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ABSTRACT:

The escalating global energy demand, propelled by rapid industrial expansion, has
underscored the imperative of transitioning to cleaner and more sustainable energy
sources to combat pollution and mitigate the adverse effects of global warming.
Triboelectric nanogenerators (TENGs) have emerged as a promising technology capable of
harnessing ambient mechanical energy and converting it into electrical power. This research
initiative seeks to advance the field by focusing on the development of composite materials
derived from a synergy of biopolymers extracted from natural sources, particularly

potatoes, and inorganic fillers.

The comprehensive objectives of this study encompass the extraction of biopolymers from
natural resources, the meticulous characterization of composite materials to ascertain their
mechanical, physicochemical, and morphological properties, the fabrication of TENGs
employing these composite materials, and an exhaustive evaluation of the TENGs'

performance metrics.

Remarkably, the composite materials exhibit outstanding dielectric properties,
characterized by exceptional dielectric permittivity (€) values. At a fundamental level, these
materials showcase impressive dielectric constant (g') values, with specific examples
reaching into the millions at a frequency of 1 Hz. Furthermore, the dielectric loss (g") values,
representing the imaginary component of permittivity, also exhibit notable characteristics.
For instance, certain composite materials demonstrate €' values that mirror the remarkable

€' values, signifying their potential to excel in energy storage applications.

What sets this research apart is not only the development of materials with exceptional
dielectric properties but also the exploration of their practical application in triboelectric
nanogenerators. The TENGs fashioned from these composite materials consistently exhibit
remarkable voltage outputs, further underscoring their potential for various energy

harvesting applications.
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INTRODUCTION:

In the last years, the energy demand has been increasing rapidly due to the expanding
industrial activity caused by the development of society and the economy.[1] Many energy
sources as the traditional (e.g., coal, oil, and gas) have been contributing to global electrical
power generation. [2] Nevertheless, they also have a strong contribution to pollution owing
to the emission of greenhouse gases and other air contaminants. [3]. Renewable energy
sources provide an excellent opportunity for reducing the aforementioned issue and
reducing global warming, its sharing in the total energy utilized has increased in recent
years. [1]

Besides the well-known renewable sources such as solar, wind, wave, and so on, there are
others which have been never regarded before. One of them is environmental random
energy sources like human walking, body shaking, hand touching, rain dropping, wheel
rotation, and machine roar. [4] Whilst they are identical in principle to large-scale renewable
energy generation, the amount of energy produced is much smaller being typically tens of
microwatts to a few watts [5] which is the scale of nano/micro energy. This allows to us
make an introduction to a new concept is Energy harvesting (also called Energy scavenging)
which is the conversion of environmental energy into electrical energy for use in self-
powered electronic devices or circuits.

New electronic technology follows the trend of miniaturization, portability, and
functionality which means that each people can have at least dozens to hundreds of such
small electronics. Powering by batteries such electronics along with the recently growing
demand for sensors by emerging Internet of Things (loT) at any time will become
impractical. Considering the following drawbacks that this entails: (1) huge number of
batteries to power them, (2) large scope of distribution, (3) difficulty to track (4) and poor
recyclability, it implies environmental impact and possible health hazards. Hence, other
power sources for independent and continuous operations of such small electronics are
needed. [6]

At this point, energy harvesters such as nanogenerators make their entrance as batteries
green alternative. The first one was developed by Wang and coworkers in 2006 to scavenge
ambient mechanical energy based on the piezoelectric effect. [7] Its mechanism is the

induction of an electric charge in response to an applied mechanical strain [8] its nature is
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closely related to the generation of electric dipole moments in solids. The dipole moments
may either be induced by ions on crystal lattice sites with asymmetric charge surroundings
may be carried by molecular groups directly.[9].

In January 2012, the triboelectric nanogenerator (TENG) was invented. This device is
considered a powerful technology for transforming random mechanical energy from the
environment into electricity. TENGs' mechanism is based on the coupling of
triboelectrification and electrostatic induction, with unique benefits of low weight, high-
power density, high efficiency, and low fabrication cost. [7] TENGs use Maxwell’s
displacement current as the driving force for effectively converting mechanical energy into
electric power/signal, regardless of whether nanomaterials are used or not. [10]. An
electrical potential between the surfaces is initiated, when the charges are moved apart on
the contact surfaces. There are four basic working modes of the TENGsS, that are classifying
depending on the direction of the polarization alteration and electrode configuration,
including vertical contact-separation (CS) mode, lateral sliding (LS) mode, single-electrode
(SE) mode, and freestanding triboelectric-layer (FT) model [11]

Until now, there are many studies that focus on the output TENGs performance
improvement of system design and circuit design. However, studies regarding the design of
materials have not been so exploited. It is because the mesoscopic understanding of the
electrification mechanism is not well set, TENGs materials are restricted to a few species.
The main strategy to enhance the output electric power of TENGs have been increase the
charge generation, due to the performance of TENGs is proportional to the charge density
of the contact surface and also the square of the charge density is the main framework used
to quantify a TENG’s performance as a material figure of merit.[12]

Other approaches from the materials perspective in order to increase the electrical TENGs
outputs have been reported. These approaches incorporate increasing the contact area by
fabricating microscale or nanoscale surface structures, surface functionalization to expand
the surface charge density or to ease triboelectric charge transfer, alteration of the surface
property by electrical poling or doping, and creation of new materials by molecular
synthesis or nanocomposite formation. Changing the intrinsic material properties
(dielectric constant, polarity, work function, etc.) has been pursued through nanocomposite
formation, electrical poling, chemical doping, and material synthesis. In an effort to improve

charge generation, nanocomposite materials have been studied extensively.[12]

13



Exist a necessity for a better understanding of the triboelectric effect of the materials, how
the chemical composition of the materials and the interaction of the triboelectric layers are
correlated with the charge density [13]

According to Kim in 2020 “A material with a high dielectric constant can be a good candidate
for high-density charge generation”[12]

The aim of this research is to develop a composite material using biopolymers and inorganic
fillers for use as triboelectric layer surfaces in the fabrication of triboelectric
nanogenerators. The first step will be to obtain biopolymers from natural resources such as
potato and microorganisms. The next phase will involve developing and characterizing the
mechanical, physicochemical, and morphological properties of the composite materials
based on these biopolymers and inorganic fillers. The composite material will then be used
to manufacture a TENG using a free-standing sliding mode type. Finally, the output
parameters of the TENG will be evaluated to determine its performance. By achieving these
objectives, this research aims to contribute to the development of sustainable and eco-

friendly technologies for energy harvesting.
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OBJECTIVES

1. General Objective

e To develop composite based on biopolymer and inorganic filler to be use as

triboelectric surfaces to fabricate triboelectric nanogenerator.
2. Specific Objectives:
* To obtain biopolymers from natural resources such as potato and microorganism

¢ To develop and characterize the mechanical, physicochemical and morphological

properties of composite materials based on biopolymers and inorganic fillers
¢ To manufacture a TENG using a free-standing sliding mode type.

¢ To evaluate the output parameter of the TENG developed.
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CHAPTER 1. THEORETICAL FRAMEWORK

1.1 TENGs

1.1.1 Description

Triboelectric Nanogenerators, which were invented by Dr. Zhong Lin Wang
from the Georgia Institute of Technology, are a novel technology designed to
generate electrical energy by utilizing residual mechanical energy sometimes
called randomly distributed, irregular, and wasted low-frequency energy
source.[10] These sources such as human motion, mechanical vibration,
wind, ocean waves and so on[14] typically involve the friction or contact
between different materials, and by applying a mechanical force on the
TENG, electric charges are produced. TENGs have many potential
applications due to their high-power density, high efficiency, low weight, and
low fabrication cost[14] also can harvest electrical energy from a variety of
sources, and their durability, flexibility, and cost-effectiveness make them
particularly useful for energy generation in difficult environments and in

developing countries with limited energy resources.[15]

1.1.2 Working principle and physical phenomena

The triboelectric nanogenerator (TENG) works based on the coupling effect
of contact electrification phenomenon also known as Triboelectric effect and
electrostatic induction[14]. Contact electrification which is a phenomenon
that occurs when two different materials come into contact and then
separate. When the two materials come into contact, electric charge are
transferred from one material to the other, this charge transfer can be of
different types, such as transfer of electrons, ions, or nanomaterial[16,17].
However, recent studies show that most of the charge transferred in TENGs
is due to the transfer of electrons[18,19], this last mechanism arise due to
differences in their electron affinity and work function of the contacted
layers. This results in the formation of positive and negative charges on the
two surfaces. Contact electrification can also result in the formation of a
mosaic of surface charges on the two surfaces in contact. This occurs due to

the spatial distribution of different charge carrier densities on the surface,
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resulting in a mosaic-like pattern of surface charges. [20,21] When the
materials are separated, the positive and negative charges remain on their
respective surfaces, creating an electric potential difference between them.

This potential difference can be used to generate an electrical current.[22].

The phenomenon of electrification can be explained by three different

models, each of which is related to the types of materials that are in contact.

The first model is the band structure model, which is used when one surface
is made of a metallic material and the other is made of a dielectric material.
In this model, the metallic material is defined by the Fermi distribution of its
electrons, which depends on the temperature of the material. On the other
hand, the dielectric material is defined by its molecular orbitals. When the
two surfaces come into contact, the electrons in the metallic material have
more energy than the unoccupied molecular orbitals on the surface of the
dielectric material. As a result, the electrons from the metallic material can
jump to lower energy levels in the dielectric material, explaining why
dielectrics are considered electron acceptors in contact with

metals.[13,18,23]

The second model is the molecular orbital model, which is used to describe
charge transfer between two dielectric materials. In this model, the transfer
of charge is explained by the overlap of the molecular orbitals of the two
materials. When the two surfaces come into contact, the molecular orbitals
on each surface overlap, allowing for the transfer of electrons between the

two materials.[13,24]

The third model was proposed by Wang and uses potential wells to explain
electron transfer. As the two surfaces approach each other, the potential
barriers between the surfaces overlap, and the wave functions that describe
these potential wells combine. This results in a decrease in the barrier,
facilitating the transfer of electrons from wells with higher energy levels to

those with lower energy levels through quantum tunneling.[13,25]
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In summary, the three models of electrification by contact each describe
different mechanisms by which electric charge can be transferred between
two surfaces. The band structure model is used when one surface is metallic
and the other is dielectric, the molecular orbital model is used when both
surfaces are dielectric, and the potential well model is used to explain

electron transfer through quantum tunneling.

