximately 2 hours, the electrochemical degradation efficiency of
the dye reaches 35.55% when powered solely by the TENG. However, when the TENG
is paired with a BN-rGO electrode, the dye removal efficiency significantly increases to
86.41%. These results demonstrates the potential application of TENG in wastewater

remidation application by using the ambient mechanical energy.
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Figure 5.12 The degree of degradation of methylene blue dye driven by TENG (a) when
platinum is used as active electrodes and, (b) when BN-rGO is used as an active electrode.

5.5 Summary

In summary, we have successfully optimized the concentration of BN-rGO as
nanofillers to design an efficient triboelectric nanogenerator (TENG) and presented a
self-powered dye degradation system aimed at removing organic pollutants from
wastewater. By adjusting the BN-rGO content within a PVDF matrix, we developed a
high-performance TENG that achieves a maximum power density of 336 uW/cm? at an
optimal BN-rGO concentration of 1.5 wt%. The electrical power generated by the
TENG is harnessed to degrade the toxic and carcinogenic methylene blue dye through
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an oxidation process facilitated by OH radicals at the electrode interface. Furthermore,
the study demonstrates that when TENG 1is used only as a power source, the
degradation of methylene blue dye takes 14 hours. However, with BN-rGO as an active
electrode and power source, the degradation time is significantly reduced to just 100
minutes. Thus, by leveraging the advantage of TENG and electrode materials, this work
introduces an effective approach for converting ambient mechanical energy into stable
electrical output, paving the way for advancement in self-powered electrochemical

systems for the degradation of organic pollutants in wastewater.
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CHAPTER 6

Conclusions and Future Scope of Work
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This chapter provides a comprehensive summary of the primary conclusions derived
from the research presented in this thesis. It also outlines potential future directions
that could extend and deepen the scope of the current research, identifying areas for
continued exploration and potential innovation. These prospective pathways are
intended to guide future studies, building on the foundation established in this thesis

to further advance knowledge and applications in energy harvesting technology.
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6.1 Summary of Research Work

This thesis addresses the development and enhancement of energy-harvesting
technologies, specifically focusing on piezoelectric and triboelectric nanogenerators for
applications in wearable electronics, wireless sensing, and environmental remediation.
In light of increasing global energy demands, the need for sustainable solutions is
paramount, especially in the realm of low-power, autonomous devices like those used in
healthcare, Al, and IoT. This work delves into the fabrication, optimization, and
application of PVDF-based piezoelectric and triboelectric nanogenerators, analyzing
how nanofillers enhance the output performance of these devices. Key challenges in
capturing ambient mechanical energy have been identified and effectively addressed
through the following approaches. Firstly, reduced graphene oxide and its heteroatom
dopant variants i.e. boron, nitrogen and boron nitrogen co-doped rGO were successfully
synthesized via hydrothermal method and employed as effective nanofillers to improve
the output performance of piezoelectric nanogenerators. The results demonstrate that
these nanofillers significantly improve the output performance, with the PVDF/BN-
rGO-based PENG generating a maximum voltage of 20.4 V and current of 15.9 pA.
This enhanced performance is attributed to the nucleation of electroactive polar B-phase
content in the PVDF nanocomposite films, along with the formation of a conductive
network within the polymer matrix that facilitates better charge transfer, thereby
increasing the overall output. The study also explored the effect of varying input
frequencies on the performance of all piezoelectric nanogenerators (PENGSs), finding
that each device achieved peak performance at a frequency of 6 Hz. The potential
application of PENG was demonstrated by effectively harnessing biomechanical energy
from human motions. Thereafter, to further boost performance, a hybrid nanogenerator
(HNG) combining piezoelectric and triboelectric effects was developed by layering the
PVDF/BN-rGO film with PDMS. This HNG achieved a maximum output voltage of
57.6 V and was able to charge capacitors and power devices like LEDs and calculators.
Overall, this study demonstrates that incorporating graphene derivatives into PVDF
matrices significantly enhances energy harvesting efficiency, providing a promising
solution for self-powered wearables and portable electronics. Secondly, this thesis

