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Wearable technology is a growing and evolving market. Advanced materials that harvest energy
can reduce the need for constant device recharging. In this respect, piezoelectric polymers have
great potential for use in wearable technology devices and have many advantages compared to
traditional ceramic piezoelectric materials. However, the energy harvesting performance of
piezoelectric polymers is not as proficient as that of ceramic piezoelectric polymers.
Triboelectric and ferroelectret energy harvesters are optional for polymer-based energy
harvesting devices with higher efficiency compared to piezoelectric energy harvesters.
Triboelectric nanogenerators (TENGs) require materials with a high surface area to improve their
efficiency in converting mechanical energy into electrical energy. The increased surface area
promotes a greater contact area between the materials, which is essential for maximising
charge transfer during the triboelectric effect. This improvement in charge transfer is directly
related to the power production and efficiency of the TENGs.

Electrospinning is widely recognised as a highly efficient method for fabricating polymer
structures with nanofibrous morphology. This leads to a significant surface area for the confined
charge in the electret polymer, which is advantageous for energy harvesting applications.
Polyvinylidene Fluoride (PVDF) electrospun fibre is recognised as an excellent performance
piezoelectric and triboelectric polymer. The thermal stability of polytetrafluoroethylene (PTFE)
ranks among the highest in the negative triboelectric materials series. Polystyrene (PS)
increases charge storage in the electret material and exhibits positive surface potential when
using the electrospinning technique.

This thesis investigates the development of advanced electrospun fibre structures for energy
harvesting applications, focusing on wearable and flexible technology. Energy harvesting
devices have gained significant attention as alternatives to conventional batteries, enabling
sustainable and lightweight solutions for wearable electronics. The research explores the
fabrication and performance evaluation of composite, hollow, and coaxial electrospun fibres,
with an emphasis on their triboelectric and ferroelectret properties.

Composite electrospun fibres of PTFE/PVDF were fabricated using a one-step electrospinning
technique. The optimised composition demonstrated a substantial enhancementin
triboelectric energy harvesting performance, achieving a power density of 348.5 mW/m?>.
Practical applications, such as shoe insoles and book-shaped energy harvesters, showcased
the material's potential in wearable technology.

Hollow structure PVDF fibres were produced using a novel one-step coaxial electrospinning
method. This design significantly improved piezoelectric properties, achieving a maximum



power density of 2.18 mW/m? compared to the solid structure of electrospun PVDF. However,
the experimental results might be insufficient to indicate the working principle of ferroelectret-
based energy harvesters.

Coaxial fibres with PS as the core and PVDF as the shell were developed using a single-nozzle
technique. This structure exhibited remarkable triboelectric performance, achieving a power
density of 6.27 W/m?. Practical demonstrations included efficient capacitor charging and the
illumination of LEDs, underscoring the feasibility of this approach for scalable energy harvesting
systems.

The research contributes to the growing field of energy harvesting by introducing innovative
materials and structures, enhancing power densities, and expanding the applicability of
electrospun fibres. These findings lay the groundwork for further advancements in sustainable,
high-performance energy harvesting technologies for wearable devices.
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Chapter1 Introduction

1.1 Introduction and Research Motivation

Wearable technology relates to an electronic device that can be worn, embedded, or implanted
in the user. Wearable technology devices are a rapidly growing market predicted to be worth $70
billion (55.6 billion GBP) by 2025 [1]. This rapid adoption amongst users has placed wearable
technology at the cutting edge of the Internet of Things (loTs). Such technology can include
clothing, watches, hats, and glasses. These devices work through the cooperation and
relationship between materials, electronics, and computers. Advances in technology, resulting
in greater functionality, have created a situation whereby various mobile devices require
charging on an almost daily basis. Smart electronic devices with a self-powered sensor or their
own energy source can make life easier for the user by avoiding the need to recharge in the
absence of a power outlet [2]. The alternative of a larger battery may cause issues for users who
need to carry various electronic devices for long periods of time. For example, military
personnel, hikers, climbers, and trail runners need to keep weight to a minimum and may find
larger batteries to be an added burden. Therefore, energy harvesting devices have been studied
as an energy substitute for batteries or other primary energy sources for self-powered sensors

[3-4].

Energy harvesting is a promising area that attempts to capture and transform ambient energy
from a variety of sources into useful electricity. This technique is especially useful for powering
low-energy equipment like wireless sensors and communication systems, such as when battery
replacement is impossible. The basic sources of energy for harvesting include kinetic [5-7],
solar [8-9], thermal [10-13], and chemical [14], energy, each with unique properties and

potential power outputs [15].

Mechanical energy appears to be a suitable power source for wearable devices connected to
the human body. This type of energy creation is possible through foot, knee, hip, and elbow
movements in active people. Energy captured from mechanical movement has been shown to
be an effective source for conversion to electrical energy. The amount of energy captured from
the human body can be seen in Figure 1.1. Piezoelectric [16-17], electromagnetic [18-19], and
triboelectric [20-24], approaches are among the most promising, with each offering distinct
benefits in terms of efficiency and scalability. These technologies transform mechanical energy
from human motion into electrical energy, ensuring a constant power supply for wearable

devices. Table 1.1 reviews the comparison of energy harvesting technology from mechanical
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energy for piezoelectric, electromagnetic and triboelectric devices in terms of mechanism,

efficiency and scalability from the human body.

Piezoelectric and triboelectric devices are often more efficient than electromagnetic systems,
especially in small-scale applications [25-26]. Research and development of piezoelectric
polymer material have played a significant role in harvesting energy from mechanical
movement. Piezoelectric polymer is breathable, flexible and lightweight, making it suitable for
wearable technology applications. In addition, it is easier to recycle when compared to ceramic

piezoelectric materials.

Body heat ~2.4-4.8 W

Breathing Band -0.83W Exhalation ~ 1.0 W

Blood pressure ~0.93W

Arm Motion ~60W

Figer Motion ~6.9-19m

Footfalls ~67W

£y

Figure 1.1 Amount of power generated by human activity. Reproduced from Zeng et al., 2014

[27]. Copyright 2014, John Wiley & Sons, Inc.
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Table 1.1 The comparison of energy harvesting technology from mechanical energy

Piezoelectric Electromagnetic Triboelectric
[25-26], [28] [26], [29-30] [25], [31]
Mechanism Uses piezoelectric Uses the movement of a |Using the triboelectric
material to convert magnet across a coilto |effect, electricity is
mechanical force into produce electricity generated by contacting
electrical charge and separating various
materials
Efficiency High efficiency in Generally lower than High potential efficiency
converting mechanical |piezoelectric due to a variety of
energy, particularly in technologies, but can be | material combinations

dynamic contexts like optimised with improved |and surface area

walking or running coil designs increases

Scalability Thin-film piezoelectric More challenging to Highly scalable, with the
materials are available, |miniaturise than potential for
making them suitable for | piezoelectric systems, incorporation into
incorporation into but provides solid numerous wearable
compact, flexible performance in larger forms, thanks to flexible
devices devices material possibilities

Triboelectric devices offer the most potential for scalability due to their adaptable material
alternatives and ease of integration into various wearable designs [25], [32]. This makes
triboelectric energy harvesters gain interest among researchers around the world. The
outstanding output and easy assembly mean triboelectric generators can be applied to small
devices, especially with wearable technology. This technology is highly dependent on the
triboelectric charge transfer from the different types of triboelectric material. The surface
modification of such technology plays an important role and has recently gained interest among

researchers [33-34], in order to enhance the surface area of the material.

Electrospinning is well known as an effective technique for producing a nanofibrous polymer
structure. The strong electric field during the electrospinning process could arrange dipole
moment in polar polymers such as poly(vinylidene fluoride) PVDF [35], poly(vinylidene fluoride-
co-trifluoroethylene) PVDF-TrFE [23], and poly(L-lactic acid) PLLA [36]. This results in a high

surface area for the trapped charge in the electret polymer, which can be useful for various
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energy harvesting applications based on piezoelectric, ferroelectret, and triboelectric energy

harvesters.

Significant electrospinning techniques in developing triboelectric nanogenerator for

wearable devices

Electrospinning techniques have become important in further developing triboelectric
nanogenerators (TENGs) for wearable devices, offering a diverse and efficient approach to
producing nanofibers with excellent features. These strategies increase the performance and
utility of TENGs in wearable electronics by enhancing flexibility, surface area, and energy
conversion efficiency. Incorporating electrospinning in TENG production is essential for the next
phase of wearable technology, allowing the development of functional and adaptive materials
for human motion. The electrospinning technique produces nanofibres with a large specific
surface area, enhancing the contact area and, consequently, the energy output of TENGs [37].
The technique can integrate various materials, including polyvinylidene fluoride (PVDF) and
barium titanate (BTO), to improve triboelectric performance via enhanced polarisation and
phase content [38]. Electrospun fibres demonstrate excellent elasticity and mechanical
resilience. This is crucial for wearable applications that require materials that can survive
repeated mechanical stress [39]. In addition, it can convert low-frequency mechanical energy
into electrical energy, hence addressing the power supply issues of wearable electronics [38].
Although electrospinning presents several benefits in advancing TENGs for wearable devices,
issues persist in optimising material combinations and structural designs to enhance energy
production and efficiency. Ongoing research and innovation in this field are essential to
overcome these challenges and fully exploit the potential of electrospun TENGs in sustainable,

high-performance wearable technologies.

This research aims to fabricate, demonstrate, and investigate energy harvesting using
electrospinning techniques such as composite, core-shell structure, and hollow structure fibre.
The findings of this research will aid the study of energy harvesting for wearable technology,

where a flexible, lightweight, biocompatible, and environmentally friendly material is required.

1.2 The research objectives

1. Tofabricate the composite structure of PTFE/PVDF using an electrospinning technique
2. To demonstrate energy harvesting potential from the composite PTFE/PVDF electrospun
fibre

3. To fabricate the hollow structure of PVDF using an electrospinning technique
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4. Todemonstrate energy harvesting potential from the hollow PVDF electrospun fibre
5. To fabricate the coaxial structure of PS/PVDF using an electrospinning technique
6. To demonstrate energy harvesting potential from the electrospun PS/PVDF fibre
7. Toinvestigate, analyse, and study the possibility of fabricating wearable devices by
using the composite PTFE/PVDF, hollow structure PVDF and PS/PVDF coaxial structure

electrospun fibres as an energy harvesting part

1.3 Thesis structure

This thesis is structured into 6 chapters; Chapter 1 provides an overview of the research
motivation, objectives, and scope and introduces the importance of wearable technology and
energy harvesting solutions. The outlines of the thesis objectives, novelty, and the broader

implications of the research are also shown in this chapter.

Chapter 2 discusses the theoretical background of mechanical energy harvesting and key
concepts such as piezoelectric, ferroelectret, and triboelectric effects. It reviews the state-of-
the-art electrospinning techniques and polymers used for energy harvesting to highlight

research gaps and sets the stage for experimental investigations.

Chapter 3 details the materials, experimental setups, and characterisation techniques used to
fabricate and evaluate the electrospun fibres. This also introduces methods for analysing fibre

properties.

Chapter 4 presents the fabrication of PTFE/PVDF composite fibres and evaluates their
triboelectric performance, demonstrates practical applications, including book-shaped energy

harvesters and shoe insoles.

Chapter 5 explores the fabrication and characterisation of hollow PVDF fibres and coaxial

PS/PVDF fibres and their superior triboelectric energy harvesting capabilities.

Chapter 6 summarises the key findings and contributions of the thesis. The idea of future work
to enhance material performance and expand practical applications in wearable technology is

proposed.

1.4 Statement of novelty

This study presents novel methods and materials for energy harvesting through electrospun

fibres in Chapters 4 and 5. This study examines the practical uses of the new materials, focusing
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on wearable and flexible energy harvesters that exhibit enhanced power densities and
compatibility with lightweight, biocompatible designs. The innovations of each work can be
described as follows:

1. The composite electrospun PTFE/PVDF fibres were fabricated using a one-step
electrospinning process, resulting in improved triboelectric energy harvesting capabilities. This
method simplifies the manufacturing process while enhancing the material's

electromechanical properties.

2. Production of hollow PVDF electrospun fibres: A unique one-step coaxial electrospinning
technique was utilised to fabricate hollow PVDF fibres. This design markedly improves the
piezoelectric efficacy and energy harvesting capability of the material, especially for wearable

applications.

3. This study introduces the manufacturing of coaxial fibres comprising a PS core and a PVDF
shell by a single-nozzle electrospinning technique. This method illustrates the capacity to
enhance energy harvesting efficiency by utilising the unique triboelectric characteristics of the

two materials.

1.5 Publications and conferences

Table 1.2 List of publications and conferences

Title Publication/conference

The Energy Harvesting Performance of White, P.; Bavykin, D.; Moshrefi-Torbati, M.; Beeby, S.

a Flexible Triboelectric-based The Energy Harvesting Performance of a Flexible

Electrospun PTFE/PVDF Fibre [40] Triboelectric-Based Electrospun PTFE/PVDF Fibre.
Eng. Proc. 2023, 30, 8.
https://doi.org/10.3390/engproc2023030008

The Fabrication of the Electrospun White, P.; Pankaew, P.; Bavykin, D.; Moshrefi-Torbati,

Polyvinylidene Fluoride (PVDF) Hollow M.; Beeby, S. The Fabrication of the Electrospun

Structure Fibre for Energy Harvesting  Polyvinylidene Fluoride (PVDF) Hollow Structure Fibre

Applications [41] for Energy Harvesting Applications. 2024 International
Electrical Engineering Congress (iEECON 2024)
March 6-8, 2024, Pattaya Chonburi, THAILAND

https://doi.org/10.1109/iEECON60677.2024.10537826
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https://doi.org/10.1109/iEECON60677.2024.10537826

Title

The Investigation of the Energy
Harvesting Performance Using
Electrospun PTFE/PVDF Based on a
Triboelectric Assembly [42]

Chapter 1

Publication/conference

White, P., Pankaew, P., Bavykin, D. V., Moshrefi-

Torbati, M., & Beeby, S. P. (2024). The investigation of
the energy harvesting performance using electrospun
PTFE/PVDF based on a triboelectric assembly. Smart

Materials and Structures. 33 075010

https://doi.org/10.1088/1361-665X/ad508d

27


https://doi.org/10.1088/1361-665X/ad508d

Chapter 2

Chapter 2 Literature reviews, background theory of

harvesting energy from electrospun fibres

2.1 Introduction

The main purpose of this research is to investigate energy harvesting from electrospun fibre. To
understand the mechanism of electrical energy from the material obtained from the
electrospinning technique, the researcher must understand the nature of porous polymer film
and the relevant charge effect/behaviour. Thus, this chapter examines and discusses relevant
concepts related to this study. First, it discusses the parts utilised for mechanical energy
harvesting and the significance of obtaining energy from a source. The use of piezoelectric
material as an energy harvester is then discussed. Thirdly, the discussion turns to electret or
ferroelectret energy and its mechanism. The triboelectric effect is presented as an energy
harvester working concept. The basic electrospinning knowledge is presented, followed by the
polymers used in the research. The literature review and research gap are then presented in the

final part of the chapter.