The phenomenon of permanent charges generated during contact and
resulting polarization is central to the functioning of Triboelectric
Nanogenerators (TENGs). The polarization effect generated by electrification
is best described using Maxwell's equations, which govern all
electromagnetic phenomena. These equations provide a mathematical
framework to describe how electric and magnetic fields interact with each
other and with matter. Specifically, the equations introduce a new term
called Polarization Ps, which is generated by the electrification of the TENG
sheets during contact. By taking into account this new term, the Maxwell
equations can be used to model and analyze the behavior of TENGs and
predict their output parameters such as voltage, current and power. [26],

Rewriting Maxwell's equations in terms of polarization (Ps):

(Ea. 1)
The vertical separation-contact model of a TENG consists of two dielectric

layer that are attached to an electrode at each end, which in turn are
connected to an electrical resistance. The TENG's operation can be explained

step by step as follows:

1. Both dielectric surfaces are brought into contact, allowing for

electrification by contact to occur.
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2. As aresult of the contact electrification, a polarization occurs on the
surfaces, generating permanent charges of opposite sign on each

surface.

3. When the two dielectric surfaces are separated, the positive charges
on one surface attract the electrons of its electrode towards itself,
while the negative charges on the other surface repel the electrons
from its electrode. This generates a current in the opposite direction

to the movement of the electrons by convention.

4. The flow of current ceases at the end of separating the surfaces to a
maximum distance. The TENG then moves on to the next half of the

cycle, producing a current in the opposite direction.

Figure 1 Schematic diagram of power generation principle of TENG by vertical contact separation
mode. [27]

During the operation of the TENG, there are currents and voltages that
depend on time. Therefore, it is possible to derive expressions for these
parameters that can be considered as design parameters. These design
parameters can then be optimized to improve the performance and

efficiency of the TENG.

Therefore, it is possible to derive expressions for these parameters that can

be considered as design parameters. These design parameters can then be
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optimized to improve the performance and efficiency of the TENG. The
following equation is the expression of the current density taking into

account the model described above:

(Ea. 2)
The second part of the equation refers to the changes in the saturation of

the charge within the dielectric layer over a series of contact cycles.
Eventually, the saturation reaches a maximum and the term becomes zero,
which typically happens after around 10 cycles of contact and detachment.
After this transient part, the equation can be reduced to a simpler form that
relates the charge density of the dielectric layer to the current density of the

TENG.

(Eq. 3)

There are three expressions that can be customized based on the desired
characteristics. The first expression, denoted as P1, represents the charge
density of the dielectric material, which is influenced by various factors such
as the chemical composition of the materials, their interaction during
contact, and their mechanical properties such as elasticity and friction. The
second expression, P2, describes the operating mode of the TENG, with the
contact or sliding speed playing a crucial role. The third expression, P3, is a
function of the geometry of the surfaces in contact, the distance between
them, and the dielectric constants of the materials involved[13,28]. In the
same way it is possible to obtain the expression for the potential drop

between both layers.
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(Eq. 4)

These constitutive equations can be used to optimize the design of the TENG
by choosing materials with desirable dielectric properties, such as high

permittivity.

1.1.5 Types of TENGs

TENGs can be classified into various working modes[29] based on their
operational principles and design configurations. The number of working
modes can vary, depending on the specific criteria used for categorization.
These criteria may include factors such as the type of materials used, the
structural arrangement of the device, or the specific application

requirements.

In terms of types and designs, there exist several variations of triboelectric
nanogenerators, each offering its own unique features and configurations.
These variations allow for customization and optimization of TENGs for
different purposes. For example, one design might focus on maximizing the
surface area of contact between the materials to enhance charge
transfer[30], while another design could prioritize flexibility and portability

for wearable applications [31,32].

Furthermore, the number of working modes for TENGs can be influenced by
the categorization criteria employed. As the field of triboelectric
nanogenerators continues to advance, the understanding and classification
of these devices' working modes will likely evolve, leading to new insights

and improvements in their design and functionality.

Next, we will delve into the main working modes of triboelectric
nanogenerators, exploring their diverse approaches to charge generation,

separation, and collection.

Contact-mode
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The Triboelectric Nanogenerator (TENG) operates in contact mode and
involves two fundamental processes. Firstly, during Contact Electrification,
when two materials with varying electron affinities make contact and then
separate, there is a transfer of electrons between them due to differences in
their electronegativities. This transfer results in the accumulation of charges
on the surfaces of the materials involved, causing one material to become
negatively charged (with excess electrons) and the other positively charged

(electron-deficient).

Secondly, there is Electrostatic Induction that occurs after the contact
electrification. When the two materials are separated, an electric potential
difference or voltage is established between them due to the earlier charge
transfer during contact. This voltage leads to the accumulation of charges of
opposite polarity on the electrodes connected to the materials, creating an

electric current when a closed circuit is formed.

To describe this process mathematically, an equation for the metal-to-

dielectric contact-mode TENG can be used. The equation is as follows: [33]

Here, R represents an arbitrary resistor connected to the external circuit, Q(t)
is the time-dependent quantity of transferred charge, S is the area of the top
electrode, €0 is the vacuum permittivity, d2 is the thickness of the dielectric
material, €2 is the relative dielectric constant of the dielectric material, x(t)
is the varying distance with time between the top electrode and the
dielectric material, o is the triboelectric charge density induced by the
contact electrification, v is the velocity of the top electrode, and a is the

acceleration of the top electrode. [33]

In essence, this equation relates the transfer of charge to various parameters
such as the dielectric properties, distance variation, charge density, and

motion of the components involved in the TENG operation. It helps in
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understanding and quantifying the energy generation process in a contact-

mode TENG.[33]
Sliding mode

the sliding-mode TENG has two types: dielectric-to-dielectric and conductor-

to-dielectric.

Dielectric-to-Dielectric TENG: Both materials in contact are dielectric
(insulating) materials, charge separation occurs due to the triboelectric
effect when the materials contact and separate, as they separate, opposite
charges build up, creating an electric field, this electric field can be used to

generate electrical energy in an external circuit. [34]

Conductor-to-Dielectric TENG: One material is a conductor, and the other is
a dielectric material, harge transfer also happens due to the triboelectric
effect during contact and separation, the key difference is that the conductor
allows charges to flow more easily, as a result, there is a flow of current

generated in an external circuit, producing electrical energy. [34]

Both types of TENGs utilize relative motion and the triboelectric effect for
charge separation, but they differ in the nature of the materials involved and
how the generated charges are harnessed for electricity. The choice depends

on the specific application and material properties. [34]

Figure 2 Device structure of the TENG
Freestanding triboelectric layer

FTENGs (Freestanding Triboelectric Nanogenerators) can operate in a non-

contact mode without a significant loss in output, greatly boosting energy

23



conversion efficiency by reducing friction and inelastic collision losses. They

fall into two categories:

Contact Mode Stand-Alone Triboelectric Nanogenerators (CFTENG): These
use vertical charge separation. They rely on changes in capacitance between
the tribocharged surface and two electrodes, with the position of the
independent layer crucial to their operation. CFTENGs are excellent for

collecting vibration energy without distortion. [35]

Sliding Mode Independent Triboelectric Nanogenerators (SFTENG): These
achieve in-plane charge separation and can be classified by their
independent layer material. Dielectric SFTENGs maintain consistent
capacitance, while metallic SFTENGs show variations with the independent
layer's position. SFTENGs tolerate variations in the independent layer's
height well, operating effectively without contact. Increasing electrode
distance enhances open circuit voltage and height tolerance. Optimal

electrode separation increases with the independent layer's height. [35]

This theoretical analysis provides valuable insights into output, structural
design, and optimization, guiding the rational design of TENGs to maximize
electrical output for energy harvesting and sensitive self-powered sensors.

(35]

Figure 3  Theoretical models of CFTENGs. (a) model of a typical dielectric freestanding layer CFTENG.
(b) equivalent circuit model of the dielectric CFTENG electrostatic system. (c) model of a typical
metal freestanding layer CFTENG.
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1.1.6 Strategies for increase electrical outputs

The materials used in TENGs construction have not been thoroughly
investigated. TENG materials are limited to a few species, and studies have
mainly focused on morphological optimization of contact surfaces. However,
recent research has explored new material design approaches to enhance
TENG electric power output. In 2020, Kim and coworkers make a review [12]
, in this review discusses four representative TENG component layers and

their material requirements. These components are the following:

(a) Charge-generating layer: The charge-generating layer is a fundamental
component of triboelectric nanogenerators (TENGs) as it plays a vital role in
converting mechanical energy into electrical energy. The performance of
TENGs is proportional to the charge density of the contact surface.
Therefore, enhancing the charge density of the contact surface is essential

to improve TENGs' electric power output.

One approach to increase the contact surface area is to fabricate microscale
or nanoscale surface structures. Various methods can be employed for
microstructure fabrication, including force-assembled colloidal arrays, soft
lithography, anodic aluminum oxide, block-copolymer assembly, and surface
nanomaterial fabrication. By increasing the contact area, the number of

charges generated by the TENGs can be increased.

Another approach to enhance TENGs' electric power output is surface
functionalization. The functionalization process aims to increase the surface
charge density or facilitate triboelectric charge transfer. A large difference in
surface potentials between two contact surfaces results in a large
triboelectric output. Surface modification can be achieved through ion
doping, radical injection, plasma treatment, or self-assembled monolayers
(SAMs). SAMs with electron-donating and electron-withdrawing functional
end groups can effectively change the surface dipoles of the contact layer,

significantly enhancing or reducing the triboelectric output.
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Modification of the surface property through electrical poling or doping is
another approach to improve TENG performance. Changing the intrinsic
material properties, such as dielectric constant, polarity, and work function,
can be achieved through nanocomposite formation, electrical poling,
chemical doping, material synthesis, or lipid layers on the surface of natural
substances. For instance, a material with a high dielectric constant can be a
good candidate for high-density charge generation. Lipid-based TENGs have
a higher positive charge density than other TENGs, but the reason for this is

still not fully understood.