explores the effects of rGO and nitrogen-doped rGO (N-rGO) concentrations in PVDF
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films to optimize TENG performance. The research involved optimizing the nanofillers
concentration and employing electrospinning technique, which improves surface-to-
volume ratio, thereby increasing effective contact area and charge density of
triboelectric layers. For this purpose, we fabricated various triboelectric energy
harvesters using PVDF nanocomposite films and nylon film, adjusting the weight
percentage of rGO and N-rGO in the PVDF matrix by drop-casting method. Compared
to the bare PVDF film, the TENG with 1.5 wt% rGO and N-rGO achieved maximum
output voltages of 98.4 V and 156 V at 8 Hz, respectively, while the undoped PVDF
film-based TENG produced only 67.2 V. These results indicate that 1.5 wt% is the
optimal concentration for rGO and N-rGO, as higher concentrations result in
performance decline due to the formation of a conductive network within the PVDF
matrix. Additionally, N-rGO-based TENGs produced higher output than those with
pure rGO, likely due to the higher capacitance of N-rGO. Further, we fabricated
nanofiber mats of PVDF and PVDF/N-rGO with 1.5 wt% N-rGO and nylon using
electrospinning. This approach yielded a maximum voltage, current, and power density
of 368 V, 35 YA, and ~282.8 pW/cm? respectively under impedance-matching
conditions. In addition, effects of tapping frequency and impact force on TENG
performance was also analyzed showing that increased frequency and force improve
output performance of TENG by enhancing charge transfer and effective contact area.
COMSOL software were used to simulate the surface potential relationship between the
two TENG layers. The TENG was successfully used to power small electronics and
functioned as a self-powered motion sensor, showcasing its potential for cost-effective,
high-performance energy harvesting in human-machine interfaces and wireless sensing

systems.

Finally, to expand the TENG applications, PVDF nanofibers doped with boron-nitrogen
co-doped rGO (BN-rGO) were tested for efficient energy harvesting and environmental
remediation. Optimal energy output was achieved with a BN-rGO concentration of 1.5
wit%, yielding peak values of 380 V, 36 YA, and 336 puW/cm? respectively. We have also
explored the influence of different counter triboelectric layers by replacing nylon with
PTFE, PDMS, PET, paper, and nitrile gloves. Among these, the PVDF/BN-rGO paired
with nylon exhibited the best output, potentially due to the higher electronegativity
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difference between PVDF/BN-rGO and nylon. Finally, we developed a self-powered dye
degradation system using the TENG as an energy source to degrade methylene blue dye
in wastewater. Without a catalyst, the TENG-enabled system required 12 hours for
complete degradation. However, when combined with a catalyst, the degradation time
was significantly reduced to just 100 minutes. This study highlights the potential of an
efficient, sustainable TENG-catalyst system for wastewater remediation using mechanical
energy. Together, these studies highlight the promise of doped rGO nanofillers in
improving the performance of flexible nanogenerators, showcasing applications from
self-powered devices to environmental remediation systems. This work contributes
valuable insights toward the development of cost-effective, high-performance energy

harvesters for the next generation of sustainable technologies.

6.2 Future Prospective

The ultimate objective of energy harvesting technology is to design self-sufficient and
fully operational systems that do not rely on external power sources for their operation.
By addressing the current challenges and limitations, the present thesis highlights several
promising directions for developing efficient piezoelectric and triboelectric
nanogenerators to power modern portable and wearable devices, as well as wireless self-

powered sensors. The following areas present opportunities for further investigation:

1. Material Innovation and Optimization: Developing new materials with
enhanced mechanical and electrical properties can dramatically improve energy
conversion efficiency. Future research could focus on discovering or synthesizing
materials that offer higher durability, flexibility, and compatibility under various

environmental conditions, enabling broader applications of nanogenerators.

2. Advanced Structural Design: Optimizing the architecture of nanogenerators,
such as incorporating micro- or nanoscale features, could enhance energy
harvesting performance. Research on structural modifications, like layered or
porous designs, can increase the effective surface area and improve interaction

with mechanical stimuli, thereby boosting energy output.

3. Surface Modification Techniques: Techniques like nanopatterning, ion irradiation,

and lithography can enhance surface characteristics, making nanogenerators more
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efficient. Further studies on these techniques could improve the charge transfer

processes and make the devices more responsive to mechanical forces.

4. Hybrid Energy Harvesting Systems: As the current generated by the PENG and
TENG are still low to expand its horizon of applications. Therefore, by integrating
mechanical energy harvesters with other energy harvesting systems, such as
electromagnetic or pyroelectric devices, holds potential for multi-source energy
collection and improves the power density of device. This hybrid approach could
lead to devices capable of simultaneously harvesting energy from various ambient

sources, creating more reliable and consistent power outputs.