2.2 Mechanical energy harvesting from polymers

Energy gathering from external sources, including mechanical, thermal, solar, wind,
electromagnetic, and wave energy, and converting it to electrical power is called energy
harvesting or energy scavenging. This energy can be collected and stored for wearable
electronic devices and small gadgets. It provides an advantageous means of supplying

electricity to mobile devices in isolated areas with access to traditional power sources.

Smart wearable technology is a combination of hardware and software that allows people to
keep track of various elements of their lives. The lightweight design and comfort are important,
as well as the flexibility and breathability of the gadget. Polymeric materials are exceptionally
suitable for this purpose. There are a few phenomena involved in harvesting energy from
polymer materials. It can be said that the majority of polymers are insulators, which show
dielectric properties. The charge behaviour in dielectric materials is quite complicated,
especially in polymeric materials. At a scale of wearable devices, three fundamental devices
have played an important role in research and development in the last decade: Piezoelectric
generators (PEGs), Ferroelectret generators (FEGs) and Triboelectric nanogenerators (TENGs).
In the exceptional crystalline polymer poly(vinylidene difluoride) (PVDF), it is difficult to

distinguish between these three phenomena in the output measurement. This is because the
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deformation of charge is caused by the deformation of aligned polymer chains in a crystallite,
which in turn deforms aligned dipole moments, resulting in a net electric field between parallel
electrodes. Triboelectricity is a basic characteristic that occurs when two different materials
come into contact, forming opposite charges on each surface. This phenomenon is known as
contact electrification (CE) [43]. However, when PVDF is treated under a strong electric field,
positive and negative charges build up inside the polymer close voids. Placing a parallel
electrode over the polymer would produce the charge flow in the circuit as the void charges
behave like dipole moments, called ferroelectret generators. This section discusses the

working principles of piezoelectric, ferroelectret, and triboelectric energy harvesters.

2.2.1 Piezoelectric effect

When mechanical stress is applied, piezoelectric materials have the capacity to generate an
electric current by pressing, tapping, bending, or twisting. It is recognised that a variety of
substances, including proteins, crystals, and ceramics, have piezoelectric capabilities. It has
been shown that piezoelectric materials have the potential to power or charge devices through

mechanical movement [44].

The piezoelectric constant, ds; is an important parameter in piezoelectric materials, indicating
the ability of the material to transform mechanical stress into electrical charge along the
identical axis. This quantifies the piezoelectric effect when the electric field and mechanical
stress are applied collinearly, usually along the thickness of the material. This coefficient plays
an important role in determining the efficiency and effectiveness of piezoelectric materials for
various purposes, including sensors, actuators, and energy harvesters. The ds; coefficient
quantifies the piezoelectric response in the direction of applied stress and electric field,

typically expressed in pico coulombs per Newton (pC/N).

Greater ds; values are advantageous for applications requiring significant displacement or
greater sensitivity, such as piezoelectric speakers and pressure sensors [45]. In energy
harvesting, a high ds;; value improves the efficiency of converting mechanical energy into
electrical energy. The composition and structure of piezoelectric materials substantially affect
the ds; value. Multilayer piezoelectric ceramics and polymer composites are capable of
increased ds; values, thus enhancing their functional characteristics [45]. Design
advancements, like ds; mode polarisation, enhance the performance of piezoelectric devices,
making them more appropriate for particular applications such as gait rehabilitation systems
[46]. Although the ds; coefficient is a crucial indicator for piezoelectric materials, it is not the
only factor that influences their performance. Other coefficients, including ds; and gs3, are also

significant in certain applications, requiring that material selection and design take into account
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the specific requirements of the intended usage. However, this thesis exclusively concentrates

on d33.

In this field, ceramic and its composite piezoelectric materials, such as lead zirconate titanate
(PZT) [47], barium titanate (BaTiOs3) [48], and zinc oxide (ZnO) [49], are of interest for their
potential advantages in terms of low manufacturing cost and possess a high dss constant.
However, the drawback of ceramic piezoelectric materials is their inflexibility and brittleness. In
addition, PZT is not seen as an environmentally friendly material. The performance values of
piezoelectric polymers, such as polyvinylidene fluoride or polyvinylidene difluoride are lower
when compared with a ceramic piezoelectric such as PZT. However, these polymers are flexible

and more suitable for wearable technology.

2211 Piezoelectric effect in polymer

Synthetic polymers have inspired a vast range of applications due to their design flexibility,
strong mechanical strength, and solution processability. Various polymer categories can be
considered to show a piezoelectric effect. Figure 2.1 shows the different types of piezoelectric
polymers that are available. The bulk polymer is the first category of piezoelectric polymers.
These solid polymer films possess the piezoelectric mechanism through their arrangement and
molecular structure. The second category includes piezoelectric composite polymers with an
integrated piezoelectric ceramic structure that generates the piezoelectric effect. These
composites are well recognised for having both the high electromechanical coupling of
piezoelectric ceramics and the mechanical flexibility of polymers. Polymers with void charges
belong to the third type. This is a vastly different type of piezoelectric polymer than those
mentioned in the first two categories and is a cellular polymer film with a void structure. The film
is charged in order to form the internal dipoles, which will then be confined within the voids. The
polarisation of these dipoles changes when stress is applied to the polymer film (i.e. a
piezoelectric response is produced). This type of polymer can be seen as being “Ferroelectret”

[50].
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Amorphous Semi-crystalline
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Figure 2. 1 Schematic diagram showing the piezoelectric effect in different types of polymers;

bulk piezopolymers: are divided into amorphous and semi-crystalline polymers,

piezoelectric particles in polymer or polymer composites

Cellular thermoplastic polymers may exhibit piezoelectric-like behaviour through internal
charging. This is achieved by exposing the material to a high-level external electric field. Cellular
charged polymers are being studied for various applications such as ferroelectret devices,
vibration control, ultrasonic transducers, tactile sensors, shock sensors, energy conversion
devices, speakers, microphones, keyboards, and thermal and optical property measurement
devices [51]. Additionally, the ability to create very thin, flexible films with low density, as well as
the inexpensive cost of the materials, make piezoelectric devices made from cellular polymer

films of incredible significance [52].

2.2.1.2 Piezoelectric properties of Ferroelectrets/ theory of Ferroelectret and

mechanism

Ferroelectrets are classified as a piezoelectrically active polymer foam. In relation to this class,
a gas, such as air, within a macro-sized pore space (typically > 1 um) can be treated to electrical
breakdown. The application of a high electric field through a corona poling process causes this
to occur. The structure possesses some similarities with the atomic scale dipole configuration
seen in ferroelectric materials, as shown in Figure 2.2 a). These originate from the asymmetric
arrangement of the negative and positive atoms and the remnant polarisation that occurs after
being subjected to an electric field above its coercive field during a similar poling process. In a
similar manner to ferroelectrics, ferroelectret materials can also show polarity reversal and

dipole switching, whereby the direction of the applied electric field is switched [12]. This leads
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to a theoretical hysteresis loop formation, as shown in Figure 2.2 a). In this loop, the threshold
voltage (as seen in Figure 2.2 b) for breakdown within a pore is comparable in certain respects to
the coercive field for a ferroelectric. When the polarised pores form, the electrode of the cellular
polymer attracts surface charges (see Figure 2.2 b). If the polarisation of the pores is changed
through temperature changes or mechanical stress, then there is a redistribution of surface
charge. This causes an electric current to flow. Therefore, ferroelectrets are both piezoelectric
and pyroelectric (which generate voltage due to changing temperature). Recently, these
properties have attracted interest in energy harvesting applications. Please note that

ferroelectrets are also known as piezoelectrets or piezo(ferro) electrets [53-55].

a) b)

s, -— -—- e

Interternally charged void ++ + 4 +++4 T
\‘*—*"a il EnE —
T T N T a»

- — s .
electrodes and surface charge chEiEt i gt e EoE TPS

Figure 2. 2 a)the schematic of ferroelectret material where Ps is the polarisation direction, b)
the hysteresis loop in a single pore ferroelectret. Reproduced from Zhang et al.
(2019) [56]. Reprinted with permission from Sutka et al. (2023) [57]. Copyright 2017,

Elsevier.
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Figure 2.3 reveals the formation of dipoles in PVDF (a) as a piezoelectric material. This is in
comparison to PP (c), which is a ferroelectret material. In addition, Figure 2.3 b) shows a basic
piezoelectric model in relation to ferroelectric materials. In this model, positively and negatively
charged particles are connected by springs possessing force constants of ky and k». It has been
approximately calculated that in cellular space-charged materials, like PP, the point of
symmetry is broken on a macroscopic order of around 10° pm?® (or 10™ nm?®) (estimated cell
dimensions: 100 x 100 x 10 um?). As for PVDF, a piezoelectric material, this is on a nanoscale
order of around 0.1 nm?® (with unit cell dimensions 0.858 x 0.49 x 0.256 nm?for PVDF, B-phase).
Therefore, the cell volume for symmetry breakup in PP is around a factor of 10'° times larger
than the unit cell volume of PVDF. The piezoelectric property for cellular nonpolar polymers,
such as PP, is therefore viewed as being different when compared to polar polymers such as
PVDF. Furthermore, this behaviour in ferroelectrets originates from the deformation of charged
cells. The source of this behaviour in polar piezoelectric materials is considered to be ion
displacementin a lattice. Ferroelectric polymers show a moderate electromechanical ds;
coefficient, which ranges from 10 to 20 pC/N. Ferroelectrets show larger ds; values vastly above
100 pC/N. The charging process of cellular polymers occurs through charge transfer across the

cells, which begins at the surface of the sample [58].

¢
k2
K1

a) b) c)

Figure 2. 3 a) Ferroelectric PVDF and b) a simple model for piezoelectricity in ferroelectric
materials (positively and negatively charged particles that are connected by springs
having force constants of ky and k;) in the unit of N/m and c) ferroelectret PP (the
clear ellipsoidal areas are gas bubbles and the dark area is the polymer matrix).

Reproduced from Mohebbi et al. (2018) [55], Copyright 2016, John Wiley & Sons, Inc.
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2.2.1.3 Typical ferroelectret material and applications

Polymer materials with ferroelectric properties, such as PVDF and its copolymers, have
demonstrated the ability to generate piezoelectricity [59]. This is due to the ferroelectric
orientation of the dipolar crystals. Currently, though, cellular ferroelectret polymers have
increased their applications for nonpolar polymers as high-level performance piezoelectric
materials. Thermoplastic and nonpolar polymers such as polyurethane (PU), and polyolefin
(PO) have previously been used to produce ferroelectrets. Additionally, copolymers, polyvinyl
chloride (PVC), fluoropolymer, poly (ethylene naphthalene) (PEN) and poly (ethylene
terephthalate) (PET) have been utilised for this purpose. The polymer ferroelectret foam can be
viewed as a composite that consists of a gas phase, dispersed in a solid polymer matrix,
whereby the pore space has been generated through physical bonding or chemical blowing

agents [60].

2.2.2 Triboelectric effect

Triboelectric nanogenerators (TENGs) have gained popularity and become a hot topic in energy
harvesting research in the past few years. Since 2012, Professor Zhong Lin Wang has revealed
outstanding performance based on the coupling of triboelectrification and electrostatic
induction effect devices [61]. Although the concepts of contact electrification have been
recognised for centuries, the research primarily concentrates on converting the static charge
generated by friction at micro- or nano-scale contacts (contact electrification) into electrical
energy by electrostatic induction. To understand its basic working principle, this section
presents the necessary theory in the typical triboelectric effect, including the triboelectric series
and the operating mode of TENGs. Furthermore, the triboelectrification in polymer, which is

mainly related to this work, is discussed.

2.2.21 Typical triboelectric effect and fundamental operation mode of TENGs

The triboelectric effect refers to certain materials becoming electrically charged when they
come into contact with another substance, resulting in their separation. Triboelectrification is a
process in which two initially neutral bodies can acquire an electric charge when brought
together and subsequently separated. This phenomenon occurs in all highly insulating materials
due to their presence in polymers. Triboelectricity is a specific instance of the overall
phenomenon of charge retention demonstrated by electrets. If polymers have sufficient
insulation, they can retain electrical charges for a longer period of time. The stored charges can
consist of either real charges (i.e., additional net charge) or polarisation charges, or a

combination of both. The real charges consist of layers of positive or negative charges that are
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either trapped at or near surfaces or spread across the whole volume. The real charges may also
be unevenly distributed inside molecules or domain structures that resemble a dipole
polarisation. Polarisation charges arise from the fixed orientation of dipoles, which can be

attributed to the molecular arrangement [62].

2.2.2.2 Triboelectric series

Triboelectrification is a widely recognised phenomenon that frequently occurs on both a natural
and a daily basis. The triboelectric series classifies different materials based on their propensity
to collect or release electrons, indicating their natural physical characteristics. Recently, Zou et
al. proposed the universal standard of a triboelectric series, which has beenranked in a
qualitative manner based on triboelectric polarisation [63]. The triboelectric series classifies
materials based on their propensity to gain or donate electrons, indicating their inherent
physical characteristics. Static electricity arises from the accumulation of either positive or
negative charges on the surface of an object through the process of rubbing certain materials
together. The effectiveness of charge exchange is determined by the position of the material in
the triboelectric series. Typically, the accumulation of static energy is undesirable due to its
potential to cause product failure or pose a significant safety risk through electrostatic

discharge and/or electrostatic attraction.