Finally, creating new materials through molecular synthesis or
nanocomposite formation can lead to improved TENG performance. By
engineering materials at the molecular level, it is possible to design materials
with specific triboelectric properties that can be tailored to specific
applications. Therefore, the development of new materials for TENGs is

essential to maximize their potential in various applications
(b) Charge-trapping layer:

Plays an important role in enhancing their performance. One of the
challenges with TENGs is the sharp decrease in triboelectric potential due to
the combination of opposite charges at the interface between the
triboelectric layer and the counter electrode. Charge traps in the charge-
trapping layer can prevent this charge combination and improve the overall

performance of TENGs.

Charge traps can be formed in polymer insulators through physical or
chemical defects. Physical defects include amorphous free volume,
crosslinking points, and imperfections in the crystal lattice. Chemical defects

include dangling bonds and functional groups in the polymer chains.

Polymers containing aromatic rings in their chains, such as polystyrene (PS)
and polyimide (Pl), have many trapping sites due to the nonuniform energy
chain levels along their main chain. Additionally, the addition of aromatic

polymer films between the PVDF layer and the collector electrode can trap
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triboelectric charges and increase the triboelectric output by 7-9 times

compared to the device without the interlayer.

In summary, the charge-trapping layer is an important component of TENGs
that can help prevent the sharp decrease in triboelectric potential and
improve overall performance. The use of polymers with aromatic rings and
the addition of aromatic polymer films are promising approaches to create

charge traps and enhance the performance of TENGs
(c) Charge collecting layer

is an essential component of triboelectric nanogenerators (TENGs) and TENG
sensors, which are devices that convert mechanical energy into electrical
energy. However, practical applications of deformable TENGs and TENG
sensors are currently limited due to the need for reliable deformability in the
electrodes. Extensive research has been conducted to find suitable

deformable electrodes for these devices.

One promising solution is the use of conductive elastic nanocomposites as
alternative electrodes. These composites allow for low-cost printing over a
large area and are mechanically stable under repeated mechanical impacts
and friction. Elastomer composites made of metal flakes or metal
nanosheets have been used to fabricate deformable TENGs. Another option
for highly stretchable electrodes is liquid metals. Due to their fluidic nature
at room temperature, liquid metals can be injected into a micro-channel

fabricated in an elastomer matrix.

In addition to these options, conducting polymers in liquid state are also
being explored as a potential electrode material for deformable TENGs.
Electrolyte gels, such as hydrogels and ion gels, also allow for high
stretchability and high transparency, making them promising candidates for
charge-collecting layers. Overall, the development of reliable and effective

deformable electrodes is critical for the practical application of TENGs.

a. High Dielectric constant
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The pursuit of high-permittivity dielectric materials, driven by the demand
for energy sources and advancements in microelectronics, has garnered
significant attention.

Materials with colossal permittivity (CP), characterized by permittivity values
surpassing 1000, have undergone extensive research. Their permittivity
greatly exceeds that of conventional solid dielectrics, holding promise for
advancing modern electronics, sensors, energy storage, multifunctional
devices, and more.[36]

Traditional ferroelectric oxides attain high permittivity during the
paraelectric-ferroelectric transition temperature. Emerging CP materials,
such as CaCu3Ti4012 (CCTO), exhibit unique dielectric properties and have
been extensively studied in the temperature range of 100 to 600 K. While
other oxides like complex nickelates, ferrites, and NiO also display CP
characteristics, their high dielectric loss hampers their use in capacitive
components. Doping has been suggested as a strategy to mitigate loss or
enhance permittivity, despite its potential negative impact on other
dielectric properties. [36]

To date, various dielectric materials such as polydimethylsiloxane (PDMS),
poly(methyl methacrylate) (PMMA) , polyimide (Pl), polyvinylidene
difluoride (PVDF), and polytetrafluoroethylene (PTFE) have been used
without modifications, resulting in extremely weak electrical signals. PVDF,
known for its good piezoelectric/pyroelectric response and low acoustic
impedance, has been extensively studied in mechanical energy harvesting
technologies. Following the principle that grafting one polymer onto another
polymer structure can combine the benefits of each original polymer, Won
Lee in 2017 synthesized PVDF-graft-Poly(tert-butyl acrylate) (PtBA)
copolymers through atom transfer radical polymerization (ATRP) as an
efficient dielectric to enhance the output performance of triboelectric

nanogenerators (TENG).[37]
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1.1.7 Materials for TENGs

a.

Donor and Acceptors materials

During the material selection process for constructing a TENG, several
characteristics are carefully considered to ensure optimal performance.
These characteristics include portability, light weight, flexibility,
durability,  availability, —and cost-effectiveness,  environmental
friendliness, among others[38—40]. However, an important aspect to
consider is the material's propensity to acquire a specific charge when
subjected to mechanical loading. This charge can either be positive or
negative, depending on the material's electron affinity, which categorizes

them as electron donor or acceptor materials.

Electron affinity refers to the tendency of a material to either gain or lose
electrons. Materials with a high electron affinity have a greater
inclination to gain electrons and become negatively charged, thereby
acting as electron acceptors[13]. On the other hand, materials with a low
electron affinity have a higher likelihood of losing electrons and
becoming positively charged, earning them the designation of electron

donor materials.

When designing a TENG, the careful selection of suitable electron donor
and acceptor materials is critical for efficient charge transfer during the
triboelectric process. By pairing materials with contrasting electron
affinities, a significant charge imbalance is created at the interface
between the two materials upon contact and separation. [33] This charge
separation facilitates the generation of electricity within the TENG.

As the research on triboelectric nanogenerators (TENGs) has progressed,
different materials with varying electronic affinities have been utilized.
Zhang and colleagues, in their comprehensive review on material choices
for TENGs, compiled a list of commonly used materials [13]

For electron donors, materials such as aluminum (Al), copper (Cu), skin,

nylon, polyethylene terephthalate (PET), silver (Ag), gold (Au), cellulose,
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acrylic, polyurethane (PU), polyvinyl alcohol (PVA), Kapton, latex, carbon
black/carbon nanotubes (CB/CNT), silk, textile, chi-gly, steel, graphene,
and indium tin oxide (ITO) have been commonly employed[13]. Each of
these materials possesses unique electrical and mechanical properties,

enabling efficient charge transfer during triboelectric interactions.

Figure 4  Fraction (%) of the electron acceptor, A, and donor, B, materials used in 100 randomly
selected articles from 2012 to 2020.[13]

It is worth noting that ongoing research in the field of TENGs focuses on
exploring new materials and their properties to enhance the
performance and efficiency of these devices. By understanding the
electron affinity of different materials and their impact on charge
transfer, researchers can optimize TENG designs for specific applications,
leading to advancements in energy harvesting and portable power

generation.

b. Triboelectric series

In 1757, Wilcke published a paper in which he described the results of
experiments he had conducted on the electrical properties of various

materials. He observed that when two different materials were brought
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into contact and then separated, one of the materials tended to acquire
a positive charge while the other acquired a negative charge. Wilcke's
work was the first systematic study of the triboelectric effect, and he
created a list of materials arranged in order of their tendency to gain or
lose electrons through friction. This list became known as the
triboelectric series. [13,41] The triboelectric series is important because
it helps us understand how the triboelectric effect works and which
materials are likely to generate a charge when they come into contact
with each other. The series has been expanded and refined over the
years, for examples by the works of Shaw and Henniker[41] and it now
includes hundreds of materials.

In certain applications, the presence of static charge can have
detrimental effects, leading to various unwanted outcomes such as
explosions[42], equipment malfunction[43], fire hazards, and even harm
to personnel[44]. To address these concerns, it becomes essential to
explore solutions that can minimize static charge accumulation and
prevent electrostatic discharge or attraction. In this context, the
triboelectric series offers a valuable framework for material selection. By
carefully considering the position of materials within the triboelectric
series, it becomes possible to identify suitable combinations that can
effectively mitigate static charge effects. This approach plays a crucial
role in designing and implementing systems that prioritize safety,
reliability, and overall performance in industries ranging from electronics
and manufacturing to aerospace and hazardous environments.[41,45]
Zou's 2019 article, "Quantifying Triboelectric Series," proposes a
standardized method for measuring triboelectric charge density in
materials. Traditional methods often suffer from issues like poor contact
and surface roughness, leading to inconsistent and unpredictable results.
Zou's approach solves these problems by using liquid mercury as the
base material for testing, ensuring better contact and reproducibility.
This method aligns with the concept of the triboelectric series, which

ranks materials based on their electron-gaining or -losing tendencies
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when in contact. By employing this standardized method and considering
the triboelectric series, researchers can obtain reliable and comparable
results, advancing our understanding and application of triboelectric
charge phenomena. Additionally, Zou's work introduces a graphic
representation of the triboelectric ranking, facilitating the identification

of materials with high or low triboelectric properties.[41]

Figure 5 The quantified triboelectric series. The error bar indicates the range within a

standard deviation. Source data are provided as a Source Data file [41]

32



In his 2018 research titled "Triboelectric charge density of porous and
deformable fabrics made from polymer fibers," Liu investigates the
triboelectric charge density of porous fabrics under the Sliding working
mode. This study includes a quantitative triboelectric series, which measures
the triboelectric charge density. Liu's method for measuring the charge
density involves evaluating the charge generated through the friction
between the fabrics and a reference surface. This quantitative approach
offers a precise and reproducible way to determine the triboelectric charge
density, crucial for understanding and optimizing the performance of porous

fabrics in various applications.[46]

Figure 6 Tribo-electric charge density is compiled with highly porous and deformable

knitted fabrics made from twenty-one types of polymer fibers.[46]

Another triboelectric series that was studied by Seol et al. examined the
triboelectric properties of various 2D materials. This research aimed to

expand our understanding of the electrostatic behavior and interactions
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between these materials. Graphene, molybdenum disulfide (MoS2), and
tungsten diselenide (WSe2) were identified as highly electronegative
materials in the triboelectric series, meaning they tend to gain electrons
when in contact with other materials. On the other hand, hexagonal boron
nitride (h-BN) and borophene exhibited a higher tendency to donate
electrons, making them more electropositive in nature. This knowledge of
the triboelectric series of 2D materials not only provides valuable insights
into their fundamental properties but also paves the way for the
development of efficient energy harvesting devices, sensitive sensors, and
self-powered technologies. By harnessing the unique characteristics of these
materials, researchers can explore new avenues for renewable energy
generation, wearable electronics, and environmental monitoring

systems.[47]

Figure 7 The triboelectric material series of polymeric materials and 2D material. Their chemical
structures are shown on their right [47]
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1.1.8 Applications

TENGs has demonstrated outstanding capability in direct high voltage/low
current power source [48] in applications such as electrospinning for
fabricating various polymer nanofibers and electrospray that serves in
engineering tissues and drug delivery; also it has been used in [49]molecular
mass spectroscopy[50]; micromotor for use in micro/nanoelectromechanical
systems[51,52], generation of micro-plasma with potential utilization in
wound treatment, dust removal and so on[53]; other fields in which TENGs
find uses are in Field electron emitters [54] where its low current working
mode is adequate to power them in order to prevent exfoliation of emitter

nanowires surfaces [54,55]

1.2 Biopolymers

Biomaterials refer to materials that are either natural or derived from natural
sources, and possess the ability to biodegrade and coexist harmoniously with living
organisms. In comparison to plastics, biomaterials offer several distinct benefits,
such as being eco-friendly, having the capacity to remodel and regenerate, and
being able to be utilized in diverse applications, such as energy harvesting, self-

powered sensing, and medical therapy.