5. Integration with Energy Storage Systems: Pairing energy harvesters with
efficient storage systems, like supercapacitors or batteries, is crucial for practical
applications. Future research could focus on seamless integration of
nanogenerators with storage systems, allowing for stable energy supply in off-grid

or portable electronics and wearable devices.

6. Advanced Power Management Circuits: Efficient power management circuits
are crucial for optimizing the output of nanogenerators. These circuits regulate
and store the harvested energy, matching the circuit impedance to the
nanogenerators output to reduce conversion losses. Future studies could focus on
designing circuits with high power conversion efficiency, adaptable power
conditioning, and reliable energy storage, ensuring consistent operation across

diverse energy inputs.

7.  Exploring Environmental and Biocompatible Applications: Developing
nanogenerators for applications in biocompatible and eco-friendly devices will
require materials that are safe and sustainable. Research into biodegradable
materials for short-term applications or non-toxic, stable alternatives for long-term
use can extend the applicability of nanogenerators to fields like biomedical
devices and environmental sensing. In the healthcare sector, self-powered devices
for monitoring or therapeutic applications are highly desirable. Future work could
involve developing nanogenerators that harness biomechanical energy, such as
body movements, to power sensors, pacemakers, or drug delivery systems,

reducing reliance on conventional batteries.
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8.  Application-Specific Customization and Optimization: Future work should
focus on tailoring nanogenerator designs to meet specific application
requirements. For example, wearable electronics may need lightweight, flexible
nanogenerators with high power density and low mechanical stiffness, while
industrial sensors might prioritize durability and higher energy outputs. Further
exploration into specialized designs and application-driven optimizations can

improve the practical viability of these devices.

By exploring these areas, future research can build on the insights from this thesis to
expand the capabilities and applications of mechanical energy harvesting technologies,

making them viable for a wide range of practical and sustainable uses.
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SUMMARY

Self-powered wearable devices, with the energy harvester as a source of energy
that can scavenge the energy from ambient sources present in our surroundings
to cater to the energy needs of portable wearable electronics, are becoming
more widespread because of their miniaturization and multifunctional character-
istics. Triboelectric and piezoelectric nanogenerators are being explored to har-
vest electrical energy from the mechanical vibrations. Integration of these two
effects to fabricate a hybrid nanogenerator can further enhance the output effi-
ciency of the nanogenerator. Here, we have discussed the importance of 2D ma-
terials which plays an important role in the fabrication of nanogenerators because
of their distinct characteristics, such as, flexibility, mechanical stability, nontoxic-
ity, and biodegradability. This review mainly emphasizes the piezoelectric, tribo-
electric, and hybrid nanogenerator based on the 2D materials and their van der
Waals heterostructure, as well as the effect of polymer-2D composite on the
output performance of the nanogenerator.

INTRODUCTION

The rapid growth in population and industrialization has aggravated the significant ecological deteriora-
tion and energy crisis worldwide due to the consumption and depletion of fossil fuels. Fossil fuels provide
the most significant contribution as a common energy source, but their limited reserve in nature makes it
difficult to provide it for the future generation. Therefore, several efforts have been made by the scientific
community over the past decades by exploring sustainable, renewable, and green energy sources to fulfill
the future demand of energy in an effective and environment-friendly way. Besides this, with the forth-
coming Internet of things(loT) and artificial intelligence era, the need for smart electronics with multiple
functionalities, portable, flexible, and miniaturization concepts are highly desirable (Liu et al., 2019,
20213, 2021b). Till now, most of the energy requirements in the electronic devices are fulfilled by the bat-
teries even though it endows several drawbacks due to their short life span, durability, short charging/dis-
charging, heavyweight, rigid, bulky, and overheating nature (Armand and Tarascon, 2008; Van Noorden,
2014). This results in an exacerbated overall performance in the context of portability and wearability of
such devices. Because some of these electronic devices work only a few hours, energy harvesting/storage
devices with high energy density and capacities are required to meet the growing demand for energy to
address the emerging energy needs. Therefore, a self-powered electronic device, with the energy
harvester as the source of energy that can scavenge the energy from ambient sources present in our sur-
rounding to power up its electronic components and sensors, as well as storing the excess energy for later
use for continuous and stable operation, has become a viable alternative for the cumbersome batteries that
require frequent recharge/replacement. Such technologies are especially vital for medical applications.
So far, various energy harvesting technologies have been developed as a means to supply power to
these electronic devices to form a self-powered system, such as, photovoltaic cells for harnessing solar
energy(Behura et al., 2019); piezoelectric(Jung et al., 2011) and triboelectric nanogenerator (TENG) (Niu 1Department of Applied