The creation of a triboelectric series involves measuring the surface charge of each triboelectric
material after it comes into contact with several metals that have known work functions. The
work function of each triboelectric material can be determined by interpolating the graph that
relates the surface charge to the work function of different metals. Diaz et al. [64], produced
data for the triboelectric series in 2014, which is frequently referred to. The series compares and

combines other qualitative and quantitative triboelectric series, as shown in Figure 2.4.
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Figure 2.4 A commonly used Triboelectric series based on Diaz et al.'s work, reproduced by

Lee et al. [63]. Reprinted © Copyright 2023 AIP

Zou et al. [63], evaluated the triboelectric properties of several materials by applying a layer of

copper (Cu) to their back surfaces and immersing their front surfaces in liquid mercury at a

temperature of 20 °C and a humidity level of 0.43% RH. Utilising liquid mercury enhances the

contact area between the tested materials and the liquid metal, as the liquid metal readily

conforms to the solid surfaces of the materials. Electrical outputs were measured, and the

triboelectric charge density (TECD) o was determined in contact-separation mode. The

normalised triboelectric series ais defined as a = o multiplied by the absolute value of |cPTFE]|.

Table 2.1 presents the Triboelectric series, their triboelectric charge density (TECD), and the

normalised triboelectric series as suggested by Zou et al.
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Table 2.1 Triboelectric series of materials and their triboelectric charge density (TECD)

proposed by Zou et al. (2019) [63] . Copyright 2019, Nature Research

Materials Abbr. Average TECD STDEV a
(uCm~?)
Chemical-Resistant Viton® Fluoroelastomer Rubber -148.20 2.63 -1.31
Acetal -143.33 2.48 -1.27
Flame-retardant garolite -142.76 1.49 -1.26
Garolite G-10 -139.89 1.31 -1.24
Clear cellulose -133.30 2.28 -1.18
Clear polyvinyl chloride PVC -117.53 1.31 -1.04
Polytetrafluoroethylene PTFE -113.06 1.14 -1.00
Abrasion-resistant polyurethane rubber -109.22 0.86 -0.97
Acrylonitrile butadiene styrene ABS -108.07 0.50 -0.96
Clear polycarbonate (Glossy) PC -104.63 1.79 -0.93
Polystyrene PS -103.48 2.48 -0.92
Ultem polyetherimide PEI -102.91 2.16 -0.91
Polydimethylsiloxane* PDMS -102.05 2.16 -0.90
Polyester fabric (Plain) -101.48 1.49 -0.90
Easy-to-machine electrical-insulating garolite -100.33 1.79 -0.89
Food-grade high-temperature silicone rubber -94.03 0.99 -0.83
Polyimide film Kapton -92.88 2.58 -0.82
DuralLar polyester film PET -89.44 0.86 -0.79
Polyvinylidene fluoride PVDF -87.35 2.06 -0.77
Polyetheretherketone PEEK -76.25 1.99 -0.67
Polyethylene PE -71.20 1.71 -0.63
High-temperature silicone rubber -69.95 0.50 -0.62
Wear-resistant garolite -68.51 1.99 -0.61
Low-density polyethylene LDPE -67.94 1.49 -0.60
High impact polystyrene -67.37 1.79 -0.60
High-density polyethylene HDPE -59.91 1.79 -0.53
Weather-resistant EPDM rubber -53.61 0.99 -0.47
Leather strip (Smooth) -52.75 1.31 -0.47
0Oil-filled cast nylon 6 -49.59 0.99 -0.44
Clear cast acrylic PPMA -48.73 1.31 -0.43
Silicone -47.30 1.49 -0.42
Abrasion-resistant SBR rubber -40.13 1.31 -0.35
Flexible leather strip (Smooth) -34.40 0.86 -0.30
Noryl polyphenyl ether -31.82 0.86 -0.28
Poly(phenylene Sulfide) PPS -31.82 0.86 -0.28
Pigskin (Smooth) -30.10 0.86 -0.27
Polypropylene PP -27.23 1.31 -0.24
Slippery nylon 66 -26.09 0.50 -0.23
Weather- and chemical-resistant santoprene rubber -25.23 0.50 -0.22
Chemical- and steam-resistant aflas rubber -22.65 1.31 -0.20
Polysulfone -18.92 0.86 -0.17
Cast nylon 6 -18.35 0.99 -0.16
Copy paper -18.35 0.50 -0.16
Chemical-resistant and low-temperature fluorosilicone rubber -18.06 0.86 -0.16
Delrin® Acetal Resin -14.91 0.50 -0.13
Wood (marine-grade plywood) -14.05 0.99 -0.12
Wear-resistant slippery garolite -11.47 0.50 -0.10
Super-stretchable and abrasion-resistant natural rubber -10.61 0.50 -0.09
Oil-resistant buna-N rubber 2.49 0.23 0.02
Food-grade oil-resistant buna-N/vinyl rubber 2.95 0.13 0.03
Note: STDEV refers to the standard deviation. The a refers to the measured triboelectric charge density of tested materials over the
absolute value of the measured triboelectric charge density of the reference material. The material marked with an asterisk “*” means
it has strong adhesion with mercury, a small drop of mercury is observed when it is separated with mercury. The measured TECD
value may be a bit lower than its real value. Source data are provided as a Source Data file.
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TENGSs are devices that convert kinetic energy generated by the relative motion and frictional
contact between two materials with varying electron affinities into electricity using the
principles of the triboelectric effect and electrostatic induction. The external kinetic energy will
periodically cause the charged surfaces to move, resulting in a relative displacement between
the surfaces and electrodes. This, in turn, leads to a periodic change in the induced potential
difference between the electrodes. When an electrical load is attached to the electrodes,
electrons will flow continually between the electrodes to lower the potential difference and
maintain electrostatic equilibrium. This principle allows for extracting an alternative power
output at the load. The operational modes of TENG can be classified into four categories based
on the various configurations of the triboelectric materials and electrodes and their relative

movement.

In order to enhance the performance and expand the range of applications of a TENG, intensive
efforts have been undertaken, with a specific emphasis on increasing the surface charge
density and creating new structures/modes. Nowadays, four primary modes of TENG have been
created: vertical contact-separation (CS) mode, lateral sliding (LS) mode, single-electrode (SE)
mode, and freestanding triboelectric-layer (FT) mode. Four assembly modes can be produced to

harvest energy from the triboelectric effect, as shown in Figure 2.5.

Each mode possesses its unique arrangement and selection of materials, along with distinct
mechanical triggering mechanisms. In the case of the CS mode, it is initiated by a vertical
periodic driving force that induces a repetitive contact separation cycle between two distinct
materials, each having coated electrodes on their respective top and bottom surfaces. The LS
mode is activated when there is a linear motion between two different materials that are aligned
in parallel. To assess and contrast the efficiency of TENGs in various structures and modes, it is
necessary to provide a general criterion for quantifying their performance, regardless of the

specific mode of operation [65].

The parallel-plate capacitor model is applicable to TENGs that have planar designs. The
parallel-plate capacitor model can be applied to TENGs due to their naturally capacitive
behaviour. This model is based on two fundamental assumptions: (1) charges are uniformly
distributed on the dielectric surfaces, and (2) the electric field inside the dielectric is merely
perpendicular to the plates, disregarding any parallel component. The V-Q-x relationship

is essential to the parallel-plate capacitor model used for TENGs. The V-Q-x relationship
expresses the correlation between three significant parameters in TENGs: the output voltage V,
the transferred charge quantity between the two electrodes Q, and the separation distance x.
The following expression (Eq.2.1) represents this relationship as a triboelectric harvester

equation.
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1 (2.1)

V= —mQ + Voc (%)

Q = amount of transferred charges between the two electrodes
Xx = separate distance

V,.(x) = potential difference contributed by the polarised charges

- ﬁQ = potential difference contributed by the transferred charges

S = contact area of the tribo-pair

dy =thickness = 4oy

€r1 Er2

a) b) (

electrode

w / I Vi
e dielectri_c- Iayeré =] d,

Figure 2.5 TENG in contact mode - TENG in sliding mode a) and b) dielectric to dielectric

contact mode TENG, c) and d) conductor to dielectric sliding mode. Reproduced
from Zhang et al. (2020) [66] under CC BY and Copyright 2023 Walter de Gruyter
GmbH

Figure 2.5 a) and b) demonstrate the Contact-Mode TENGs in vertical contact-separation (CS)
mode and single-electrode (SE) mode, according to the materials used and device structures:
dielectric-to-dielectric contact and conductor-to-dielectric contact (Figure 2.5 b) structures.
Based on fundamental assumptions, the length and width of tribo-pairs should significantly
exceed their thickness, while the area of the electrodes should be considerably higher than the

distance between them.
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V,c(x) and C(x) of contact mode TENGs can be worked out based on electrodynamics as

Voc(x) =

at the contact surface of the tribo-pair, and S is the contact area of the tribo-pair. The equivalent

O'X(t)

and C(x) = where g is the vacuum permittivity, o is the charge density

(d +x (t))

. . . d, d . . .
thickness d,, is defined as —+—2_ and for conductor-to-dielectric contact TENGs, d,is equalto

Er1 Er2

0.

Substituting the expression of V,.(x) and C(x) intoV = — m Q + V,.(x), the relationship of the

contact mode TENGs (in equation 2.2).

V == e g+ x(0) + 220 .
€o

Figure 2.5 c) and d) present the sliding-mode TENGs, which is similar to the contact mode. They
can be classified into two groups based on materials utilised as triboelectric layers- dielectric to
dielectric, Figure 2.5 ¢) and conductor-to-dielectric, Figure 2.5 d). Regarding sliding mode
TENGs, it is essential that the length [ is significantly greater than both d; and d,. Failure to
meet this condition would make the electric field component parallel to the plate insignificant.
Furthermore, it is important that the separation distance x is less than 0.91. If the overlapping
area is too small, the capacitance of the device will not be accurately represented by the
capacitance of the overlapping area. In addition, the distribution of electric charge on the
electrodes and dielectric surfaces will also diverge from the fundamental assumption. If both of
those meet the requirements, the effects of the edge effect can be disregarded, and the total
capacitance can be expressed as (in equation 2.3).

(- x) (2.3)
do

C(x) = gyw

The expression of I,.(x) is dependent on the charge distribution on the electrodes. When the
two dielectric plates separate laterally, there exist charges on the lower surface of dielectric 1
and the upper surface of dielectric 2 at the non-overlapped part. Under the above assumptions,
the surface charge density for the overlapped region on the top and bottom electrodes is o and

—0o, respectively. The surface charge density for the non-overlapped region on the top and

bottom electrodes is ﬁ and (l—) Combining the charge distribution Gauss theorem,

oxd .
e = ¢ can be obtained.
go(l—x)

Substituting the expression of V,.(x) and C(x) into V = ———Q + V,,.(x), the relationship of the

C()

contact mode TENGs is

40



Chapter 2

_ doQ n odox (2.4)
T oweg(l—x) gl —x)

Furthermore, despite their unique structures, the free-standing triboelectric-layer-based
nanogenerators and single-electrode triboelectric nanogenerators can be accurately simulated

using the capacitor model. This is because they can still be considered as capacitors, and their

output can be expressed using equationV = — ﬁ Q + V,.(x) [66].

This thesis employed the CS mode to demonstrate the energy performance of the electrospun
fibre. The basic contact-separation structure was employed in the initial examination of
electrospinning parameters because of the elimination of a requirement for a complicated
setup. The research was extended by utilising the book-shaped structure to demonstrate the

applicability of wearable technologies.

Book-Shaped TENGs design

TENGs utilise the triboelectric effect, which involves the generation of electric charge through
the contact and subsequent separation of two materials. TENGs are offered in several
configurations, including a book-shaped model. The fundamental design is a book-shaped
triboelectric energy nanogenerator that enhances the performance of TENGs through
incorporating unique structural characteristics resembling books. This design generally has two
triboelectric layers arranged in a book-like configuration, with one layer stationary and the other
capable of movement or flexing in response to external mechanical stimulation. The flexibility of
the movable layer allows efficient charge separation and production, leading to enhanced

energy harvesting capabilities in comparison with rigid ones [67].

J. Chung et al. [68] suggest the construction of an elastic bellow-type triboelectric
nanogenerator (B-TENGSs), as illustrated in Figure 2.6 a). The simplified model of the B-TENGs
can be referred to as a book-shaped TENG. The B-TENG can operate independently as an elastic
element, which is essential for sustaining the vertical contact-separation mechanism. A vertical
contact-separation type TENG functions when an external force is exerted, with the magnitude
dictated by the stiffness of the elastic material. The TENG may provide electrical output with
minimal force by making contact between two surfaces possessing opposing triboelectric
charges. Upon pressing the gadget, the electrodes of both TENGs make contact, generating
electrical output. Figure 2.6 b) and c) show the working mechanism of the book-shaped like
model c) simulation results for the electrical potential distribution for the different angles
between two electrodes as studied by Chung et al. 2016. The Voc and Isc values can be
measured independently due to the different Voc values of the two TENGs, although being

composed of the same material, as described by the equation.
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o 20lsin (g)

VOCZVA_VBzgd_T (25)

Where V, — V5 is the electrical potential difference between the two electrodes;
o is the surface charge density of the PTFE;
d is the distance between the two horizontal electrodes;
l is the length of the book-shaped model;
0 is the angle between the two electrodes; and

&o is the permittivity of vacuum.

From the equation, it can be seen that the V.. depends on the angle between the two electrodes.

Thus, the maintained stiffness of the substrate directly affects the performance of the device.
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Figure 2. 6 the design of partial elastic bellow-type triboelectric nanogenerator as a partial
book-shaped like model a) Schematic illustrating a simplified structure of book-
shaped TENGs b) the working mechanism of the book-shaped like model c)
simulation results for the electrical potential distribution for the different angles
between two electrodes, using COMSOL as studied by J. Chung et al. 2016 [68]
Copyright Elsevier Ltd. 2015.

TENGSs require materials with a high surface area to enhance their efficiency in converting
mechanical energy into electrical energy. The larger surface area increases surface charge
density, which is necessary for increasing the performance output of TENGs. This is
accomplished using diverse material optimisation techniques. This includes complex materials
with higher porosity and specific surface area, alongside structural modifications. These
approaches significantly enhance the performance of TENGs in energy harvesting applications.
However, apart from surface area, other factors influence the surface charge of
triboelectrification. Sutka et al. (2023) categorised the factors that can influence TENGs as

follows [57], [69]:
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1. Surface Morphology: Surface roughness and patterns may significantly influence charge
magnitude by modifying the contact area between materials [70].