In recent years, biomaterials have emerged as a promising alternative to traditional
materials due to their unique characteristics. For instance, they can be obtained
from renewable sources, which are environmentally friendly, and their
biodegradable properties make them suitable for the development of sustainable
materials. Biomaterials also exhibit excellent mechanical and physicochemical
properties, which can be tailored according to specific application requirements.
Furthermore, their compatibility with biological systems makes them ideal
candidates for the fabrication of biomedical devices such as sensors, implants, and
drug delivery systems. Given these advantages, the field of biomaterials is
expected to continue growing and making significant contributions to a variety of

industries.[4]
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1.2.1 Starch

In recent years, there has been an emergence of environmentally-friendly,
biodegradable, and low-cost electronic products made from natural materials such
as cellulose, lignin, proteins, and starch. Starch has been used as a raw material for
the production of biodegradable plastics due to its biodegradable properties, low
cost, and abundant availability. [56] Thermoplastic starch (TPS) and polylactic acid
(PLA) are the most important biodegradable plastics available in the market, and

both use starch as their raw material. [57]

Starch is a natural polysaccharide made up of glucose monomers and can be found
in various crops such as rice, wheat, and potatoes. It can be divided into two types:
amylose and amylopectin. Amylose has a linear chain structure with good
extensibility in solution, while amylopectin has a branched structure with a higher
molecular weight. Amylose is made up of a-1,4 linkages while amylopectin has a-

1,4 linkages in the backbone and a-1,6 linkages at the branched points.[56,58]
a. Starch extraction

There are different methods that can be used to extraction products made of starch
for biomedical applications. These methods include phase separation, electrostatic
spinning, fiber meshing, three-dimensional solid fabrication techniques, and

injection molding.[58]

Phase separation is a technique where two or more phases are separated from a
single solution, resulting in a material with a specific structure. [58]Electrostatic
spinning involves the use of an electric field to produce nanofibers from a polymer
solution. [59]. Fiber meshing is a method where fibers are arranged in a mesh-like
structure to create a scaffold. [60]. Three-dimensional solid fabrication techniques
involve the use of computer-aided design (CAD) to create a three-dimensional
model, which is then printed layer-by-layer to form the final product.[61] Injection
molding involves melting the polymer and injecting it into a mold to create a specific
shape. These methods can be used to create different types of starch-based

products for biomedical applications. [58]
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The phase separation method for manufacturing starch films involves creating a
homogeneous mixture of starch, water, and a plasticizer such as glycerol or sorbitol.
The mixture is then heated and stirred until the starch is gelatinized. Next, the
mixture is cooled to induce phase separation and the formation of two distinct
phases: onerich in starch and one rich in water and plasticizer. The starch-rich phase
is recovered and placed in a mold to dry and form a film. Adding different plasticizers

can adjust the film's properties, such as elasticity and mechanical strength. [56]

In 2011 Torres extracted starch was from tubers, roots, and seeds, and then films
were prepared by casting. The dried starch was diluted in distilled water to form a
5% starch solution and partially hydrolyzed in dilute hydrochloric acid (0.1 N) to
adjust the pH to 2.0. Glycerol was added at a ratio of 2:5 (glycerol: starch (dry basis)),
and the starch solution was homogenized by stirring for 15 minutes at 95°C. Then,
the solution was neutralized in dilute sodium hydroxide (0.1 N) to adjust the pH to
10 to stop hydrolysis. Finally, the starch solution (7% w/w) was spread on Petri dishes
and placed in an oven at 40°C. After 16 hours of drying, films of about 200 um in

thickness were. [58]
b. Starch properties

Biodegradable: Starch films are biodegradable, which means that they can be
broken down by microorganisms and decompose into natural elements such as
carbon dioxide, water, and biomass. This property makes starch films an

environmentally friendly option for energy storage.[62]

Biocompatible: Starch films are also biocompatible, meaning that they are not toxic
and can be used in contact with living tissue without causing harm. This property is
important for energy storage applications where the material may come into contact

with biological systems.[58]

Renewable: Starch is a renewable resource because it is derived from plants that
can be grown and harvested on a continuous basis. This property makes starch films

a sustainable option for energy storage compared to non-renewable materials.[56]

Mechanical properties: Starch films have good mechanical properties such as high
tensile strength, flexibility, and elasticity. These properties are important for energy
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storage applications as they ensure that the material can withstand the stresses and

strains associated with energy storage devices.[63]

Thermal stability: Starch films have good thermal stability, which means that they
can withstand high temperatures without degrading or losing their properties. This
property is important for energy storage applications where the material may be

exposed to high temperatures during use.[57,63]

Overall, starch films have several properties that make them suitable for energy
storage applications, including their biodegradability, biocompatibility, renewability,

mechanical properties, and thermal stability.
c. Starch as a tribolayer and matrix for composite films

The amorphous regions and hydroxyl groups present in starch make it a suitable
material for use as a tribolelectric positive material in bio-triboelectric
nanogenerators (bio-TENGs). These properties contribute to the tribolelectric
polarity of starch being positive, which can be useful for generating energy in bio-
TENGs. By utilizing starch as a tribolayer and matrix for composite films, it is possible
to create biodegradable and biocompatible materials that can generate energy

through mechanical friction. [4]

In addition to its potential use as a tribolayer, starch has also been investigated as a
matrix material for composite films. Composite films are made by combining two or
more different materials to create a material with specific properties. Starch can act
as a matrix material in these composites, providing a renewable and biodegradable

alternative to traditional petroleum-based matrix materials. [64]

1.3 Inorganic fillers

Researchers are highly interested in using inorganic nanomaterials to enhance
Triboelectric Nanogenerators (TENGs) for several reasons: a)Unique Charge
Distribution: Inorganic nanomaterial-coated surfaces exhibit distinct charge
distributions on flat surfaces. b) Enhanced Charge Transfer: Inorganic nanomaterials

possess high surface energy, facilitating improved charge transfer between
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triboelectric surfaces. c) Dielectric Property Modification: Inorganic nanomaterials
can alter the dielectric properties of composites containing them, influencing TENG
performance. d) Extra Functionalities: Nanomaterials can introduce additional

characteristics to TENGs, making them suitable for specific applications.[65]

This review provides a description of how inorganic nanomaterials, in this case BTO,

used in TENGs can lead to further advancements in this field.
1.3.1 BTO
A Description of the filler

BTO serves a specific role within the TENG system, aiming to enhance its
triboelectric properties and influence its charge generation and transfer
characteristics. Barium titanate is renowned for its unique electrical
properties, and its integration into TENGs is recognized for its potential to
enhance power generation and overall performance across various

applications. [66]

Systematic investigations have been carried out on various electrical
properties of BaTiO3, including temperature-dependent permittivity,
dielectric loss, polarization characteristics, and insulation resistivity. These
pertinent reports suggest that the electrical properties of BaTiO3 base
materials can be tailored through the introduction of heterogeneous ions or

the implementation of diverse sintering methods.[67]
B BTO as a high dielectric constant material and filler for composite films

Ina 2019 study conducted by Yan Shao, it was observed that the introduction
of BaTiO3 particles into the BC (Barium Titanate) film led to an increase in
surface roughness and dielectric constant. Specifically, when 13.5% BaTiO3
was incorporated, the resulting TENG system achieved notable
improvements. It exhibited an open voltage of 181 V and a short current of
21 pA. These enhancements represented a significant increase, with the

open voltage experiencing a 150% boost and the short current a remarkable
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210% enhancement when compared to a setup using a pure BC film in

conjunction with PDMS (Polydimethylsiloxane). [66]

The 2020 Liangxia study describes the successful synthesis of BaTiO3
ceramics co-doped with Mg and Nb at various doping concentrations. The
key findings and properties of these co-doped ceramics are summarized
below: a) The synthesized ceramics maintain a single perovskite structure. b)
The ceramic undergoes a phase transition from tetragonal to pseudocubic
BaTiO3. c) The addition of MgO in concentrations up to 1.0 at% has minimal
impact on the microstructure, resulting in ceramics with high density and

low internal porosity. [67,68]

In summary, co-doping of BaTiO3 ceramics with Mg and Nb in specific
proportions and concentrations leads to the development of materials with
remarkable dielectric properties and temperature stability, making them

suitable for various electronic and electrical applications. [67,69]

1.4 Polymer Composites with ceramic fillers for high dielectric constants

Materials with high dielectric constants are in demand for applications like
microelectronics' bypass capacitors and energy-storage devices. In general,
ceramics, particularly ferroelectric ones, exhibit high dielectric constants but are
brittle with low dielectric strength. On the other hand, polymers are flexible, easy to
process, and possess high dielectric strength, but they typically have a very low

dielectric constant, often less than 10. [70]

Barium titanate (BaTiO3) is a lead-free ferroelectric ceramic material known for its
high dielectric constant. It is commonly used as a filler in polymer-based
compounds. Doping modifications of this filler material prove beneficial in
enhancing the interfacial interaction and consequently improving the dielectric

properties and energy storage capabilities of the composite materials. [71,72]

For instance, in a study by Baiju et al., they prepared compounds using BaTiO3
doped with cobalt mixed with graphene nanoplatelets. They confirmed that cobalt
doping positively influences the enhancement of BaTiO3's dielectric constant.