and Wang, 2015) for harnessing mechanical energy; thermoelectric(Xie et al., 2017) and pyroelectric gen- Physics, Delhi Technological

erator(Yang et al., 2012) for harnessing thermal energy. Among these energy harvesting technologies, me- University, Main Bawana
( 9 ' ) 9 9 9 9y 9 9 Road, Delhi 110042, India

chanical energy harvesting is of the utmost importance because of its omnipresence which is not restricted
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disadvantage due to small thermal gradients and low efficiency. 2022.103748
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ABSTRACT: Recently, piezoelectric and triboelectric nanogenerators are explored
extensively for harvesting energy from mechanical vibrations via piezoelectric and
triboelectric effects. The output efficiency of these nanogenerators can be improved
further by combining their piezoelectric and triboelectric effects to fabricate a hybrid
nanogenerator. In the present work, first, piezoelectric energy harvesters are fabricated to
investigate the effects of the introduction of reduced graphene oxide (rGO), single-
heteroatom (N)-doped rGO, and boron/nitrogen-codoped rGO in enhancing the
piezoelectric performance of a poly(vinylidene fluoride) (PVDF)-based nanogenerator.
Then, the film showing the highest piezoelectric performance (i.e., PVDF/BN-rGO) is
coupled with a PDMS film to fabricate a hybrid nanogenerator. In comparison to a
pristine PVDF-based nanogenerator, the PVDF/BN-rGO-based piezoelectric nano-
generator device exhibits ~2 times enhancement in output voltage and ~6 times
enhancement in piezoelectric current, whereas the hybrid nanogenerator with the
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corresponding composite film shows better electrical performance, producing an output voltage and current of 57.6 V and 28.8 A,
respectively. The improved performance of the nanogenerator is ascribed to the synergistic effect of piezoelectric and triboelectric
effects together with the addition of codoped rGO in the PVDF matrix, which increases the remnant polarization and dielectric
property of the PVDF nanocomposite film. Finally, the output generated by the hybrid nanogenerator is used to power 15 light-
emitting diodes (LEDs) and a calculator. The present work has shown the importance of rGO and its derivatives for energy

harvesting applications.

KEYWORDS: piezoelectricity, triboelectricity, hybrid nanogenerator, reduced graphene oxide, energy harvesting

1. INTRODUCTION

An upsurge in the growing energy demands, with the
development of the internet of things (IoT), portable
electronics, and wearable/wireless technologies, has sparked
great interest in the field of energy-harvesting technologies.
Among the various energy-harvesting technologies, scavenging
of electrical energy from wasted mechanical energy via
piezoelectric and triboelectric effects has stirred up a huge
interest not only in overcoming energy crisis issues to power
microelectronic systems but also in realizing their application
in designing a flexible, wearable, self-powered system.'™ On
the one hand, piezoelectric nanogenerator (PENG) devices
have profound great importance in energy harvesting due to
their thin, highly flexible, and mechanical stretchable nature (in
some cases), which allows them to be mounted on any type of
surface. However, there has been only a minor improvement in
the output performance of nanogenerators from a few nW to a
few W since the invention of the first PENG, which hinders
their application in high-powered devices,”® whereas on the
other hand, a triboelectric nanogenerator (TENG) based on
triboelectrification and electrostatic induction has been
demonstrated to generate more output power with a high

© 2022 American Chemical Society

7 ACS Publications
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energy conversion efficiency (85%), and its diverse material
choice, simple structure, cost effectiveness, and ease of
fabrication make it more promising to scavenge energy under
different small mechanical and biomechanical actions with
variable amplitude and frequency.””” However, standard
practices used for enhancing the performance of TENGs,
such as physical and chemical surface modification,'’ charge
injection,'' printing of a specific structure,” and electric
polarization,'” are complex and difficult to implement on a
large scale. Therefore, coupling/integration of both piezo-
electric and triboelectric effects to collect more energy from a
single source (mechanical energy) is a promising approach for
developing a self-powered sustainable power source with
enhanced energy conversion efficiency.'” This is because the
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Polymer nanocomposite film based piezoelectric
nanogenerator for biomechanical energy harvesting
and motion monitoring

Shilpa Rana’, and Bharti Singh'*
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ABSTRACT