2. Adhesion and Fracture: In the process of contact separation, material adhesion,
deformation, and fracture are crucial in charge creation. Adhesion increases interaction
between surfaces, promoting charge transfer.

3. Material Properties: Chemical Composition: The existence of functional groups or
additions can affect electron, ion, or mass transfer. Mechanical Properties: The stiffness
or flexibility of materials influences deformation upon contact, thus affecting charge
production.

4. Thermal Effects: Heat generated via contact or external sources can modify charge
transfer dynamics by affecting material characteristics or charge carriers.

5. Bond Cleavage: The disruption of bonds in polymers (either homolytic or heterolytic)
during contact separation can produce charged fragments that enhance surface charge.

6. Role of Additives: Additives can modify surface structure and enhance charge retention

by altering local properties or increasing electron donor/acceptor sites.

These factors combine to affect triboelectric performance by modifying the mechanisms of

electron, ion, or mass transfer that dominate in different systems

2.2.2.3 Triboelectrification in polymer

Despite being observed since ancient Greek times 2600 years ago, the origins of contact-
electrification (CE) or triboelectrification are still subject to much debate. The primary question
revolves around whether the charge transfer occurs through electrons or ions, and why the
charges remain on the surface without disappearing quickly. Electron transfer has been broadly
accepted in explaining the electrification of metal-metal and metal-semiconductor systems, as
determined by the work function or contact potential difference. This concept can also be
applied in explaining the electrification of metal-insulator systems by taking into account the
presence of surface states. The phenomenon of electrification, particularly in relation to
polymers, was also attributed to ion transfer. It was proposed that ions carrying functional
groups played an essential part in contributing to CE. The continuous inconsistencies raised the
question of whether electron or ion transfer is the predominant fundamental process in CE [57],

[69].

Bidirectional material transfer occurs during polymer-polymer interaction; both materials are
transported to opposing surfaces upon contact [71]. Thus, to enhance the triboelectric output,
the induced charge separation between two materials can be developed in the form of

generating more heterolysis bond cleavage and controlling cohesive energy density and
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roughness [57]. The generation of heterolysis bond cleavage, cohesive energy density, and

roughness can be induced.

The three main mechanisms suggested for polymer triboelectrification include 1) electron

transfer, 2) transfer of ions or water, and 3) transfer of charged fragments from

macromolecules. The identification of the mechanism is complicated because various factors

can impact the formation of charges in polymer triboelectrification. These factors include the

environment (temperature and humidity), contact duration and intensity, surface

characteristics (roughness and pattern) [70], overall properties (macromolecular arrangement

and crosslinking), fillers, and the chemical composition of the surface (functional groups).
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Figure 2.7 Illustration demonstrating the simplified electrical arrangement when different

materials come into contact. a) The first scenario involves two metals, where the
lower energy metal can accommodate an electron from the higher energy metal due
to a difference in energy levels. b) The second scenario involves a metal and an
insulator, where there are no available states for an electron to occupy. Therefore,
electron transfer can only occur through a process called tunnelling or through
thermal excitation processes. c) The third scenario occurs between a metal and a
defective insulator, where the presence of atomic defects creates electronic states
that allow for electron transfer to take place. d) The schematics show the bonding
networks of ceramic materials, with the pristine lattice on the left and the generated
lattice on the right. The ceramic network maintains its lattice structure through multi-
atom coordinated bonding networks. e) The schematics show the bonding networks
of polymer materials, with the pristine lattice on the left and the defect-

induced lattice on the right. In polymers, the one-dimensional bonding network is
potentially broken, which can lead to mass transfer. Reproduced from Sutka et al.

(2023) [57] Copyright 2023, Wiley-VCH GmbH
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Figure 2. 8 Schematic of the suggested complicated contact electrification mechanism,
involving initial charge generation through mechano-radical and ion creation,
followed by subsequent transfer of adsorbed ions and electrons during ongoing
contact separation. Reproduced based on Lapcinskis et al. (2019) [72]. Copyright
2023, Wiley-VCH GmbH

2.3 Electrospinning techniques and parameters

It has been shown that electrospinning is a simple but efficient and versatile technology for
producing polymeric fibres with diameters controllable in the range of nanometres to
micrometres. The produced fibres are within the submicron/micrometre range diameter. This
process is possible for almost any soluble co/polymer as long as its molecular weight is high
enough. Electrospun fibres possess a large surface area per unit mass, which is due to their
small diameters. This means that the fibres have the potential for various applications, such as
wound dressings [73], tissue engineering [74], filters [75], protective wearable devices [76-77],

sensors [78], and batteries [79].

Electrospinning is a process where electrostatic forces draw a droplet of polymer solution into a
fine fibre. This is followed by the deposition of the fibre onto a grounded collector. At a steady
rate, the liquid polymer is extruded from the nozzle tip. This is achieved through the use of a
syringe pump or through constant pressure from a header tank, which then forms a droplet at

the tip (see Figure 2.9). When a small volume of polymer liquid is subjected to an electric field,
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the formed droplet stretches toward the nearest lower potential point. A Taylor cone is then
formed (see Figure 2.9). As the electric field reaches a critical value at the tip of the Taylor cone,
the electrical forces overcome the surface tension of the formed droplet. This causes a charged
fluid stream or jet of liquid polymer to be ejected. The jet of liquid is then partly elongated

through “whipping instability” during the journey from the needle tip to the grounded collector.

Taylor cone

colector

Syringe
Polymer solution

s;:fif]eret
=

' Syringe pump

[__RUANN |

Fibre jet

(

1-

High voltage
power supply

Figure 2.9 Schematic of electrospinning setup with the basic electrospinning setup includes

the syringe pump, conductive needle, collector and high voltage supply and the

Taylor cone model.

Figure 2.10 shows the main considerations for the electrospinning parameters are solution
properties, molecular weight and its concentration, solvent properties; vapour pressure,
surface/interfacial tension, conductivity, dielectric constant, and viscosity; working parameters;
electric potential, gap distance, flow rate of solution and needle dimensions, environmental

conditions that includes temperature. The details and the effect of each factor are discussed in

this section.
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Figure 2. 10  Four main factors that can affect the electrospinning process

The molecular weight of the polymer and its concentration in solution are the two key elements
to take into account when determining chain entanglement. In solution, polymer molecules are
known to occupy a certain effective volume with an average radius of gyration (Rg). At low
concentrations (dilute solutions), the polymer chains of the molecules in the solution do not
overlap. The individual polymer chains govern the viscoelasticity of the solution. The chains
start to overlap and become entangled with an increasing polymer concentration. The critical
concentration (c*) at which entanglement initially occurs is generally seen to be in proportion to
the ratio of the polymer molecular weight (M,) and the effective volume [Eq. (2.6)]:

. 3My, (2.6)
4R, N,

where N, is the Avogadro’s constant [80].

Taylor cone information

The formation of the Taylor cone when electrospraying or electrospinning is essential for
achieving the micronisation, nanonisation and homogenisation of the particles [80-81]. The
parameters for this important process are applied voltage, flow rate, working distance,
environmental temperature, environmental pressure, spraying mode, nozzle gauge, collection
method and environmental humidity. It has been shown that various evaporation rates and the
compatibility of non-solvent, solvent and polymeric matrix, leads to phase separation, which
results in highly porous particles being formed [82]. The electrohydrodynamic process is carried
out under the cone-jet mode. This is achieved when the electrical conductivity of the working
liquids is in the range of 107" to 10" S/m. For PCL, this is in the range 0f 8.0 x 10"°t0 3.2 x 107

S/m, and more specifically from 10 to 10 S/m. Increases occur with a rise in surface tension
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and the viscosity of the solutions. High electrical conductivity of solvent systems is needed for

high PCL concentrations.

If viscosity and surface tension are too high, an electrical conductivity of liquids exceeding the
mentioned range is needed to balance the surface tension and viscoelastic forces. This is

required to achieve the cone-jet mode [83].

2.31 Effect of electrospinning parameters

Many parameters influence the morphology of the electrospun fibre. Most electrospinning was
carried out using a polymer solution. It is possible to design or create the electrospun fibre by
varying the electrospinning parameters. Therefore, the parameters that affected electrospinning

and fibre morphology will be discussed in this topic.

2.3.1.1 Polymer solution parameters

Molecular weight and solution viscosity

A polymer with a greater molecular weight dissolves in a solvent with a higher viscosity than a
polymer solution with a lower molecular weight. In the electrospinning process, the solution
must consist of a polymer of sufficient molecular weight and viscosity. When the jet leaves the
needle tip during the electrospinning process, the polymer solution is stretched by the electrical
force when moving towards the target collector (the opposite electrode). During the stretching,
the polymer solution comprises the entanglement of the molecular chains that prevent the

electrically driven jet from breaking up, thus maintaining a continuous flow of solution.

The molecular weight of the polymer influences the polymer chain length. This has an impact on
the solution's viscosity since the length of the polymer will affect the extent to which its chains
are entangled with the solvent. Increases in polymer concentration will, in turn, increase the
viscosity of the solution. This will also increase the molecular weight of the polymer. The
increased concentration will cause greater polymer chain entanglement in the solution. This is
required to maintain the continuity of the jet during the electrospinning process. It has been
shown that polymer chain entanglement controls whether the electrospinning jet splits into
small drops or whether the final electrospun fibre contains beads. However, a dry solution may
form in the needle tip if the viscosity is too high. This will stop the electrospinning process. At a
low viscosity, the bead structure will commonly be found within the fibre. When the viscosity
increases, the shape of the beads will gradually change from spherical to spindle-like until a
smooth fibre is obtained. At the lower viscosity, the higher amount of the solvent molecule’s
surface tension has a dominant influence along the electrospinning jet. This results in beads

forming along the fibre. When the viscosity is increased, the changes to the electrospinning jet
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will cause the solution to fully stretch with the solvent molecules distributed among the polymer
chains. The diameter of the fibre will also increase when the viscosity is increased. Thisis due

to the greater resistance of the solution when being stretched by the charges on the jet.

Bead-like structure

It has been shown that the creation of the bead-like structure during the electrospinning
process comes from the unsaturated polymer content in the polymer solution. The average
diameter of electrospun fibres usually varies from about 5 nm to 10 pm. The distribution of fibre
diameters is usually wider than that achieved using conventional fibre spinning processes.
Structural defects in the webs can be present among the resultant fibres. Colloid beads, beads
on string, or spindle morphologies are examples of these defects. These defects are dependent
on the operating conditions and the material properties. The formation of beads and spindles is
caused by the uneven thinning of the fibre during the drawing process. This is not caused by
stress relaxation after the deposition of the fibres. Bead formation is observed in fibres that are
not drawn by electrostatic force (e.g. glass fibres). It is widely recognised that the primary
factors that influence bead formation are viscosity, surface tension of the polymer solution, and
the net charge density carried by the jet. The applied electrostatic field and conductivity of the
solution are known to influence the net charge density that is carried by the moving jet during
the process. The beads become smaller and more spindle-like as the net charge density
increases. This is the reason the diameter of the fibres becomes smaller. Nevertheless, it
should be noted that bead or spindle formation is a phenomenon observed in non-electrostatic
drawing out of the fibre. A decrease in surface tension will gradually make the beads disappear.
Many of the previous studies have been concerned with producing smooth fibres. Beaded fibre
is considered a defect in electrospun fibre that occurs from a low viscosity condition [81].
Several studies are interested in beaded fibres to embed a reservoir for drugs for medical

therapeutics [84-86].
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Figure 2. 11 The effect of increasing the solution viscosity on the morphology of the resulting
electrospun fibres, Reprinted from Haider et al. (2018) [81]. Copyright by 2015
Elsevier B.V.

Surface tension

Initiation of the electrospinning process needs an altered solution to overcome the surface
tension. Nevertheless, surface tension may result in the formation of beads along the jet as it
travels towards the collector plate. A decrease in surface area per unit mass of fluid is caused
by surface tension. When a high concentration of free solvent molecules is present, there is a
greater tendency for the solvent molecules to congregate. These solvent molecules adopt a
spherical shape as a result of the surface tension. Higher viscosity means greater interaction
between the solvent and polymer molecules. Therefore, the solvent molecules will have a
tendency to spread out over the entangled polymer molecules as the solution stretches under
the influence of the charges. Ethanol has low surface tension and can be added to stimulate the

formation of smooth fibres.
Solution conductivity

The electrospinning process involves stretching the solution. This is caused by the repulsion of
the charges at its surface. The electrospinning jet can carry more charges as the solution's
conductivity increases. The conductivity of the solution can be increased through the addition of
ions. The solution will stretch more as its carrying charges increase. This is achieved through the
addition of a small amount of salt or polyelectrolyte. Smooth fibre is formed as a result. An
increase in the stretching of the solution will also tend to result in a smaller diameter fibre. As
the ions increase the conductivity of the solution, the critical voltage for electrospinning is

reduced. Increased charges will also result in greater bending instability. Due to this, the

51



Chapter 2

deposition area of the fibres will be increased. This will also assist in forming finer fibre as the jet

path has now increased.

Dielectric effect of solvent

It has been shown that the dielectric constant of a solvent significantly influences the
electrospinning process. A solution with a higher dielectric property can decrease bead
formation and the diameter of the resulting electrospun fibre. The dielectric characteristics of a
solution can be improved by adding solvents such as DMF. This will improve the morphology of
the fibre. A high dielectric constant increases the bending instability of the electrospinning jet.
The addition of a solvent with a higher dielectric constant that improves the electrospinnability
of the polymer will impact the morphology of the resulting fibres. Adding DMF to a polystyrene
(PS) solution will cause beads to form. However, the electrospinnabilility should have improved
due to the higher dielectric constant of DMF. This effect could be the result of the retraction of
the PS molecule, which could be due to the pure interaction between PS and the solvent
molecules. Liu et al. examined grooved texture on fabricated electrospun polystyrene fibre.
They investigated the effect of the solvent system and relative humidity on the grooved PS fibre

[87-88].