Researchers have also found that doping ceramics can promote densification,
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improve dielectric temperature stability, and increase the dielectric constant. These
effects can be advantageous for enhancing the dielectric and energy storage

properties of ceramic-filled composites. [71,72]

Minshu's 2022 study features the development of new polymeric composite
dielectric materials aimed at energy storage applications. The findings demonstrate
that by examining the dielectric properties of a series of closely related compounds,
trends in the characteristics of the filler materials can be deduced. The results align
with the anticipated result that the introduction of organic elements and groups
with higher polarizability improves the dielectric permittivity of mixed metal

phosphonates.[72]

In the context of polymer composites with ceramic fillers for high dielectric
constants, carbon-based fillers are preferred materials. These fillers can create
percolative systems with exceptionally high dielectric constants. For instance,
composites made from multiwalled carbon nanotubes and polyvinylidene fluoride
exhibit a dielectric constant (g) of 300 with a low percolation threshold of 1.61%
(0.0161 volume fraction). Similarly, graphene-polyvinylidene fluoride composites
achieve an € value of 100 at a percolation threshold of 0.61%. Functionalization with

polyvinyl alcohol increases € to 225 at a percolation threshold of 2.24%. [73]

However, the challenge lies in the thermal stability of the polymers used in such
composites because they are thermoplastic in nature. To address this issue, the
study introduces a polyurethane (PU)-based composite with nanoplatelet graphene
(NGP) as a high-dielectric-constant material. PU is a thermosetting polymer with
excellent mechanical strength, making it suitable for high-temperature applications
without losing its material properties. Additionally, composites of carbon nanotubes
and PU have previously exhibited electromagnetic wave absorption, indicating their
capability to create polarizable composites with NGP fillers. This research explores
the properties of this high-dielectric-constant material within the context of

polymer composites with ceramic fillers for enhanced dielectric performance. [73]
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Chapter 2. Materials and methods

This chapter will offer a comprehensive description of the materials utilized, the
methodology employed in synthesizing the Starch/BTO composite films, and the assembly

of the Sliding Freestanding Triboelectric Nanogenerator (SF-TENG).

2.1 SF-TENG assembly
The SF-TENG consists of three main components, as depicted in the illustration... (1)
Freestanding layer, (2) Stator Layer, and (3) Electrodes. Both the Freestanding layer

and the Stator Layer constitute the triboelectric layers of the Nanogenerator.

Figure 8 Components of SF-TENG (1) Freestanding Layer, (2) Stator Layer, and (3) Electrodes[54]

For the purposes of this research, the materials employed are defined in Table 1.
The Stator is crafted from an adhesive Teflon sheet, while the electrodes are made
of copper and secured to a transparent acrylic base using double-sided tape. In the
case of the Freestanding layer, experiments were conducted with various materials,
including pure Yungay potato starch biopolymer, as well as four composite films
comprising a starch matrix with varying concentrations of Barium Titanate (BTO)

fillers.

Table 1 :Materials for SF - TENGS
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Freestanding Layer Stator Layer Electrodes
Starch

Compositel Teflon film

Composite2 (PTFE) Copper films

Compasite3
Composited

To assess the impact of increasing the dielectric constant of one of the
triboelectric layers on the electrical outputs, five prototypes were
constructed, with dimensions detailed in Table 2. The materials for the
Stator, electrodes, foam, and base remained consistent across all five
prototypes, with the only variation being in the Freestanding layer. For this
layer, five different materials were considered, namely pure Starch film and
composite films with a starch polymer matrix reinforced with Barium
Titanate nanoparticles (NP-BTO) at concentrations of 0.25%, 0.50%, 0.75%,
and 1.00% by weight.

Table 2 :FS-TENG componets size

Component Material Size (sgcm)

Starch (Yungay Potato)

Starch/NP-BTO (0.25% w/w)
Freestanding Layer Starch/NP-BTO (0.50% w/w) 8x8

Starch/NP-BTO (0.75% w/w)

Starch/NP-BTO (1.00% w/w)

Stator Layer Teflon 10x20
Electrodes Copper 8x8
Foam Polyurethane 10x15
Base Copper 8x8
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Figure 9 Sliding Freestanding Triboelectric Nanogenerator set up

2.2 Freestanding layer fabrication
Next, a detailed description of the materials and procedures used in the fabrication

of the materials for the Freestanding layer will be provided.

2.2.1 Materials

A) Supplies:

1. Yungay Potato Starch 10gr
2. Barium Titanate Oxide (BTO) 0.025gr/0.050gr/0.075gr/0.100gr
3. Distilled Water 200mL

4. Glycerol (Plasticizer) 4gr

Figure 10 Supplies: 1)Yungay Potato Starch, 2) Barium Titanate Oxide (BTO) 3) Distilled Water 200mL
4) Glycerol (Plasticizer) 4grO

B) Instruments:

1. 01 Electronic analytical balance

2. 01 Laboratory magnetic stirrer (+heater)
3. 01 pH test paper

4. 01 Ultrasonic processor

5.

01 Oven
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Figure 11 Instruments: 1) Electronic analytical balance 2) Laboratory magnetic stirrer (+heater) 3) pH
test paper 4) Ultrasonic processor 5) Oven

C) Utensils:
1. 01 250mL Beaker Glass (for preparing the starch solution)
01 100mL Beaker Glass (for sonicating the BTO nanoparticles)
01 Glass stirring rod

2

3

4. Stirrer magnet
5. Petri dishes (15cm diameter)
6

SUS forceps

2.2.2 Procedure

To prepare the starch/BTO composite solution, start by placing 200 ml of distilled
water in a 250 ml beaker glass. Next, put the 250 ml beaker glass in the Laboratory
magnetic stirrer (with heater) and set the temperature to 95°C, and the stirring
speed to 350 RPM (ensuring the appropriate choice of the stirrer magnet).
Meanwhile, weigh out 10 grams of Yungay potato starch and gradually add the
powder to the stirring distilled water, ensuring no lumps remain in the solution.
Proceed by hydrolyzing the solution with hydrochloric acid (0.1N) to achieve a pH of
2.00. In a separate step, weigh 4 grams of glycerol and add it to the solution, stirring
continuously for 15 minutes to ensure homogenization. To stop the hydrolysis,
neutralize the solution with sodium hydroxide, adjusting the pH to 10. Measure the
volume of solution lost due to heating, and then add an equal volume of distilled
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water to a 100 ml beaker glass, along with the nanoparticles (according to the
aforementioned concentrations). Sonicate the nanoparticles for 15 minutes in
intervals of 5 minutes of sonication and 1 minute of equipment resting. Carefully
pour the nanoparticle blend into the starch solution, continuing sonication for an
additional 15 minutes as per the intervals mentioned earlier. Finally, transfer the
resulting composite solution into petri dishes and place the dishes in an oven set at
40°C for a 16-hour drying period. Once dried, the film is obtained inside the petri
dish, as illustrated in Figure 12 A. Subsequently, remove the film from the petri dish
using tweezers, as shown in Figure 12 B. Lastly, cut it to dimensions of 8x8 cm?, as

depicted in Figure 12C.

Figure 12 A) Petri dish with the Starch/Composite film, B) Starch/Composite film before cutting, C)
Starch/composite size, dimensions of 8x8 cm?

2.3 Materials Characterization
This section will comprehensively detail the characterization of both starch films and

composite materials, featuring a starch polymer matrix with BTO nanoparticles as
fillers. The focus of this characterization will extend beyond mechanical properties,

encompassing structural composition and electrical attributes

2.3.1 Dynamic Light Scattering (DLS) assay

Barium Titanate nanoparticles were procured from the Merck Sigma Aldrich
laboratory with a specified size of <100nm. To confirm the size of these
nanoparticles, a Dynamic Light Scattering (DLS) test was conducted. In this test, a
solution with a predetermined concentration of nanoparticles is prepared to
determine their hydrodynamic radius. Generally, it is expected that the

hydrodynamic radius of barium titanate particles will be slightly larger.
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The DLS test involves exposing the nanoparticle solution to a laser beam, which
scatters light off the particles. By analyzing the fluctuations in scattered light, the
hydrodynamic radius, or the effective size of the particles in a solution, can be
determined. This characterization technique provides valuable insights into the size

and distribution of nanoparticles in the solution.

2.3.2 Fourier Transform Infrared (FT-IR) Spectroscopy

To confirm the composition of the starch film and validate its identity, Fourier-
Transform Infrared Spectroscopy (FTIR) was utilized. FTIR is a powerful analytical
technique that involves measuring the absorption of infrared light by a sample. In
this context, FTIR analysis consists of subjecting the starch film to infrared radiation

and recording the specific wavelengths of light absorbed by the sample.

By comparing these absorption patterns to a known library of starch spectra, FTIR
provides a reliable means of identifying the presence of starch within the film. This
analytical method aids in ensuring an accurate assessment of the starch-based

material's composition.

Figure 13 Spectrum Two FT-IR Spectrometer

2.3.3 Broad Band Dielectric Spectrocopy (BDS)

As one of the main objectives of this thesis was to validate the hypothesis that
increasing the dielectric constant of one of the triboelectric layers enhances
electrical outputs, we employed the Alpha-A Analyzer by Novocontrol for the
Broadband Dielectric Spectroscopy (BDS) test to measure the dielectric properties

of the materials under examination. Our focus in this research primarily centered on
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the real dielectric permittivity property, which directly correlates with energy
storage through dipole fields within the material. We also explored dielectric loss,
associated with the imaginary part of permittivity, to comprehensively understand

the material's electrical characteristics.