With the advancement in the wearable technologies such as, smart watches, elec-
tronic skin, and wearable portable device, scavenging the biomechanical energy
from human movements have gained considerable attention for designing self-
sustainable power system. Here, we have reported a flexible piezoelectric device
that can be conformably adhered to the human body in order to harness the
energy from diversification of touch and motion. For this, we have fabricated a
polyvinyl difluoride (PVDF) polymer based flexible piezoelectric nanogenerator
(PNG) device that can harness energy from various human motions and convert
it to useful electrical energy. To further improve the performance of PVDF based
nanogenerator, hydrothermally synthesized nanosheets of reduce graphene oxide
(rGO) and boron doped rGO are embedded in PVDF matrix as a conductive
nanofiller materials to enhance the device output performance. Among all fab-
ricated devices based on pristine PVDF (P), rGO doped PVDF (PR) and, boron
doped rGO (PBR), the latter generates a maximum voltage and power density
of 13.8 V and ~42.3 uW/cm? respectively, which is then used to light up series
of commercially available LEDs. Finally, PBR film based PNG is demonstrated
to harvest energy from different types of human motion which includes finger
tapping, elbow bending, foot tapping, leg folding, and wrist movements. This
device demonstrates the potential use of polymer nanocomposite films in self-
powered wearable devices.
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important factors for continuous and stable operation
of these flexible and wearable electronic devices is the

1 Introduction

With the technological advancement, flexible, wear-
able and, miniaturized microelectronic devices with
diverse functionality are rapidly becoming the part of
our mundane life by affecting various aspects of human
life from health monitoring, and entertainment to infor-
mation and communication technology [1, 2]. One of the

Address correspondence to E-mail: bhartisingh@dtu.ac.in
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sustainable power supply. Till now, batteries have been
used as one of the most reliable and economical sources
to supply power to these electronic devices but their fre-
quent recharging and replacement process, bulky nature
and disposal difficulty are becoming challenge for their
long term application and environmental safety [3, 4].
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Abstract

A triboelectric nanogenerator (TENG) working on a contact electrification and electrostatic induction principle is a promising
energy source for fulfilling the energy demand of low power electronic devices by converting the ambient mechanical energy
to useful electrical energy. Here, a polymer nanocomposite film-based triboelectric nanogenerator has been designed by
embedding reduced graphene oxide (rGO) nanosheets in a polyvinylidene fluoride (PVDF) matrix as one of the friction layers.
The PVDF nanocomposite film-based TENG was constructed and examined for structural, electrical, and surface properties
with varied weight percentages of rGO nanofillers (0.0 wt%, 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt%). The experimental
results demonstrate that the addition of rGO in a PVDF matrix considerably increased the output performance of the TENG
device. The TENG device with 1.5 wt% of rGO can deliver the maximum output voltage and current of 95.9 V, and 16.8
uA, respectively, which are ~ 3 and ~ 7 times the voltage and current produced by pristine PVDF film-based TENG. The
enhanced performance of the nanogenerator is attributed to the addition of conductive nanofillers in the polymer matrix which
improves the surface charge density of polymer nanocomposite films by forming a conduction network, resulting in more
effective charge transfer. Moreover, the output of the nanogenerator is stored in the capacitor and used to drive commercial

LEDs, revealing the TENGs' potential applications for designing self-powered electronic devices.

Keywords Triboelectrification - Nanogenerator - Energy harvesting - rGO

Introduction

The global energy crisis with the technological advancement
and increase in the human population has become one of the
major problems that has motivated researchers all over the
world to actively seek for innovative solutions to generate
electricity from unconventional renewable energy sources.
In light of this, various technologies have been developed
and studies are still ongoing to harvest energy from sustain-
able energy sources, such as solar, thermal, vibration, wind,
etc./™ Among these technologies, triboelectric nanogenera-
tors (TENGs) operating on the principle of triboelectrifi-
cation and electrostatic induction have garnered consider-
able attention as an innovative technology which converts

< Bharti Singh
bhartisingh@dtu.ac.in

Department of Applied Physics, Delhi Technological
University, Main Bawana Road, Delhi 110042, India

@ Springer

mechanical energy from diverse sources into electrical
energy. Because of their working principle, TENGs possess
several advantages over other energy-harvesting devices due
to their outstanding performance in energy harvesting with
strong output signals, cost-effectiveness, robustness, simple
design, and abundant choice of materials.’~’ Also, it is well
known that the surface charge density of triboelectric materi-
als has a significant impact on TENGs' output performance.
Therefore, various methods have been adopted by research-
ers to improve the TENG performance, among which two
major approaches are (1) to select a suitable friction material
with markedly different polarities and structural optimiza-
tion, as the performance of the device greatly depends on the
structure and material selection, and (2) surface modifica-
tion with micro-/nanostructure formation, doping composi-
tion, and charge injection to improve and regulate the fric-
tion ignition effect.®~'* Many materials, organic, inorganic,
polymer, etc., have been explored since the invention of the
TENG in 2012, and their triboelectric series have been made
in which polymers currently dominate the triboelectric series


http://orcid.org/0000-0002-4066-4296
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-024-11426-w&domain=pdf