2.3.1.2 Processing conditions

Voltage

Voltage in the range of kilovolts is a crucial parameter in the electrospinning process. The high
voltage will induce the charges in the solution with the external electric field. This results in the
electrostatic force in the solution overcoming the surface tension. Generally, the high and
negative (or positive) voltage of more than 6 kV is sufficient to distort the droplet at the needle
tip into the shape of the Taylor cone for the initial jet. The feed rate of the solution depends on
the voltage, and a higher voltage is required to maintain the stability of the Taylor cone. The
Coulomb repulsive force in the droplet will then stretch the viscoelastic solution. The greater
amount of charge will cause the jet to accelerate faster. In addition, a larger volume of solution
will be drawn from the tip when the voltage is higher. A smaller and less sturdy Taylor cone

might be a result of this.

Supplied voltage and electric field influence the stretching and acceleration of the jet. This
affects the morphology of the obtained fibre and causes it to be smaller in diameter. The
duration of the electrospinning jet's flight is another factor that directly influences the diameter
of the fibre. Longer flight time allows more time for the fibre to be stretched and elongated
before being deposited on the collector plate. Therefore, a lower voltage reduces the

acceleration of the jet. A weaker electric field may increase the flight time, which causes a finer
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fibre to form. However, a higher voltage has been found to cause a greater tendency for bead

formation.
Feed rate/Flow rate

The voltage corresponds to the feed rate in order to maintain the stability of the Taylor cone. Itis
known that a greater volume of solution will require greater strength from the electric field to
drive the jet. Due to the greater volume of the solution, the jet will take longer to dry. This results
in the deposited fibre not having enough time to evaporate in the same flight time. The residual
solvents may cause secondary corrosion to the fibre shell when they form on the collector [89].

This is the reason why the lower feed rate is more desirable for expanding the evaporation time.
Temperature

A solution's temperature affects the increase of its evaporation rate and reduces the polymer
solution's viscosity. At lower viscosity, the Coulomb force can exert a greater stretching load on
the solution, resulting in a smaller fibre diameter. Increased polymer molecule mobility due to

the increased temperature allows the Coulomb force to stretch the solution further.
Effect of substrate

The type of substrate on the collector influences the electric force between the tip and the
collector. Therefore, it is essential to design the collector correctly to enhance the electric field
in the electrospinning process. The general material for covering the collector is aluminium foil,
which is electrically grounded. When a nonconducting material is used as a collector, the
charge on the electrospinning jet will quickly accumulate on the collector, resulting in less fibre
deposited on the substrate. This can cause the formation of a 3D fibre structure due to the
repulsive force of the like-charges. If sufficient charge density is present on the fibre mesh that
is formed initially, repulsion on the subsequent fibres can cause honeycomb structures to form.
However, even for a conductive substrate, if there is a high deposition rate and the fibre mesh is
thick enough, a high residual charge on the fibre mesh will also be present as the polymer fibre

is generally non-conductive.
Diameter of the needle

The smaller internal diameter of the needle was found to reduce clogging and the level of bead

formation on the electrospun fibre.
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Distance between tip and collector

Varying the distance between the tip and the collector results in a direct effect on flight time and
electric field strength. During the electrospinning flight, the jet must be allowed enough time for
most of the solvent to evaporate before reaching the collector. Furthermore, a shorter distance
will increase the electric field strength at the same time and increase the acceleration of the jet

to the collector.

2.3.1.3 Ambient parameters

There has been little investigation into the effect of the electrospinning jet’s surroundings. Any
interaction between the surroundings and the polymer solution may alter the electrospun fibre’s
morphology. As the electrospinning process is influenced by the external electric field and, any

changes in the environment will also have an effect.

Ambient temperature and humidity

Recently, studies on ambient temperature and humidity in regard to electrospinning have been
reported [90]. Szewczyk et al.’s study showed the enhanced piezoelectric properties for PVDF
electrospun fibre of up to 74% when the ambient environment was controlled under 60%
humidity at 25 C° when compared to 30% humidity. This can be explained because at higher
ambient humidity, the evaporation rate of the solvent during the electrospinning process is

decreased.

2.3.2 Coaxial electrospinning and control parameters

Coaxial electrospinning, which is an extension of the electrospinning technique, has been

developed to produce multi-layered nanofibre structures.

2.3.2.1 Technology and Control for the Coaxial or Core-Shell Structures

The setup of the coaxial electrospinning process is practically the same as for the traditional
electrospinning process. The main modification of the technique relates to the spinneret, which
consists of a couple of capillary tubes. The smaller one is inserted (inner) concentrically inside
the bigger (outer) capillary to produce a coaxial configuration. Both of the capillary tubes are
connected to their reservoir. This is independently supplied by an air pressure system or
syringe-pump arrangement. This system (two syringe pumps placed in parallel) sends dual
solutions to the coaxial spinneret. Inside the coaxial spinneret, both of the fluids flow. In the tip

of the device, the injection of one solution into another is produced, and both solutions can be
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seen to be coaxial. A schematic of the coaxial electrospinning process can be seen in Figure

2.12.

The flow of the shell fluid drags and causes the inner fluid to flow and form as a co-fluid or
compound Taylor cone of the electrospinning jet. If the fluids are immiscible, a core-shell
structure can be seen. In the other situation (miscible solutions), a fibre/droplet with distinct

phases is produced.

Core solution

Shell/sheath solution

Coaxial spinneret

/ Compound Taylor
cone

High voltage
supply

Whipping coaxial j

Grounded collector
(substrate)

Figure 2. 12 A schematic of coaxial electrospinning

2.3.3 The compound Taylor cone and the parameter for coaxial electrospinning

The flow of the shell fluid drags the inner fluid to flow and form a co-fluid or compound Taylor
cone of the electrospinning jet. If the fluids are immiscible, a core-shell structure can be seen.

In the other situation (miscible solutions), a fibre/droplet with distinct phases is produced.
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Figure 2. 13 a) the compound Taylor cone formation and b) the effect of the increased voltage on
the formation of the compound Taylor cone. Reprinted from Moghe & Gupta (2008)
[91]. Copyright 2023 Informa UK Limited.

As mentioned, the coaxial electrospinning process is not too different to single electrospinning.
Both polymer solutions are connected to a high voltage, and charge accumulation is evident on
the shell liquid’s surface. The shape of the Taylor cone is widely used to indicate the directions
for adjusting the parameters. Voltage is the main parameter that can be observed from the
stability of the compound Taylor cone. Figure 2.13 a) shows the surface charges on the shell
solution, which drag the core solution to flow as a compound Taylor cone. Figure 2.13 b) shows
the tendency for a compound Taylor cone shape when the voltage increases. When the charge
accumulation reaches a certain threshold value, a fine jet extends from the cone. Stresses
generated in the shell solution result in the shearing of the core solution. This is through
“viscous dragging” and “contact friction.” The core liquid deforms into a conical shape, and a
compound jet is produced at the tip of the cone. If the compound cone is stable, the core is
uniformly incorporated into the shell for core-shell fibre formation. During the journey to the
collector plate, the jet undergoes bending instability and follows a back-and-forth whipping
trajectory. This causes the two solvents to evaporate and the core-shell nanofibers to form. The
variables that control the process and the morphology of the resulting fibres/spheres affect the
behaviour in the former. Furthermore, the degree of dissimilarity between them, in terms of
composition and physical and rheological properties, plays an important role in the formation of
the composite fibre. This is due to the shell and core solutions being in contact and undergoing

the same bending instability and whipping motion.
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Control Parameters

Solution Viscosities: The viscosity of the shell solution must be adequate to create sufficient
viscous stress in the core to overcome the interfacial tension between the two solutions. The
correct viscosity will allow the formation of a compound Taylor cone and a jet. Therefore, the
viscosity of the shell solution is critical. The chosen shell solution system needs to generate
core-shell structures and be electrospinnable. The spinnability requirements for the core
solution are not critical due to the jet break-up of the core fluid, which has a tendency to be
prevented by the shell. This is because of strain hardening of the interface between the shell and
the lesser surface forces that act upon the core solution surrounded by the shell, which
otherwise would be higher. The core fluid should possess a certain minimum viscosity if it is to

continuously travel without breaking up.

Solution Concentration: An increase in the core solution concentration would increase the
core and overall fibre diameters and decrease the thickness of the shell. This is due to the same

mass of the shell being distributed over a larger core.

Solvent/Solution Miscibility and Incompatibility: An important parameter to consider before
choosing the desired set of solvents for coaxial electrospinning is the interaction between the
core and the shell solutions (polymers or solvents). When the solutions encounter the
capillary's tip, the solvent in either one must not build up precipitation of the polymer from
another solution for electrospinning to be successful. Furthermore, the interfacial tension

between the shell and the core should be low for the stable compound Taylor cone to generate.

Solvent Vapor Pressure: The resulting morphology of the core-shell structure will be affected by
the type of solvent used in the core solution. Solvents with high vapour pressure that evaporate
rapidly, such as chloroform and acetone, create a thin layer at the core-shell interface when
used in the core. This has a tendency to trap the interior solvent, which then diffuses out more
slowly due to the barrier that has been newly created. When it fully leaves the solidified
structure, a vacuum is created. This causes the core structure to collapse and go from being
round to a ribbon-like configuration under atmospheric pressure. High vapour pressure solvents
cannot be used in the shell solution due to a stable compound Taylor cone and an initial jet
being required for coaxial electrospinning. This scenario may produce an unstable Taylor cone
and lead to multiple jets forming due to rapid solvent evaporation. Unstable Taylor cones can
result in the formation of irregular core-shell structures as well as resulting in separate fibres

from the two solutions.

Solution Conductivities: Solutions with high conductivity have high surface charge density. This

causes an increase in the elongational force on the jet due to self-repulsion of the excess
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charges under a given electrical field. Enhancing the whipping action makes it possible to
produce smaller diameter fibres. Conductivity differences between the core-shell solutions can
also have an effect on the core-shell fibre formation. A more conductive core solution can be
pulled at a higher rate through the applied electric field and cause discontinuity in the core-shell
structure. On the other hand, higher shell conductivity would not hinder the process of core-
shell fibre formation. However, it would result in higher shear stress on the core material and its
subsequent elongation to form a thinner core. It is clear from previous studies that even non-
conductive or less conductive liquids can be successfully used as the core in a higher-

conducting shell.

2.3.4 Hollow fibre preparation

Up to the present, the hollow fibre structure has been fabricated using electrospinning
techniques using two approaches. As mentioned, the first approach is based on the coaxial
fibre template, removing the core fibre after the electrospinning process by heat treatment or by
the use of solvent solution treatment of the core. This method requires two steps of preparation.
This traditional method is popular among ceramic or metal shell fibre fabrication. In this
instance, the shell fibre has a much higher melting point than the core fibre. The second
approach is based on the different evaporation rates of the core and shell solutions. This
method seems to work on the polymeric shell fibre, where its melting point is not much higher

than that of the core fibre.

2.3.4.1 Template coaxial electrospinning approach

The production of hollow nanofibres or nanotubes from ceramic-polymer composites is a
unique technique that has been developed in relation to coaxial electrospinning. In this
technique, the core is selectively removed, instead of the shell, from the assembly to produce
the hollow nanofibres. This method of producing nanotubes using coaxial electrospinning was
first reported in 2004 by Li et al. and by Loscertales et al. [92-93]. Both studies resulted in the
production of composite and ceramic hollow nanofibres. Non-polymeric liquid was employed
as the core solution. This was either olive oil or glycerin, as used by Loscertales et al., or a heavy
mineral oil, as used by Li and Xia. The oil was extracted using octane after hydrolysis of the
precursor through a prolonged exposure to air. In order to obtain pure titania nanotubes, the
structure was further calcinated (see Figure 2.14). The study showed that the dimensions of the
hollow nanofibres that were produced, in terms of inner diameter and wall thickness, could be
varied by the feeding rate of the oil. The hollow fibres that were produced had an inner diameter
of 200-370 nm and a wall thickness of 20-50 nm. Loscertales et al. prepared the silica

nanotubes in a similar manner by using tetraethyl orthosilicate (TEOS) as the shell.
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The direct coaxial electrospinning method for forming hollow fibre structures requires mineral
oil as a core material [92]. Li et al. prepared a Poly (vinyl pyrrolidone) (PVP) solution, which
contained the precursor of Ti(OiPr),as a shell material. The hollow PVP/ Ti(O;Pr),was obtained

after the core oil was removed by octane.

Figure 2. 14 SEM image of the electrospun TiO, fibres fabricated by D. Li and Y. Xia 2004. a) the
TiO./PVP hollow fibres prepared by a coaxial electrospinning technique, b) the

TiO,/PVP fibres with the oil phase inside the bead formation. Reprinted from Li and

Xia (2004) [92]. Copyright 2006-2023 Scientific Research Publishing Inc.

There are several studies that report the methodology for producing electrospun hollow fibre, as
shown in Table 2.2. Interestingly, the majority of the existing research used the same techniques
to produce hollow fibres. This was done by using paraffin oil as a core fibre while using the
alternative material mix with electrospun precursor, and then calcining the core fibre out at

temperatures above 500 °c.
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Table 2.2 A summary of the production of the produced electrospun hollow fibres.

Hollow Solutions/Precursors Electrospinning condition Ref
fibre
TiO, PVP/Tetra-butyl titanate V=30kV,D=15cm [94]
(TBT)/ethanOl/acetiC acid Inner = paraffin oil

Treatment=500°c,t=4h

PVP/tetrabutyl titanate V =20-30kV, D=15-25cm [95]

(Ti(OC4Hg)4)/ethanOUparafﬁn oil Inner = paraffin oil
Treatment=500°c,t=8h

Titanium isopropoxide/PVP/acetic V=30kV,D=20cm [96]

acid/ethanol Inner = paraffin oil

Treatment=600°c,t=2h

Figure 2.15 shows the different models of fibre: a) single fibre produced from the single
needle/spinneret, b) and c) are coaxial or core-shell structure fibre, and hollow fibre produced
from a coaxial spinneret. The hollow fibre is a coaxial fibre with the core removed by different
techniques, as can be seenin d). Ga Hyoung Lee presented the technique for controlling the
wall thickness and porosity of the PMMA hollow electrospun fibre using the template coaxial
electrospinning [97]. The silicon oil was used to be a core template solution and extracted by

soaking overnight in n-hexane solution.