Figure 14 Novocontrol Alpha-A modular Broadband Dielectric System

2.3 Test Bench
A test bench was constructed to facilitate test replication and standardization,

allowing for the comparison of electrical outputs among different FS-TENGs. This
one comprises a linear motor array (Newmark Systems, model: CS-500-4, Max
speed: 1.5m/sec), a Faraday cage, and an adjustable laboratory platform. The linear
motor maintains a constant 1Hz oscillatory motion, while the Faraday cage shields
against undesirable noise, particularly in terms of current, given the susceptibility of
these small currents to interference from electromagnetic fields. The adjustable

labjack sets the contact pressure between triboelectric layers (Figure 15).

Figure 15 Sliding Freestanding Triboelectric Nanogenerator bench setup
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The linear motor was effectively managed through its dedicated driver, utilizing the
LMD software in conjunction with the Motion Terminal. The motor's operation was
meticulously programmed using the specialized Mcode programming language

provided by Schneider Electric, ensuring precise control and synchronization.

To establish seamless communication between the driver and the laptop, a reliable
RS-422 communication protocol was employed. This communication link was
established through the use of a dedicated USB to RS422 cable, ensuring robust data

exchange and real-time monitoring capabilities.

For reference and further analysis, the pertinent control code utilized in this setup

is thoughtfully presented below:

Figure 16 LMD Software Motion Terminal — Program Code
The Faraday cage was constructed using aluminum framing for its edges, with an

impenetrable steel base, while the sides and upper portion were fitted with copper
mesh with a 40-mesh count. This equates to 40 holes per square inch, approximately
425 microns in hole size, enabling the filtration of low-frequency radio waves. The
3D design rendering of the entire set up is in the Figure 17 One side of the Faraday
cage is hinged to serve as an access point for manipulating the FS-TENG, adjusting
pressure with the Lablack, changing the Freestanding layer, and making electrical
connections for measurements. On the left side, as depicted in Figure [reference], a
shaft passes through one of the faces of the Faraday cage, supporting the FS-TENG's
Freestanding layer, which is driven by oscillatory movements at a frequency of 1Hz.
This shaft was manufactured from Teflon, considering the stiffness-to-weight ratio,

and coated with copper film to prevent radiation penetration. To secure both the
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shaft and the TENG to the linear motor, acrylic plates were used, also chosen for

their favorable stiffness-to-weight ratio for this application.

Figure 17 Sliding Freestanding Triboelectric Nanogenerator Bench 3D Drawing
The control of pressure between the triboelectric layers was effectively managed

by adjusting the Lablack's height, wherein a greater height setting corresponded to
an increase in applied pressure. The inclusion of foam proved to be indispensable
in ensuring not only the uniform distribution of pressure across the entire surface
of the layers but also in its capacity to absorb any excess force resulting from

irregularities present on the layer surfaces.

In the context of this research, it's worth noting that a consistent LabJack height of
8.1cm was maintained for all comparative tests, as visually represented in the
accompanying figure 18 This standardization was crucial in facilitating reliable and

meaningful comparisons among various experimental setups and configurations.

Figure 18 Labjack Height of 8.1 centimeters
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The final test setup, as illustrated in the figure, demands strict adherence to the
requirement that the Faraday cage door must remain closed throughout the entire
testing process. This precaution is essential to ensure the integrity of the test

environment.

In order to facilitate accurate and meaningful comparisons between the various
triboelectric layers being tested, a standardized test duration of 20 minutes has been
established for the purpose of charging them. This standardized duration is critical

for maintaining consistency in the testing methodology and results analysis.

Furthermore, it is worth noting that individual FSTENG setups have been designated
for each specific material under examination. This decision was influenced by the
findings of preliminary tests, which revealed wear and tear on the triboelectric layer
of the stator (Teflon) when shared among materials. Implementing separate setups
for each material not only ensures the reliability of the testing conditions but also

enhances the overall experimental accuracy and reliability.

Figure 19 Sliding freestanding Triboelectric Nanogenerator with the oscillatory motion

2.4 Electrical Tests
Electrical devices are subject to characterization based on various electrical

properties, including open-circuit voltage, short-circuit current, power output, and
the identification of optimal operating resistances, among others. This section
focuses primarily on the comprehensive assessment of two key parameters: open-

circuit voltage and short-circuit current.
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Furthermore, the study delves into the performance of these devices by subjecting
them to a series of load tests involving capacitors with varying capacitances. The
experiments utilize FSTENGs (Sliding Freestanding Triboelectric Nanogenerators) to
execute the tests, providing the opportunity for meticulous evaluation and
meaningful comparisons of the resultant data. This approach yields valuable insights

into the behavior and efficiency of these innovative devices.

2.4.1 Open Circuit Voltage (Voc)

Open-circuit voltage provides information about the electrical potential that the
device can generate or maintain when it is not connected to a load. This is essential
for understanding the level of energy that the device can supply under ideal

conditions.

To measure the open-circuit voltage, a Tektronix DP0O2022 oscilloscope with
a X10 attenuation probe was used. Each part of the probe was connected to

each electrode, following the schematic below:

Figure 20 Open Circuit Voltage Measurements Setup

Certainly, measuring rectified signals holds significant importance in various
applications. These rectified signals serve as the primary source of energy
for charging components like capacitors or triggering the operation of light-
emitting diodes (LEDs). By quantifying and analyzing these signals,
engineers and researchers gain valuable insights into the efficiency, voltage

levels, and behavior of rectification processes, which are fundamental in a
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wide range of electrical and electronic systems. This knowledge, in turn,
contributes to the optimization and enhancement of such systems,

ensuring reliable and efficient performance.

To measure the rectified voltage, a configuration with a diode bridge

rectifier (FBR) was used as follows:

Figure 21 Open Circuit Voltage Measurement Setup with Full Bridge Rectifier
2.4.2 Short Circuit Current (lsc)

Closely mirroring the measurements of open-circuit voltage, the characterization of
the FSTENG device also entails the crucial measurement of short-circuit currents. In
this scenario, a low-noise preamplifier from Stanford Research Systems served to
measure the current signal. The input of the signal was directly connected to the FS-
TENG, and the output was linked to the oscilloscope. By configuring the sensitivity
to 1uA/V, accurate measurements of short-circuit current signals were achieved. It's
worth noting that the connections for measuring the rectified short-circuit current

closely resembled the schematic shown in the previous section.

Figure 22 1) Oscilloscope DPO 2022, 2) Low-Noise Preamplifier Model SR560 Stanford Research
Systems
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2.4.3 Capacitor Charging and powering LEDs
In order to substantiate the feasibility of deploying FSTENG prototypes in
power generation applications, tests were conducted to charge capacitors
with varying capacitances. Furthermore, their efficacy in illuminating an LED
was also assessed. These evaluations not only provide empirical evidence of
the devices' performance but also underscore their potential utility in
scenarios demanding energy conversion and utilization. The experimental
results serve as a testament to the practicality and versatility of FSTENGs

within the realm of energization applications.

To charge the capacitors, the configuration depicted in Figure 23 was

employed.

Figure 23 Capacitor charging and voltage measurement setup.
The same applies to powering the LEDs, where a diode bridge rectifier was

employed, serving as a bridge between the TENG and the LED.
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Figure 24 Sliding Freestanding Triboelectric Nanogenerator Circuit for Capacitor Charging
In addition to conducting tests on the test bench to ensure experiment repeatability,

we also performed tests involving manually initiated random movements. These
manual movements introduced higher frequencies and exerted greater pressure
than those experienced on the test bench. The anticipation was that these
conditions would yield even more significant electrical outputs compared to those

generated during testing on the bench.

Chapter 3 Result and Discussion

3.1 Dynamic Light Scattering Test results

Dynamic Light Scattering (DLS) is a technique for accurately measuring the size of
nanoparticles (NPs) in a colloidal suspension. It analyses the motion of NPs and
calculates their hydrodynamic diameter using the Stokes-Einstein equation. By
measuring fluctuations in scattered laser light, DLS generates data on NP size and
size distribution. Figure 25 shows a dynamic light scattering (DLS) particle size
measurement of the Barium Titanate Nanoparticles Dispersion The peak of the DLS

particle size measurement is at 114nm.
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Figure 25 BaTiO3 Nanoparticles Hydrodynamic Diameter distribution

It's worth noting that the manufacturer's specification states that the particles are
smaller than 100 nm. The discrepancy between the DLS measurement and the
manufacturer's specification arises because the DLS measurement represents
hydrodynamic radii, which tend to be larger than the actual particle radii due to the

effects of solvation and particle interactions.

3.2 Fourier Transform-Infrared Spectroscopy results

Barium Titanate Nanoparticles (BTO-NP)

The FTIR spectrum of barium titanate particles were collected in transmittance
mode and is displayed in Figure [insert figure number]. Upon analysing the graph,
distinct vibrational peaks are observed at positions of 502 cm”-1, 510 cm”-1, 858
cm”-1, 1422 cm”-1, and 1749 cm”-1. These peaks correspond to stretching modes

in Ti-O (both normal and bending modes), Ti-OH, COO-[74], Ba-OH[75].

Figure 26 BaTiO3 Nano-particles FT- IR Complete Spectrum
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Figure 27 BaTiO3 Nano-particles FT- IR, Peaks on 502 cm”-1, 510 cm”-1 correspond stretching modes
in Ti-O (both normal and bending modes), respectively.

Figure 28 BaTiO3 Nano-particles FT- IR, Peaks on 858 cm”-1, 1422 cm”-1, and 1749 cm”-1
correspond Ti-OH, COO-, Ba-OH, respectively.

Starch film and Starch/BTO composites

The FTIR spectra of Starch/Composite films containing varying concentrations of
NP-BTO exhibited similar spectral shapes but differing intensities, as depicted in
Figure 34. This observation suggests that the presence of BTO fillers primarily

impacts the long-range ordering and crystalline structure of the films.