Carbon 234 (2025) 119926

FI. SEVIER

journal homepage: www.elsevier.com/locate/carbon

Contents lists available at ScienceDirect

Carbon

PVDF/N-rGO nanofibers based sustainable triboelectric nanogenerator for
self-powered wireless motion sensor

Shilpa Rana®, Himani Sharma ", Renuka Bokolia “, Kamlesh Bhatt“, Rajendra Singh ©,
Ramcharan Meena “, Bharti Singh **

& Department of Applied Physics, Delhi Technological University, Main Bawana Road, Delhi, 110042, India
b Department of Physics, Doon University, Dehradun, 248001, India

¢ Department of Physics, Indian Institute of Technology Delhi, Hauz Khas, New Delhi, 110016, India

d Materials Science Division, Inter- University Accelerator Centre, New Delhi, 110067, India

ARTICLE INFO

Keywords:

Self-powered sensor
Mechanical energy harvesting
Sustainable power source
PVDF/N-rGO nanofibers mat

ABSTRACT

The wireless sensor networks, a critical component of Internet of Things (IoT) play a pivotal role in smart era
where numerous microelectronic devices, sensors are connected wirelessly to one another. However, the need for
massive distributed energy for perpetual operation of sensors and wireless transmission modules has become a
major issue. Therefore, to address these issues, we have designed a self-powered motion sensor using PVDF and
nitrogen doped rGO (N-rGO) nanocomposite film. The fabricated triboelectric nanogenerator (TENG) enables
real-time control in human machine interface by wirelessly transmitting sensing data obtained from real time
human motion detection for smart home. By employing nanofillers and electrospinning techniques, a significant
enhancement in electrical performance of PVDF based TENG is achieved. PVDF/N-rGO(1.5 wt%) nanofiber-
based TENG exhibits superior performance compared to conventional PVDF film based TENGs prepared using
drop casting techniques, delivering maximum output voltage, current, and power density of 368 V, 35 pA and
282.8 pW/cm? respectively. Furthermore, real-time application of TENG is illustrated by powering electronic
devices and harnessing mechanical energy from human movements. These findings provide valuable insights into

the development of self-powered human-machine interface for managing wireless sensing system.

1. Introduction

The advent of 5G technologies and the internet of things (IoT) era
where numerous electronic devices and sensors are interconnected and
constantly communicating with each other have significantly impacted
human lives [1-3]. On the one hand, these technologies require a widely
distributed smart sensors and wireless transmission modules to ensure
the successful interaction between humans and electronic devices.
Whereas, on the other side power consumption of these electronics have
become the major issue because of their multifunctional nature and
miniaturization. Till now, batteries and electrical cable power supply
have served the purpose of powering these device but they are ineffi-
cient and ineffective because of their short lifespan, which necessitate
frequent recharging and replacement; environmental hazardous; and
distribution of these device and sensors in remote and harsh environ-
ment where it become difficult to provide wired supply to devices all the
time [4,5]. In this regard, self-powered devices and sensors that can

* Corresponding author.
E-mail address: bhartisingh@dtu.ac.in (B. Singh).
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work efficiently and sustainably without any external power source are
highly desirable [6,7]. Many promising clean alternatives for energy
harvesting technologies have come fore in this regard which can not
only offset the shortcomings of limited lifespan of batteries but also
helps in designing self-sustained power system by harnessing the
ambient energy present in our surrounding which includes solar energy,
biochemical energy, thermal energy, mechanical energy. Among,
various form of energy, mechanical energy is extensively prevalent and
is largely unaffected by weather, time and working environment con-
straints. Specifically, triboelectric nanogenerator based on the
conjunction of tribology and interfacial charge transfer is considered as
a potential candidate for designing self-sufficient power system which
can also operate as self-powered sensor by harvesting energy from
various mechanical motions in our day to day life including human
motion, vibration, water waves, friction, rotation etc. [8,9] Beside this,
TENG also bestow superior advantages over the other energy harvesting
technologies such as high efficiency, diverse material choice, ease of
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