This technique became the main method for the production of electrospun hollow fibre.
However, the disadvantage of this technique is the damage to the shell polymer after
calcination. The usage in an application that requires a closed shell cavity is not suited to this

specific technique.
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Figure 2. 15 A model of a) single fibre, b) coaxial fibre, c) hollow fibre, and d) a technique for

producing hollow fibre
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Figure 2. 16 Schematic illustration of Li and Xia setup, the SEM images proved the obtained
hollow structure. Reprinted from Li and Xia (2004) [92]. Copyright 2023 American

Chemical Society.
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2.3.4.2 One-step hollow fibre approach

In 2004, a Spanish team led by Loscertales et al proposed the one-step coaxial electrospinning
approach. This was the same year as the hollow structure for metal shell electrospun fibre was
first presented [93]. The research group had been examining the compound Taylor cone since
2002. The researchers later introduced the idea of a one-step hollow fibre approach for
producing a form of nanotube ceramic material ZrO,. This novel method is based on the
compound Taylor cone's immiscibility (or poorly miscible) for the two solutions. The core
solution must be poorly miscible with the shell solution in the compound Taylor cone. During
the electrospinning process, the shell solution receives a prior charge, while the layer between
the core and shell solution forms the gel layer, which behaves like a gel template for the shell
jet. The gel and shell jet then travel to the target by overcoming the electrostatic force. The gel
layer evaporates during the electrospinning flight, resulting in a solid and hollow structure inside

the shell polymer. When the outer liquid solidifies, it results in the formation of a shell fibre or a

liquid-filled hollow fibre. There is no chemical requirement for this process.

(

U

.'

Figure 2. 17 The SEM image of the hollow nanotubes produced by the one-step hollow fibre

approach in the random orientation. The first was proposed by Loscertales et al. in
2004. Reprinted from Loscertales et al. (2004) [93]. Copyright by 2023 American

Chemical Society

Figure 2.16 shows hollow nanotubes collected from a compound electrospray of an aged
formulation based on zirconium acetate acid-mediated hydrolysis (outer fluid) and olive oil
(inner). The materials were post-treated at 110 °c. Figure 2.17 a) shows the shape, and b) shows
the details of the fibres. Figure 2.17 b) reveals that the fibres were intentionally broken so that
the hollow inner structure could be viewed. The diameter of the nanotubes was found to be
around 500 nm. The thickness of the shell was approximately 60 nm. The scale bar in Figure 2.17
is shown at 500 nm. The results of the study suggested variations in the shapes of the collected
fibres. This can be explained by the solidification of the outer shell occurring at the onset of the

compound jet instabilities. Dror et al. 2007 demonstrated the fabrication of the polymer shell
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solution using a one-step hollow fibre approach. This was achieved with a PCL shell fibre and 4
different core solutions; PEO in ethanol/water, PVA in ethanol/water, PEO in DMF, and PEO in
ethanol/water + PBS. The operating parameters are summarised in Table 2.3. The study
suggests that itis necessary to have faster solidification of the core than the shell solvent to
achieve a hollow structure. In 2012, H. Na et al. presented the fabrication technique for PVDF
hollow fibre by using PVA as a core solution. It was found that the high boiling point solvent
DMSO and acetone caused secondary corrosion on the shell’s skin. This can be eliminated,
though, by placing part of the electrospinning collector plate in water. The collected fibres were
soaked in H,O for 24 hours to remove the solvents. Table 2.3 compares the one-step hollow

fibre approaches from the existing research.

Table 2.3 A summary of the production of the electrospun hollow fibres.

Authors, Polymer Solution Ambient Wall
year temperature |thickness
(micron)
Shell Core
Polymer |Solvent |Flow rate |Polyme |Solvent Flow rate
(mL/h) r (mL/h)
Loscertales | Tetraethyl Not Not Olive oil Not reported | Not 23°c 0.07
etal., 2004 orthosilicate |reported reported glycerin reported
[93] (TEOS) Require post-
Hydrous drying at 500 C
Zirconia tube
Droretal., PCL Chlorofor |4,3 PEO Ethanol/ 0.5, Room 0.5-1.0
2007 10% m/DMF 4% water, 0.3 temperature,
[98] 40:60 humidity 50-
80:20 60%
Not PVA Ethanol/ Not
reported 9% water, reported
50:50
Not PEO DMF Not
reported 4% reported
3 PEO Ethanol/ 0.3
4% water, 40:60
1 mLPEO
solution+50
mL PBS
Naetal., PVDF DMSO/Ace | 1.7 PVA DMSO: 0.1-1.5 Not reported 1.5-2.7
2012 17% tone 19% Ethanol
[89] 4:6 9:1

To date, there are only two studies related to hollow polymer shell research. Both of these
studies examined the fabrication process. There are no known studies regarding the further

characterisation or applications of electrospun hollow polymer fibres.
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2.3.5 Co-electrospinning of core-shell fibres using a single-nozzle technique

To produce a core-shell structure of polymer on a microscale using electrospinning techniques,
the coaxial nozzle is typically used for this purpose. The co-electrospinning setup consists of 2
syringe pumps to push the polymer solutions through the inner and outer needles, as can be
seenin Figure 2.12. As discussed in section 2.3.2, the flow rate of the polymer solution is the
main working factor in the electrospinning process, which is quite challenging when two or more
polymer solutions are flown simultaneously at the micro-scale. Regarding mass production, the
small changes in electrospinning parameters affect the entire system. Obtaining satisfactory
concentration between the core and shell materials in the as-spun fibres is challenging, which
can lead to the emergence of extended sections of the core material from the shell. Core
entrainment cannot be assured without assistance. To enhance core entrainment, it has been

discovered that protruding the inner nozzle from the outer shell nozzle is beneficial.

Thus, this section discusses the technique of using a single nozzle to produce a core-shell
structure of the electrospun fibre. This technique was first demonstrated by Bazilevsky et al. in
2007 [99]. The technique relies on the precipitation of the polymer solution in the form of
droplets after leaving the solution for a day. The team found that the 1-day-old poly(methyl
methacrylate) (PMMA)/polyacrylonitrile (PAN) solutions in dimethylformamide (DMF) were
precipitated. After electrospinning using the single nozzle, the PMMA droplet was trapped inside
the base PAN solution in the Taylor cone. An analysis based on theory demonstrates that the
flow of the outer shell is sufficient to stretch the inner droplet into the shape of a Taylor cone,
resulting in the formation of a jet with a core-shell structure, as seen in Figure 2.18. In the
conventional electrospinning process, the jet is subjected to simultaneous pulling, stretching,
elongation, and bending due to the electric forces. The rapid evaporation of the solvent leads to
the solidification of the shell jet, resulting in the formation of compound core-shell nano/micro
fibres. In order to create hollow tubes, it is necessary to remove the inner core after co-
electrospinning. This can be achieved by selectively eliminating the core material using solvents

or heat treatment, as can be seen in Figure 2.14
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Figure 2. 18 Coaxial electrospinning using a single-nozzle technique. Reproduced based on

Bazilevsky et al.’s work [99]. Copyright 2023 American Chemical Society.
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Table 2.4 A summary of the research using a single nozzle technique to produce the coaxial

electrospun fibres

Authors, year Polymer Solvent Applications
Shell Core
Bazilevsky et al. PAN PMMA DMF Study theory
2007 [99] and principles
Wang et al., Water Qil - Study theory
2014 [100 d principl
[100] phosphate |poly(lactic-co- - and principies
buffer saline | glycolic acid)
(PBS) (PLGA) solution
Wangetal.,, |(PEDOT: sodium alginate Acetone and IPA Wearable
2020 [101] PSS) (SA) LiCland CaCl Sensor
Mirmohammad | PAN Epoxy resin N, N- Study theory
etal., 2020 dimethylbenzylamine | and principles
[102] (BDMA)
as the catalystand N,
N-
dimethylformamide
(DMF)
Zaidietal., |CNF Fe(NO3)::9H,O/PAN | DMF Anode for a
2020[103] MoS,/PMMA battery

2.3.6

Charge trapped behaviour in electrospun fibre mechanism

The electret material has been used in various applications, especially in energy harvesting,

such as ferroelectret, piezoelectric, and triboelectric generators. The corona discharge is one of

the most popular techniques to fabricate charge generation and store charge in the electret

material. The capacity to store charge primarily relies on the qualities of the polymer.

Furthermore, the charge stability is significantly affected by factors such as the architecture of

the membrane, the type of chemicals used, and the processing circumstances. Various

techniques can be employed to prolong the lifespan of a charge and prevent its degradation.

One effective approach involves introducing a porous structure to the fibres, which enhances
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the stability of the charge and the incorporation of additives that have been functionalised as
charge traps into the polymer matrix is achieved by integration. However, the manufacture of
porous fibres is complicated, and the choice of additives is highly dependent on the properties

of the polymer and must be customised to suit the polymer matrix.

Electrospinning, a creative method for producing nanofibers, offers an effective way that
overcomes the limitations of the traditional corona discharge by using charge injection during
the fabrication process [104-107]. The charge retention capability is dependent on the dielectric
characteristic of the polymer, the strength of the electric field, and, notably, the specific
locations inside the material where the charges become trapped. Sessler's research classifies
the charges in the polymer as either surface trapped charges or volume trapped charges [108].
Surface trapped charges arise from surface defects, fractured chains, and contaminants, which
are presentin shallow traps and dissipate rapidly as the potential barrier is reduced. Trapped
charges of volume are confined to lower energy levels, such as atomic sites, molecule chains,
crystalline regions, and crystalline-amorphous interfaces. These charges are released gradually
due to a higher energy barrier. In comparison to other electret approaches, electrospinning
facilitates the formation of volume charges in deeper traps more readily. This is achieved by
utilising a conductive capillary as the electrode and generating charges through field-enhanced
dissociation and field emission processes [109]. The solution jets transport charges in the
liquid phase, and once solidified, the charges become trapped both on the surface and within
the fibres. In addition to charges related to volume, charges related to dipoles are also
generated as a result of dipole alignment in response to an electric force. The verification of
dipolar orientation was conducted by Dipankar et al. [110], using the technique of infrared
spectroscopy. Catalani et al. [111], also found a current signal near the glass transition
temperature by thermally triggered depolarisation current measurements. The charges
increased the electrostatic interaction between particles and fibres, enhancing particle capture
efficiency. Conversely, the charges that build up on the deposited fibres would impact the
deposition of subsequent fibres and lead to an uneven membrane structure. Gao et al. [112],
present the electret mechanism and charge trapped in the electrospun fibre compared to the
corona charge in the form of surface potential. It was found that the characteristics of the
discharge time in the electrospun fibre of both PMMA and Pl are higher than in the corona

discharge approach, as seen in Figure 2.19.
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Corona: surface charges Electrospinning: surface and volume charges

9990c

Dipole charges

Figure 2. 19 Schematics describe the type of charge in corona charged and electrospun fibre
explained by Gao et al. (2020). Reprinted from Gao et al. (2020) [112], Copyright
2020 Elsevier B.V.

2.4 Polymers used in this work

This section provides the background to the polymers used in this research. To investigate the
effect of the hollow structure of electrospun fibre, polar and nonpolar polymers were chosen to

present the piezoelectric properties.

241 Polyvinylidene fluoride (PVDF)

Polyvinylidene fluoride (PVDF) is popular in many ferroelectric polymer applications due to its
polar structure, stability, light weight form and flexibility. PVDF possesses unique electroactive
properties and has piezo-, pyro and ferroelectric properties. The chemical inert thermoplastic
fluoropolymer obtained from the polymerisation of vinylidene fluoride is lightweight, flexible,
has high purity, is resistant to solvents and is stable under an electric field. As PVDF is naturally
a crystalline polymer or polar polymer, it is widely used in several applications, including energy
harvesting, sensors and transducers. PVDF consists of repeated monomer units such as (-CH,-
CF»-), with a 50% crystallinity embedded in the amorphous domain at a low melting point (177
C) [113]. PVDF exists in four different crystalline forms. These are q, B, y, and & phases when
based on the chain formation (order of polymer chains in the unit cell) as gauche or trans
linkages. The polymorph that shows piezoelectric nature is  and y phases. The material has
oriented hydrogen and fluoride unit cells in conjunction with a carbon backbone. Therefore, it is
seen as useful in many applications related to nanofibre materials. The structure of PVDF in q,
B, yis shown in Figure 2.20. Typically, PVDF is found in the form of a nonpolar a-phase. To

achieve the piezoelectric phases, an electrical field or a mechanically applied force is needed.
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Electrospinning has been shown to be a versatile and promising technique for using
electrostatic force to induce the B and y phases. The basic principle behind this technique is the
uniaxial stretching of a viscoelastic polymer solution, which is applied through electrostatic
force. The nanofibre will then be continually extruded onto the substrate, attached to the other
side of the electrode. As a result, the evaporated polymer solution will pole and lay on top of the
substrate in a solid fibre. The randomly aligned fibre is shown to exhibit the piezoelectric phase

after the electrospinning process [114].
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Figure 2. 20 The main phase of PVDF and the beta phase are induced by stretching and a high-

voltage poling process.

Several studies have shown electrospinning to be the most effective method for producing a -
phase [115-118]. In addition, the porous structure of electrospun PVDF has been found
desirable for energy harvesting applications. In general, PVDF has ds, of around 20 pC/N and -

20>d33>-30 pC/N [119].
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Figure 2. 21 Energy harvesting from mechanical energy regime in PVDF
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2.4.2 Polystyrene (PS)

Polystyrene is a widely used low-cost thermoplastic polymer that is easy to recycle when
compared to thermoset and elastomer polymers. Its intrinsic hydrophobicity has been
extensively investigated and improved upon for various applications [120]. The material
consists of many (“poly”) styrenes. Styrene is a clear, colourless liquid and small organic
compound that is also known as vinylbenzene. Its chemical formula is CsHsCH=CH, and it
possesses a vinyl (-CH=CH,) functional group attached to a benzene ring (CsHe). When heat is
applied to the material, the individual molecules (monomers) join and form long chains. An
abundance of mixed styrene chains can tangle and form a strong, interconnected mesh.
Polystyrene can be found in two main forms: a solid and a foam. The foam exists as extruded
polystyrene (XPS) and expanded polystyrene (EPS). Acommon use for extruded polystyrene is in
architectural modelling, and expanded polystyrene is used for packing. Polystyrene has a low
weight in relation to its strength, is thermoplastic, and easy to model. When a thermoplastic
reaches its melting point, it will become a liquid; however, on cooling, it returns to a solid state.
This process can be repeated a number of times. In general, polystyrene (PS) is used in foam,
solid and expanded forms. Many of the materials are used for disposable or single-use items.
Unfortunately, there are several barriers to recycling polystyrene and very little from food
packaging is reused. Recycling involves the basic wash, dry and pelletize routes. Expanded
polystyrene usually requires a densification process that removes air through grinding. The

recycled plastic is often used in low-cost applications [121].