Figure 29 Pristine Starch FT- IR Spectrum
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Figure 30 Starch/NP-BTO 0.25% w/w Composite FT- IR Spectrum

Figure 31 Starch/NP-BTO 0.50% w/w Composite FT- IR Spectrum

Figure 32 Starch/NP-BTO 0.75% w/w Composite FT- IR Spectrum
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Figure 33 Starch/NP-BTO 1.00% w/w Composite FT- IR Spectrum

Figure 34 Starch/Composites FT — IR Spectra

3.3 Broadband Dielectric Spectroscopy results
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Figure 35 The real part of the Dielectric Permittivity for Starch/Composite Samples

Figure 36 The real part of the Dielectric Permittivity for Starch/Composite Samples

60



Figure 37 Dielectric Loss of the Starch/Composite Samples

Figure 38 Dielectric properties of Starch/Composite samples

Table 3 :Dielectric properties for Starch/composite samples

Frecuency: 1Hz

Pristine.Starch.1 Composite0.25 Composite0.50 Composite0.75

Compositel.00

Eps' 102,884 1,665,730 3,777,800 1,981,440
Eps" 107,512 1,375,230 3,078,580 1,904,160
Tan(delta) 1.04 0.83 0.81 0.96

1,788,710
1,511,210
0.84
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3.4 Electrical Outputs Results
3.4.1 Open Circuit Voltage

FS-TENG Pristine Starch Freestanding Layer

The voltage graph reveals a distinct alternating pattern, aligning with our
expectations, given its origin from oscillatory motions—a clear indicator of
correlated behavior. Additionally, each cycle exhibits an approximate one-second

period, showcasing peak values that span from 14.3 Vto -17.1 V.

Upon subjecting the signal to rectification, the initial anticipation was to yield
exclusively positive values. Surprisingly, in this instance, the negative segment of the
waveform becomes mirrored above the X-axis. Notably, the maximum amplitude
now registers at 18.1 V. When we compare this with the prior graph, it becomes
evident that the voltage has experienced a 1V increase. This intriguing phenomenon
can be attributed to the gradual accumulation of charge on the FS-TENG over time.
The interval between data points allowed for the voltage to escalate, thanks to the

mounting charge density.

Figure 39 Open circuit voltage for FS-TENG Pristine Starch (f=1Hz)

Figure 40 Rectified Open circuit voltage for FS-TENG Pristine Starch (f=1Hz)
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In this initial scenario, it is readily apparent that the dominant frequency component
of the signal is 1 Hz. This observation was further corroborated by subjecting the
signal to a Fast Fourier Transform (FFT) analysis using MATLAB software, which

precisely identified a frequency of 1.067 Hz.
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Figure 41 Fast Fourier Transform of Pristine Starch Open circuit voltage Signal

Moreover, it is noteworthy that the signal exhibits additional frequency components
aside from the prominent 1 Hz frequency. These additional frequencies are
indicative of inherent noise within the physical system. The sources contributing to
this noise are multifaceted, encompassing a spectrum of potential factors such as
electromagnetic interference and inherent limitations within the measurement

equipment.
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Figure 42 Fast Fourier Transform of Pristine Starch Open circuit voltage Signal
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Nonetheless, the salient point to emphasize is that despite the presence of these
extraneous frequencies, the core waveform of the signal remains distinctly
discernible. Given this clarity, there is no imperative need to employ signal filtering

techniques in our subsequent analytical endeavors.

The experimental setup extended to manual oscillatory movements, yielding
noteworthy observations. In these graphs, we discern significantly elevated
voltages, with peaks reaching as low as -251.00 volts. Notably, when employing a
diode rectifier bridge, voltage peaks of up to 452 volts were achieved. This
remarkable variation in voltage can be attributed to the absence of precise pressure

regulation over the Sliding Freestanding Triboelectric Nanogenerator (SF-TENG).

Upon conducting an in-depth analysis, it becomes evident that variations in the
applied pressure exerted on the SF-TENG play a pivotal role in voltage generation. A
direct correlation emerges, indicating that higher applied pressure leads to a
substantial augmentation of voltage output. Furthermore, the profound influence
of oscillation frequency on voltage is manifest. An increase in the oscillation

frequency further amplifies the observed voltage levels.

In summary, the manual oscillation experiments not only underscore the sensitivity
of the SF-TENG to pressure control but also highlight the immense potential for
voltage enhancement through both meticulous pressure manipulation and strategic

frequency modulation.

Figure 43 Qpen circuit voltage for FS-TENG Pristine Starch (Random Movements)
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Figure 44 Rectified Open circuit voltage for FS-TENG Pristine Starch (Random Movements)

SF-TENG Starch/NP-BTO 0.25% w/w Composite

Considering the substantial increase in the dielectric constant achieved by
incorporating Barium Titanate (BTO) into the starch-based material, one would
naturally anticipate a corresponding rise in the output voltages. However, the
empirical results reveal an intriguing departure from this expectation. Instead of an
upward trend, we observe a slight decrease in peak voltages, with values fluctuating

within the range of 13.7 volts to -15.1 volts.

This unexpected outcome is not limited to the BTO inclusion alone. Even when
employing a Full Bridge Rectifier (FBR), the voltage levels only experience a marginal
increase, peaking at 15.3 volts. Such consistent behavior across these different
material configurations suggests the presence of an uncontrolled variable that may

be exerting an influence on the anticipated voltage enhancement.

Figure 45 Open circuit voltage for SF-TENG Starch/NP-BTO 0.25% w/w Composite (f=1Hz)
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Figure 46 Rectified Open circuit voltage for SF-TENG Starch/NP-BTO 0.25% w/w Composite (f=1Hz)

Despite the observed reduction in the previous trial, this phenomenon doesn't
carry over when subjected to manual movements. Here, the influence of manually
applied pressure and higher frequencies takes precedence in driving voltage
increments. Remarkably, under these conditions, voltage levels surged to as high
as 253 volts, and with the application of a Full Bridge Rectifier (FBR), values
reached an impressive 407 volts. These results unmistakably demonstrate the

presence of more dominant factors contributing to the voltage surge.

These findings highlight that in the context of manual movements, factors such as
pressure variations and increased oscillation frequencies have a more substantial
impact on voltage generation than the dielectric constant alone. Understanding
these influential variables is crucial for optimizing and harnessing the full potential

of voltage enhancement in the system.

Figure 47 Open circuit voltage for SF-TENG Starch/NP-BTO 0.25% w/w Composite (Random
Movements)
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Figure 48 Rectified Open circuit voltage for SF-TENG Starch/NP-BTO 0.25% w/w Composite (Random
Movements)

SF-TENG Starch/NP-BTO 0.50% w/w Composite

Despite the 0.5% BTO sample exhibiting the highest dielectric constant, it is
surprising to note that it shows the lowest voltage value, dropping below 10 volts
both in the presence and absence of a Full Bridge Rectifier (FRB). During the
fabrication process of this film, a significant issue was observed: the emergence of
cracks within its structure. As a result, it became necessary to assemble the film
incrementally, piece by piece, in order to eventually form the complete film. This
approach led to irregularities on the material's surface, resulting in a highly uneven

texture compared to other homogeneous films.

This surface irregularity may partially account for the unusually low voltage values
observed during testing. However, it is intriguing to note that, despite following the
same manufacturing procedure as other films, some of them experienced this issue
only to a minor extent and managed to maintain the integrity of their structures,
achieving a more uniform surface. The mystery surrounding the formation of cracks
in the 0.5% BTO film raises important questions about additional factors that may

have influenced the outcome and warrants further investigation.
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Figure 49 Open circuit voltage for SF-TENG Starch/NP-BTO 0.50% w/w Composite (f=1Hz)
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Figure 50 Rectified Open circuit voltage for SF-TENG Starch/NP-BTO 0.50% w/w Composite (f=1Hz)
Despite the noticeable decline in voltages observed when subjected to random
motion testing, it is noteworthy that the difference compared to other TENGs

appears to decrease significantly. During these tests, voltage peaks of up to 248V

have been identified, which is a remarkable phenomenon.

Additionally, when employing a Full Bridge Rectifier (FBR), even higher voltage peaks

have been recorded, reaching up to 310V.

Figure 51 Open circuit voltage for SF-TENG Starch/NP-BTO 0.50% w/w Composite (Random
Movements)

68



Figure 52 Rectified Open circuit voltage for SF-TENG Starch/NP-BTO 0.50% w/w Composite (Random
Movements)

SF-TENG Starch/NP-BTO 0.75% w/w Composite

In this particular case, we can clearly observe the growth trend taking place. This
trend is substantiated by the results of the BDS test, which unequivocally show an
increase in the dielectric constant when compared to pure starch. Additionally, there
is a noticeable rise in voltage levels, which fluctuate within the range of -21.9 to 23.1
volts. However, it's worth noting that the increase in voltage is not in direct

proportion to the change in the dielectric constant.

Remarkably, in this scenario, the dielectric constant has increased its value by a
substantial factor of 14 compared to the pristine starch sample. However,
intriguingly, this significant increase in the dielectric constant is translated into a
relatively modest voltage increment of just 4 volts when compared to the baseline

starch sample.

These results underscore the complexity of the relationship between dielectric
properties and voltage generation in our experimental setup. While a substantial
enhancement in the dielectric constant is achieved, the translation of this
improvement into voltage output appears to be influenced by various other factors,
which necessitate further investigation and analysis to gain a comprehensive

understanding of the underlying mechanisms at play
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Figure 53 Open circuit voltage for SF-TENG Starch/NP-BTO 0.75% w/w Composite (f=1Hz)
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Figure 54 Rectified Open circuit voltage for SF-TENG Starch/NP-BTO 0.75% w/w Composite (f=1Hz)

In the context of the random motion test, we have observed a consistent adherence
to the previously recorded trend, resulting in the generation of significantly high
voltages, as illustrated in the graphs. It is important to note that we have recorded
voltage peaks of up to 276 volts. This remarkable voltage elevation is primarily
attributed to the increase in charge density within the material of the freestanding
layer during the initial tests conducted without the use of the FRB (full bridge

rectifier).

During these initial tests, the material of the freestanding layer accumulates a higher
charge density, which subsequently leads to an increased voltage output when we
conduct tests with the FRB. This phenomenon occurs because, by the time we
employ the FRB, the freestanding layer has accumulated sufficient charge, thereby

contributing to the detection of even higher voltage peaks.
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Figure 55 Open circuit voltage for SF-TENG Starch/NP-BTO 0.75% w/w Composite (Random
Movements)

Figure 56 Rectified Open circuit voltage for SF-TENG Starch/NP-BTO 0.75% w/w Composite (Random
Movements)

SF-TENG Starch/NP-BTO 1.00% w/w Composite

In the case of the last composite sample 1% BTO, voltage readings exhibit a notable
range from 20.3 V to -22.3 V. However, when readings are taken with the FRB (Full
Bridge Rectifier), an intriguing phenomenon occurs where the negative portion of

the signal reflects onto the positive, resulting in peak values reaching up to 23.4 V.