. Carbon

° Hydrogen

%%{P

Figure 2. 22 Polystyrene chemical structure. Reproduced from Merrington (2017) Copyright by

2017 Elsevier Inc.

In electrospinning, PSis used as the precursor in many applications, asitis one of the base
polymers for electrospinning. Previously, PS has been used in the study of electrospinning
parameters, as it is considered to be a low-cost polymer that possesses a high electrospinning
rate [122-124]. Datsyuk et al. [121] used electrospun recycled expanded PS as an insulating

material for conventional wall-building in construction. It was found that a highly porous PS
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possesses excellent thermalinsulation conductivity of up to 30% more when compared to

traditional materials.

In comparison to PVDF, the polymer structure of PS is considered to be an amorphous, non-
polar polymer. The polymer structure of PS remains unchanged under an electric field, thermal
treatment or mechanical stretching. Therefore, it does not show ferroelectric properties. In
2019, though, Yuya Ishii and his team reported the discovery of ferroelectric properties in
electrospun fibre [125]. It was found that the electrostatic charge trapped in the PS fibre during
the electrospinning process showed changes to the ferroelectric properties. This interesting

discovery has motivated further research, which will be clarified in the state of the art section.

2.4.3 Polytetrafluoroethylene, (PTFE)

Polytetrafluoroethylene is a synthetic fluoropolymer of tetrafluoroethylene and a Polyfluoroalkyl
substance (PFAS) with numerous applications. The commonly known brand name of PTFE-
based composition is Teflon by Chemours, a spin-off from DuPont. The outstanding properties
of polytetrafluoroethylene (PTFE) include remarkable thermal and chemical stability, high

fracture toughness, reduced surface friction, and biocompatibility.

Tetrafluoroethylene

L {mﬂnimer}l s Polytetrafluoroethylene(PTFE)
r ¥, ¥, 1 molecule
Polymerization
4 + ¥ —
L w -
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& = Fluorine

Figure 2. 23 The polymer structure of PTFE. Reprinted from Keng et al. (2022) [126]. Copyright by
2023 Elsevier B.V.

Polytetrafluoroethylene (PTFE) is a very favourable negative triboelectric material employed in
high-performance triboelectric nanogenerators (TENGs). The outstanding properties of PTFE
include remarkable thermal and chemical stability, high fracture toughness, reduced surface

friction, and biocompatibility.

Triboelectric nanogenerators (TENGs) have undergone substantial research in recent years for
their potential use in a range of electronic devices, including sensors, power sources, and
biomedical devices. Fluoropolymers such as polytetrafluoroethylene (PTFE), perfluoroalkoxy

alkanes (PFA), and fluorinated ethylene propylene (FEP) are utilised in high-performance TENGs

71



Chapter 2

due to their exceptional surface charge and strongly negative triboelectric characteristics. PTFE
has exceptional flexibility, chemical resistance, thermal resistance, non-stick characteristics,
and high surface potential. As a result, it is well-suited for the development of high-performance

and durable TENGs.

TENGs provide a contact force that induces molecular structure deformation and electronic
structure modification. Carbon possesses electrically efficient states and a positive local dipole
due to the strong electron attraction of bound fluorine. Enhancing the deformation of carbon
leads to an improvement in its positive local dipole, allowing it to receive a greater number of
electrons to compensate for this dipole. Furthermore, the band diagram, orbital distribution,
and density of states (DOS) are used to reduce the energy level of the lowest unoccupied
molecular orbital (LUMO). PTFE has the ability to receive a greater number of electrons when it
is deformed. The immediate change in PTFE is an important factor in confirming the unknown

process of charge transfer in contact electrification [126].

2.5 The state-of-the-art

This section is focused on the nature of current research to indicate the gap in knowledge in

relation to energy harvesting based on electrospinning techniques.

2.5.1 Nature of TENG research

Dielectric polymers such as PTFE, PVDF, PDMS, nylon, and Kapton, together with metallic
materials like Au, Cu, and Al, are extensively utilised as electrode layers. They significantly
influence the conventional triboelectric series due to their flexibility and favourable triboelectric
characteristics in the form of flexible films. The advancement of TENGs is severely limited by
those materials due to their surface morphology, inspiring researchers to investigate new
materials that can address this drawback. These investigations broaden the application range
and enhance the output performance of TENGs. The use of electrospinning techniques is one of
the important strategies to overcome this limitation. The summary of the research that used
electrospinning to fabricate polymer for energy harvesting purposes based on TENG assembly

can be seeninTable 2. 5.
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Chapter 2

Polymer Solvent Tribo-polar | Operating TENG TENG Active Voc lsc Peak power Ref.
mode Negative Positive Area V) (nA) density
layer layer (cm?) (mW/m?)
PVDF DMF: acetone Negative CS Electrospun PVDF Nickel copper- 30 210 45 21 [127]
coated PET
fabric
Silk fibroin Silk fibroin dissolved in a Positive CSs Pl film Silk fibroin NA 22 NA 4.3 [128]
water-based solution nanofiber
PVDF DMF: acetone Negative CS PVDF Nylon6 100 1000 200 1717 [129]
Nylon 6 Formic: acetic acid Positive
PVDF DMF: acetone Negative CS PVDF nanofiber PA6 nanofiber 16 164 0.392 130 [130]
PAG6 Acetic: formic acid Positive
PI DMAc Negative CS Pl nanofibers Aluminium 16 753 10.79 2610 [131]
electrode
PU DMF: acetone Negative CS Electrospun PU Aluminium N/A 2.3 0.35 0.002 [132]
PVDF DMF: acetone Negative Sliding mode | Electrospun PVDF Electrospun PA6 12 228 0.870 1800 [133]
PA6 Formic: acetic acid Positive
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Polymer Solvent Tribo-polar | Operating TENG TENG Active Voc Isc Peak power Ref.
mode Negative Positive Area V) (nA) density
layer layer (cm?) (mW/m?)
8 Nylon 66 Formic acid Positive CS Copper electrode Electrospun 16 350 300 550 [134]
Nylon 6,6
9 PAN DMF Negative CS Electrospun PAN Electrospun 1 15 0.300 62 [135]
Nylon
Nylon 66 Formic acid Positive
10 PVDF DMF: acetone Negative CS Electrospun PVDF Tempo-oxidised 9cm? 90 740 130 [136]
cellulose aerogel
film
i Nylon 66 Formic acid Positive CS PVDF coating on PET | Electrospun 6.25 101 15.3 280 [137]

Nylon 66 on silk
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2.5.2 Energy harvesting from composite fibre

Electrostatic phenomena have long been known and also appear to occur on a regular basis.
Wang's research group though have just recently observed the potential of electrostatic charge
transfer in energy harvesting technologies [138]. This was the start of applying electrostatic
phenomena in energy harvesting, and it is well known as a triboelectric nanogenerator (TENG).
Enhancing surface area and adding ferroelectric material can improve triboelectrification.
Increasing the speed or frequency of the electrostatic induction component of triboelectricity is
a frequently reported process to develop TENG devices in order to increase their output
performance [139-141]. Nevertheless, the approaches to enhance the contact electrification
element of TENGs have been somewhat restricted. These have mostly involved three basic
methods: modifying surface morphology, modifying surface chemistry, and integrating

ferroelectric materials (via dipole-dipole induction) [57].
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Table 2.6 Summary of the filler used in electrospinning technique for TENGs

Hexafluoro-2-

propanol (HFIP)

Polymer Filter Solvent Tribo- Operating TENG TENG Active Voc Isc Peak power | Ref.
polar mode Negative Positive Area V) (MA) density
layer layer (em?) (W/m?)
1 PVDF GO DMF: acetone Negative CS PVDF - GO PHBV 20 340 78 2.3 [142]
book-
PHBV Trichloromethane | Positive shaped
2 PVDF AgNW DMF: acetone Negative CS PVDF/ AgNW- Nylon fibres 4 240 33 3.5 [143]
Nylon Formic acid Positive
3 PVDF Pore creatingby |DMSO: acetone Negative CS Trimurti PVDF Natural 20.25 1403 78 10.6 [144]
template mat Rubber mat
electrospinning
4 PVA Mxene Water for Negative CSs PVA/MXene Silk Fibroin 28.26 118.4 - 1.0876 [145]
nanosheets PVA/MXene nanofibers
solution
Silk - HFIP Positive
Fibroin
5 PVDF ZnO NWs DMF: acetone Negative CSs PVDF-ZnO Nylon-ZnO 10 330 10 3 [146]
arch-shaped NWs NWs
Nylon 11 |ZnO NWs 1,1,1,3,3,3- Positive TENG
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Polymer Filter Solvent Tribo- Operating TENG TENG Active Voc Isc Peak power | Ref.
polar mode Negative Positive Area V) (MA) density
layer layer (em?) (W/m?)
6 PVDF BT PVDFin Negative Cs PDMS/BT- PHBV 22 1020 29 2.2 [147]
DMF/acetone book shaped PVDF nanofibre
PDMS dissolved in nanofibre
THF with BT 0.3-
3.6 wt%
7 Nylon 6 PP combined Nylon 6 in formic Cs Nylon 6 Melt-blown PP 25 33.93 0.247 N/A [148]
with the acid and acetic nanofibre
electrospun acid mixture
Nylon 6.
8 PVDF- Styrene- PVDF-HFP in DMF: | Negative CS PVDF- Aluminium or 4 160 7 0.222 [149]
HFP Ethylene- acetone HFP/SEBS human skin
Butylene-Styrene composite
(SEBS) SEBS dissolved in nanofibres
microspheres Mesitylene: DMF
9 PVDF Polyethylene PVDF in DMF: Negative CS Hollow PVDF PDMS valve 13.5 105.5 16.7 0.92 [150]
glycol (PEG) to acetone
form a hollow PEG in THF
structure
10 |PVDF- MXene PVDF-TrFE in Negative Cs PVDF- Nylon 11 3.14 270 140 4.02 [151]
TrFE ACT/DMF TrFE/MXene mA/m?
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Polymer Filter Solvent Tribo- Operating TENG TENG Active Voc Isc Peak power | Ref.
polar mode Negative Positive Area V) (MA) density
layer layer (em?) (W/m?)
11 | PVDF MXene DMF: acetone Negative PVDF/MXene PAG fibre 4 46 2.42 0.290 [152]
fibre
PA6 NA Formic: acetic Positive
12 |PVDF Graphene DMF Negative (O] PVDF/GNSs PAG film 1511V 189 130.2 [153]
nanosheets fibres mA/m?>
PA6 Formic acid Positive
(GNSs)
13 |PVDF- Pl PVDF-TrFE in Negative Cs PI/PVDF-TrFE PET 1.6 364 17.2 2.56 [154]
TrFE DMF: acetone composite
Plin DMAc nanofibre
14 | PVDF- MXene DMF: acetone Negative CSs Electrospun Electrospun 0.3 270 140 4.02 [155]
TrFE PVDF- Nylon-11 mA/m?
TrFE/MXene
15 | PVDF PS as a charge DMF: acetone Negative CS Electrospun Electrospun 3 200 20 NA [156]
storage layer PVDF with PS Nylon 66
Nylon 66 | AgNWs as HFIP Positive intermediate
electrodes layer for
charge
trapping
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Polymer Filter Solvent Tribo- Operating TENG TENG Active Voc Isc Peak power | Ref.
polar mode Negative Positive Area V) (MA) density
layer layer (em?) (W/m?)
16 | PVDF KNN-ZS DMF: acetone Negative CS PVDF/KNN-ZS PTFE tape N/A 25 211 9.075 [157]
nanorods
17 | PVDF- P3HT PVDF-HFPin THF | Positive CS Kapton P3HT/PVDF- 6.25 78 7 0.45 [158]
HFP as conductive HFP nanofibre
P3HT filler P3HT in PVDF-HFP
-THF
18 | PVDF MoS2/Carbon DMF: acetone Negative Cs PVDF- Nylon fabric 36 300V at 11.5 0.134 [159]
Nanotubes MoS2/CNT 50 N and
nanofibres 1.6 Hz
19 |PVDF PMMA PVDF/PMMA in Negative CS PVDF/PMMA Glass fibre 9 810 70 13.8 [160]
DMAc fibre film fabric
20 |PLLA Cyclodextrin (CD) | DCM: DMF Positive CSs PLLA-CD 16 245 84.70 53.04 [161]
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Polymer Filter Solvent Tribo- Operating TENG TENG Active Voc Isc Peak power | Ref.
polar mode Negative Positive Area V) (MA) density
layer layer (em?) (W/m?)
21 | PLAand |Carbon Black DMF: acetone Positive Cs TPU/CB PLA/CS/aloin 4 9.91 [162]
Chitosan |(CB) beaded porous
(CS) nanoparticles nanofibre nanofibre
membrane membrane
polyureth Negative (TPU/CB (PCA PNFM)
ane (TPU) BNFM)
22 | PVDF- MWCNTs and DMF: acetone Negative CS PVDF-TrFE Aluminium foil 9 508 16.5 5.28 [163]
TrFE AgNWs nanofibre
MWCNTs/PDM
S/AgNWs
composite
23 |PLA Poly(ethylene Chloroform/DMF | Positive CSs : P(VDF-TrFE) PLA-mPEG 4 342.8 38.5 116.21 [164]
glycol) nanofibrous nanofibrous
monomethyl films films
ether (MPEG)
24 |PVDF SWCNTs (inthe |DMF Negative Cs PVDF/SWCNT | Doku spray 15 19.5 15 N/A [165]
piezoelectric s nanofibres (with or
part) and a-AlOs without a-

nanoparticles in
the triboelectric

part)