It's worth noting that diode bridge rectifiers like the FRB are passive components in
the circuit, meaning they do not actively amplify the signal. Instead, the increase in
voltages can be attributed to the gradually rising charge density over time and the

constant friction within the system.
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Figure 57 Open circuit voltage for SF-TENG Starch/NP-BTO 1.00% w/w Composite (f=1Hz)
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Figure 58 Rectified Open circuit voltage for SF-TENG Starch/NP-BTO 1.00% w/w Composite (f=1Hz)

When voltage readings were taken while operating the TENG (Triboelectric
Nanogenerator) with random movements, voltages exceeding the measurement
range of the oscilloscope were reached, indicating values beyond the 456V limit. To
capture readings of higher voltages, the use of high-voltage probes would be
necessary. Consequently, in this study, it was not feasible to determine an upper
voltage limit for this SF TENG.

It is advisable to conduct further experiments of this nature, taking into consideration
measurement instruments with greater capacity. These experiments underscore the

potential applicability of this type of SF TENG for the generation of high voltages.
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Figure 59 Open circuit voltage for SF-TENG Starch/NP-BTO 1.00% w/w Composite (Random
Movements)

Figure 60 Rectified Open circuit voltage for SF-TENG Starch/NP-BTO 1.00% w/w Composite (Random
Movements)

Figure 61 Rectified Open circuit voltage for SF-TENG Starch/NP-BTO 1.00% w/w Composite (Random
Movements)
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Figure 62 Voltage Measurements taken by Oscilloscope DP02022

3.4.2 Short Circuit Current

FS-TENG Pristine Starch Freestanding Layer

In the case of short-circuit current measurements, an expected alternating behavior
aligned with the movement was anticipated. Due to the inherent nature of
Triboelectric Nanogenerators (TENGs) to provide low currents, in the instance of
pure starch, we observed current values oscillating between peaks of 2.06 YA and -

1.78 pA.

Interestingly, when integrated into the circuit, the Full Bridge Rectifier (FBR)
exhibited a similar pattern as the voltage, converting negative currents into positive
ones. As aresult, a slight increase was observed, reaching up to 2.22 pA. Once again,

this phenomenon can be attributed to the increasing charge density over time

Figure 63 Short circuit current for FS-TENG Pristine Starch (f=1Hz)
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Figure 64 Rectified Short circuit current for-SF-TENG Pristine Starch (f=1Hz)

SF-TENG Starch/NP-BTO 0.25% w/w Composite

As observed during the current measurements for this Sliding Freestanding
Triboelectric Nanogenerator (SF-TENG), the current values exhibit a notable
decrease compared to the pristine starch layer. These current values fluctuate within

a range, oscillating between peaks of 1.78 yA and -1.82 pA.

Interestingly, when an FRB (Full Bridge Rectifier) is introduced into the circuit, we
observe a slight increase in current values, reaching 1.94 pA. It's essential to clarify
that the primary function of the FRB is not to amplify current but to rectify it. In this
context, the FRB converts the alternating current (AC) generated by the SF-TENG
into a unidirectional or direct current (DC), effectively eliminating the negative

portions of the current waveform.

Short Circuit Current

2

Figure 65 Short circuit current for SF-TENG Starch/NP-BTO 0.25% w/w Composite (f=1Hz)
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Figure 66 Rectified Short circuit current for SF-TENG Starch/NP-BTO 0.25% w/w Composite (f=1Hz)

SF-TENG Starch/NP-BTO 0.50% w/w Composite
As expected, given the significant reduction in voltage behavior observed for this
freestanding layer, a corresponding decrease in current generation was also evident,

with alternating peak values ranging from 1.17 pA to -0.99 pA.

This decline in current is closely linked to the surface irregularities present on the
freestanding layer, as previously discussed in the context of voltage analysis. Surface
imperfections can impact the efficiency of triboelectric charge generation by
disrupting the necessary friction and separation processes required to induce charge

transfer.
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Figure 67 Short circuit current for SF-TENG Starch/NP-BTO 0.50% w/w Composite (f=1Hz)
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Figure 68 Rectified Short circuit current for SF-TENG Starch/NP-BTO 0.50% w/w Composite (f=1Hz)

SF-TENG Starch/NP-BTO 0.75% w/w Composite

In the freestanding layer of the composite material containing 0.75% BTO, an
increase in current values was evident compared to pristine starch, with currents
ranging between 2.46 pA and -2.3 pA. When the Full Bridge Rectifier (FBR) was

utilized, it produced a peak current of 2.42 pA.

Short Circuit Current

Figure 69 Short circuit current for SF-TENG Starch/NP-BTO 0.75% w/w Composite (f=1Hz)

Figure 70 Rectified Short circuit current for SF-TENG Starch/NP-BTO 0.75% w/w Composite (f=1Hz)

SF-TENG Starch/NP-BTO 1.00% w/w Composite
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Regarding the final composite material layer containing 1.00% BTO, the short-circuit

current remains slightly higher than that of pure starch, with values oscillating

between 2.14 pA and -1.86 pA.

Thus, it has become evident that the increase in voltages was more pronounced

when the dielectric constant was augmented compared to the current. This

observation suggests that the effect of the dielectric permittivity on voltages is

greater when compared to its influence on currents.

This phenomenon aligns with the expected behavior in dielectric materials, where

a higher dielectric constant enhances the material's ability to store electric potential

energy. Consequently, this can result in a more substantial impact on voltage

generation than on current flow.

Short Circuit Current

Figure 71 Short circuit current for SF-TENG Starch/NP-BTO 1.00% w/w Composite (f=1Hz)

Short Circuit Current

3
2.5
2]

1.

o

-2.00 -1.50 -1.00 -0.50 0.00 0.50
-0.5

Figure 72 Rectified Short circuit current for SF-TENG Starch/NP-BTO 1.00% w/w Composite (f=1Hz)
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3.4.3 Capacitor Charging

A series of experimental tests were undertaken to assess the charging characteristics
of capacitors with varying capacitances. Notably, it was observed that the charging
times exhibited a slight increase when charging a capacitor with a capacitance of
3.4uF. Concurrently, the maximum charging voltage displayed variability across
different layers of composite materials. Specifically, the highest recorded voltage,
amounting to 2.3V, was achieved in the case of a starch layer containing 1.00% by
weight of BaTiO3 nanoparticles, with an associated charging duration of 100
seconds. In contrast, pristine starch exhibited lower voltage values, reaching a
maximum of 1.4V, but required a longer charging time of 200 seconds. These
findings underscore the intricate interplay between material composition, charging

time, and voltage attainment in the examined capacitor system.

Figure 73 Starch/Composite Freestanding layers charging 3.4uF Capacitor

Summary

The electrical results demonstrate a dominant frequency of approximately 1 Hz in
the open circuit voltage, which is confirmed through FFT analysis. Notably, a gradual
charge accumulation in the SF-TENG over time leads to increased voltages after the
application of the Full Bridge Rectifier (FRB).

When manual oscillatory motions are applied to the system, significantly higher
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voltages are achieved, reaching values as low as -251.00 volts. The use of an FRB
amplifies these values to 452 volts, underscoring the critical influence of controlled
pressure and frequency modulation on voltage generation.

Furthermore, the results indicate that the increase in voltages is more pronounced
when the dielectric constant is augmented, highlighting the significant impact of
dielectric permittivity on voltage generation compared to its influence on currents.
This aligns with the expected behaviour in dielectric materials, where a higher
dielectric constant enhances the material's ability to store electric potential energy,
resulting in a more substantial impact on voltage generation than on current flow.
These findings have important implications for optimizing the SF-TENG system.

In addition, a summary table displaying the maximum voltage and current values

achieved during the experiments is presented below

Table 4 : Maximum FS-Teng outputs registered

Frecuency: 1Hz

Pristine.Starch.1 Composite0.25 Composite0.50 Composite0.75 Compositel1.00

Voc (V) 17.50 14.50 9.90 23.00 23.00
Isc (uA) 2.02 1.78 1.11 2.30 2.30
Veap (V) 100nF 1.46 1.70 2.57 4.92 3.80
1mF 1.16 1.42 1.67 2.36 2.16
Frecuency: Random movements
Voc (V) 256.00 396.00 250.00 224.00 >456.00
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CONCLUSIONS

In conclusion, the primary objective of this study has been successfully accomplished
through the development of a composite material derived from biopolymers and inorganic
fillers. This composite material was designed for utilization as a triboelectric surface,
facilitating the creation of a highly efficient triboelectric nanogenerator (TENG). The specific
objectives encompassed the extraction of biopolymers from natural resources, specifically
potatoes, and the comprehensive characterization of the electrical, physicochemical, and

morphological properties of the resulting composite materials.

The investigations have revealed that these composite materials possess highly desirable
properties, including remarkable dielectric permittivity (Eps') values. For instance, at a
frequency of 1 Hz, the composite material with a filler ratio of 0.50 exhibited an Eps' value
of 3,777,800, signifying its outstanding dielectric characteristics. Additionally, the Eps"
values, representing the imaginary component of the permittivity, were also notable. The

composite material with a filler ratio of 0.50 displayed an Eps' value of 3,078,580 at 1 Hz.

Regarding the electrical performance of the triboelectric nanogenerator (TENG), it
demonstrated impressive voltage outputs as well. At a frequency of 1 Hz, the TENG
achieved a peak Voc (open-circuit voltage) of 23.00 V and a peak Isc (short-circuit current)
of 2.30 uA. During random movements, the TENG attained remarkable voltage outputs,
with a Voc exceeding 456.00 V, underscoring its exceptional capability for voltage

generation.

These remarkable dielectric properties, combined with the excellent electrical performance
of the triboelectric nanogenerator, underscore the immense potential of these materials
for energy harvesting applications. The investigation into both dielectric properties and
voltage outputs is a valuable contribution to the broader field of materials science and

energy harvesting.

Future research endeavors can explore opportunities to further optimize the properties of
composite materials and refine the design of the TENG to achieve even greater levels of
performance and efficiency while leveraging the exceptional dielectric properties exhibited

by these materials.
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