Al203 NPs) on

aluminum foil
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Polymer Filter Solvent Tribo- Operating TENG TENG Active Voc Isc Peak power | Ref.
polar mode Negative Positive Area V) (MA) density
layer layer (em?) (W/m?)
25 |PVDF- Thermoplastic PVDF-TrFE in Negative Cs P(VDF- Polylactic 4 49.29 N/A 0.054 [166]
TrFE polyurethane DMF/acetone TrFE)/TPU-CB | acid/chitosan/
blended with (40:60 w/w) hybrid aloin (PCA)
carbon black TPU/CB dissolved nanofibre nanofibre
in DMF/acetone membrane
(70:30 w/w)
26 |PVDF PS DMF: acetone Negative CS Electrospun Copper film 9 165.9 11.1 0.597 [167]
PVDF/PS
27 |PVDF MWCNTs DMF: acetone Negative N/A PVDF/MWCNT N/A N/A N/A N/A N/A [168]
nanofibre
28 |PVDF CNTs N/A Negative Cs Janus PMMA 9 353 22.4 N/A [169]
PVP Eu(TTA)s(TPPO), nanofibre nanobelt array
membrane
(JINM)
29 |PVDF PTFE particle PVDF in DMF: Negative Solid-liquid- | PVDF/PDMS/P | Hydrophobic N/A 150 60 N/A [170]
PDMS acetone based TENG TFE PANI/CNTs/Ag
PDMS solution operatingin | electrospun |NWs electrode
with PVDF before adroplet composite

PTFE particles

were added

81




Chapter 2

Polymer Filter Solvent Tribo- Operating TENG TENG Active Voc Isc Peak power | Ref.
polar mode Negative Positive Area V) (MA) density
layer layer (em?) (W/m?)
30 |TPUand |BTO particles DMAc and n- Positive CSs PP nonwoven | EC/TPU/BTO 4 125.8 34.1 1.68 [38]
ethyl hexane (7:3, v/v) fabric composite
cellulose nanofibre
(EC)
31 |PVDFand |PTFE PVDF in DMF Negative CSs PTFE/PVA- | PP melt-blown | N/A 58 0.789 N/A [171]
PVA PVAin distilled PVDF cloth
water and mixed
with 60 wt% PTFE
emulsion
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2.5.3 Ferroelectret from electrospun hollow fibre

Piezoelectric polymers can be classified as amorphous and semi-crystalline polymers with a
permanent molecular dipole moment. The re-orientation of a dipole moment in a material
causes the piezoelectric effect to be present due to the polarisation in the material. PVDF is a
well-known semi-crystalline piezoelectric material. This material appears to present the most
effective piezoelectric property among the polar or piezoelectric polymers through the B and y
phases. The electrospinning technique is the most effective method for enhancing the
piezoelectric phase of PVDF. A non-piezoelectric or nonpolar polymer group recently revealed

piezoelectric behaviour through the electrospinning process [125], [172-175].

One of the advantages of electrospun fibre is the electret properties caused by the residual
charge during the electrospinning process. However, the performance of the electret
electrospun fibre has been limited due to the charge decay via the environment. It has been
reported that heat, humidity, and solvent affect the deterioration of the fibre, which results in
charge decay. Furthermore, the dielectric constant (&) of the material has rarely been
associated with the charge decay phenomenon during experimental investigations. There are

implications that €, is related to charge stability and conductivity [176].

A further simple classification of electrets is homo-electrets and hetero-electrets. Hetero-
electret occurs through the internal charging orientation of dipoles, whereas homo-electret
generally occurs through excess charge injection into nonpolar materials [176]. Nobeshima et
al. (2016) [177], found the piezoelectric-like behaviour in the electrospun fibre of the racemic
PLA. This material should not show piezoelectricity in the structure. Generally, a piezoelectric
effectis caused by a change in dipole position and/or dipole orientation in a crystal, a ceramic,
or a polymer film. The explanation for this behaviour is that the electrospinning process may
have induced it. The polymer solution was charged by applying high voltage while the film was
stacked on the collector with a unique polarisation-Llike ferroelectret film in the thickness
direction. The strain of the PLA fibre is altered by the applied voltage [177]. The same research
group also discovered the same effect with PMMA [178]. In 2017, Nobeshima et al. developed
testing techniques by observing displacement changes when loading and unloading forces via a
laser displacement sensor. It was shown that the fibre displacement was a key parameterin
determining the apparent piezoelectric constant (dagp). Figure 2.24 shows the measurement
setup for this research group’s study. A surface charge potential probe was attached to the fibre
during loading and unloading. From 2016 to the present, this group of researchers have
developed measurement techniques for investigating the unique properties of a nonpolar

electrospun fibre, including PLA, PMMA, PS, and PVA. Electrospun fibres from polar polymers
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such as PLLA, PDLLA, and PHB were also compared [172]. In their latest work, the research
group published a study of charge potential testing of polar and nonpolar electrospun fibres. It
was found that the electrospun fibre from PS revealed the surface charge capacity after 30 days
of the electrospinning process. The d,pp calculation was 1760 pC/N, while PVA seems to have no

properties of the electrical charge holding after the electrospinning process.
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Figure 2. 24 Schematics of the theoretical energy harvesting model of the as-electrospun
polystyrene fibre mat setup of Yuya led research group, a) h=ho, b) h>0, and C) h< 0
d)- f) Schematic of the measurement flow of AQ,,:(h)and h: d) h=h0 e) h>0, and f)
h< 0, g) Microscope image of the electrospun PS. Reprinted from Ishii and Kurihara,

2019 [175], Copyright 2023 AIP

In 2019, Wang and his team unexpectedly discovered high piezoelectric properties from
electrospun PAN. The piezoelectric properties of this material are usually found to be lower than
PVDF. PAN is one of the piezoelectric polymers, where the piezoelectric constant is not high
when compared with PVDF [179]. A summary of the electrospun nonpolar polymers from the

literature is shown in Table 2.7.
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Material Measurement | Working/testing dss/output Ref
method area
PMMA Converse Sandwich with 8.5 nm/V [178]
piezoelectric gold leaf
response electrodes
3x5 mm?
PS Calculate the ITO on glass 1400 pC/N [125]
form detected substrate
charge due to the
applied pressure
at 2000 Pa
PAN Compressive 5cm? NA [179]
PVDF impact Sandwich with Al
foil electrode
PS Converse ITO on glass >30000pm/V [174]
piezoelectric substrate
response
PMMA Calculate the ITO on glass 1400 pC/N
form detected substrate
PS charge due to the 1760 pC/N [172]
applied pressure
PVA at 2000 Pa Not Found
PDLLA 750 pC/N
PLLA 1180 pC/N
PHB 310 pC/N

There is no known report regarding coaxial or hollow fibre of this type for thermoplastic polymer.
Itis not impossible to fabricate electrospun thermoplastic polymer in hollow fibre form.
Furthermore, it could be possible to use bead, lens-like shape fibres that match the
requirement of charge storage in ferroelectret materials as a cellular structure mat for charge

storage in ferroelectret fibre films (see Figure 2.25).
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a) Bead-less hollow fibre model b) Bead lens like shape fibre model

Figure 2. 25 The proposed concept of the bead-like lens hollow fibre for ferroelectret fibre
applications a) bead-less fibres with a perfectly rearranged model b) a bead lens-

like shape fibre model

Sergey et al. studied the piezoelectric coefficient (dss) of FEP arrays with closed tubular
structure air channels with different wall thicknesses of 25 and 50 um. The tubes had equal air
gaps of 250 um and an outer diameter of 1 mm. The experiment’s results corresponded to the
analytical model that the same research group suggested in 2018 [180-182]. It was found that
the geometry of the arrays and the thickness of the walls and air channels affected the ds;
coefficient. The model predicted that arrays produced by FEP tubes down to 10 pm-thick walls
would exhibit a ds; coefficient of up to 600 pC/N. This study showed that the thin-walled tubular
geometry enhanced the piezoelectric coefficient of the thermoplastic polymer. With this
morphology in the nanoscale, a tubular structure with a bead pocket will have benefits for
applications in ferroelectret for confining electrical charges. The higher surface area and higher
porous structure of the electrospun fibre will enhance the electric charge transport properties of

the ferroelectret.

As mentioned, there are no known reports related to further study on the characteristics or the
applications of polymer shells for electrospun hollow fibre. Thus, this research aimed to
fabricate the electrospun hollow fibre via a one-step approach. The characteristics of the
obtained fibre were challenging at different angles, such as structural, mechanical,
electrostatic and electromechanical characteristics. This will lead to the application of energy-

harvesting materials for small devices and wearable technology.
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2.5.4 Energy harvesting from the core-shell structure fibre

Polystyrene (PS) is utilised to enhance charge retention and minimise charge dissipation under
its high electron trap levels resulting from its benzene ring structure. This characteristic enables
PS to confine electrons and delay their dissipation rate effectively [183]. Liet al. [184] found
high electret performance by combining PS and PVDF using electrospinning techniques. The
principle behind the outstanding performance was explained as PS and PVDF, which are
classified as weakly and strongly polar polymers, respectively, based on their extremely low and
high dielectric constants [185]. The dielectric constant of PS and PVDF is 2.5-2.9 and 6.0,
respectively. Both PS and PVDF are widely used as electret materials using the electrospinning
technique. Due to its excellent ferroelectric property and high dielectric constant, PVDF is
especially common in triboelectric, piezoelectric, ferroelectret, and pyroelectric applications.
Luo et al. [167], recently reported the high performance of electrospun PS/PVDF using the
mechanical blending of PS and PVDF before the electrospinning process. It was found that the
electrospun PS/PVDF increases output performance approximately three times compared to
the electrospun fibre of PVDF. The mechanical blending technique before the electrospinning
process leads to a single structure of PS and PVDF in the polymeric fibre, which helps the
adhesion property of electrospun PS. This can be explained by the lower density of PS when it
comes to the lightweight, high porosity obtained from the electrospinning process. Electrospun
PS does not get much attention among triboelectric applications, even though it has a high level
of eliminated charge retention in a dielectric material. At the same time, PVDF has a higher
density than PS; the electrospun PVDF is much denser than PS, resulting in better mechanical
properties than electrospun PS. Electrospun PVDF has gained much interest in harvesting
energy from friction. In addition, the surface potential of electrospun PS and PVDF have been

shown to be positive and negative, respectively [184].

Figure 2. 26 Schematic show the idea of coaxial PS/PVDF electrospun fibre

As far as we know, there have been no reports on the core-shell structure of PS as a core fibre

and PVDF as a shell fibre. Electrospun PS has the advantage of having a positive surface

87



Chapter 2

potential, which can cause PVDF to develop a negative surface potential. This results in a large

negative surface potential for triboelectric energy harvesters.

2.6 Conclusion

This chapter establishes the theoretical and research background for energy harvesting from
electrospun fibres, focusing on the mechanisms, material properties, and structural
innovations that enhance performance. The chapter explores key energy harvesting principles,
including the piezoelectric, ferroelectret, and triboelectric effects. It reviews the role of

polymers such as PVDF, PS, and PTFE in advancing energy harvesting technologies.

Electrospinning is emphasized as a versatile technique for fabricating nanostructured fibres
with enhanced surface area and optimized material properties. Significant advancements,
including composite, hollow, and core-shell structures, are discussed as transformative
approaches to improving energy conversion efficiency and scalability. The potential of these
designs for wearable and flexible energy harvesters is highlighted, with core-shell structures
showing promising results in combining materials for superior charge retention and triboelectric

performance.

The chapter identifies research gaps, such as the need for innovative material combinations,
structural optimisation, and durability under environmental conditions. These gaps inform the
direction of the experimental studies in later chapters, providing a guide for addressing the
limitations of current energy harvesting technologies. This comprehensive review underlines the
potential of electrospun fibre technology to enable sustainable, high-performance solutions for

next-generation wearable devices.
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Chapter 3 Experimental process, materials, and

methods

3.1 Introduction

The experimental procedure and the characterisation methodology are discussed. The chapter
is divided into two main parts. The first is the experimental design section, which describes the
conceptual research framework overview, including materials and equipment used in this
research. The materials and characterisation section provides an overview of the equipment for
identifying performance/results for material fabrication, divided into geometrical, structural,

and electromechanical characteristics.

3.2 Materials, equipment and fabrication

This section presents the details and specifications of the materials used in this work. The
details of the electrospinning schematic and its setup are shown. The equipment for

characterisation, including testing methodology, is discussed in this section.

3.2.1 Materials and chemicals for electrospinning preparation

1. PVDF

The PVDF solution was prepared from PVDF powder (Sigma Aldrich, Dorset, UK, Mw = 534,000)
mixed with N-Dimethylformamide (DMF, Sigma Aldrich, Dorset, UK, 99.8%) and acetone (Fisher
Scientific, 99.6%).

2. PS

Polystyrene solution prepared from polystyrene pellet, PS (Mw=280,000, Sigma Aldrich) by
stirring in N-Dimethylformamide (DMF), ACS reagent, 299.8% (purchased from Sigma Aldrich)

as a solvent solution.
3. PTFE

PTFE particles (Sigma Aldrich, Dorset, UK, 1-micron particles) in an 18%wt PVDF solution as a

polymer carrier for PTFE.
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3.2.2 Electrospinning setup

The electrospinning machine (IME medical electrospinning company EC-DIG) was used to
prepare the electrospun fibre. The thermometer and humidity sensor were integrated inside the
electrospinning cabinet. Figure 3.1 shows the schematic of the electrospinning setup; the digital
wireless optical microscope was placed in the cabinet to observe the Taylor cone formation.
The syringe pumps were used to attach a 3 ml PTFE syringe to push the polymer solution
through the capillary 21G needle. All syringe pumps were placed outside the cabinet for safety
reasons. The bespoke rotation drum, 150 mm in diameter and 200 mm in length, was used as a
collector to enhance the electrospun fibre area. The photograph and the schematic of the setup

can be seen in Figure 3.1 a) and b), respectively.

Rotatin
drum

Nozzle

Syringe pump

Figure 3.1 a) The photograph and, b) the schematic of the electrospinning setup used in this

work.

3.2.3 Equipment for characterisation

This section has been divided into 2 main areas: equipment for geometrical and structural
characterisation and the equipment for electromechanical characterisation. This section

provides details in relation to the processes for conducting the experiments.

3.2.3.1 Fourier-transform infrared spectroscopy (FTIR)

Regarding the examination of the solvent residue, a Thermo Scientific™ Nicolet™ iS5 FTIR
Spectrometer was deployed to study the chemical bond of the fibre after completion of the
electrospinning process. As for the PVDF fibre, the FTIR spectra was applied in order to identify

phase fractions between a and f.
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The Fourier transform infrared spectrometer (Thermo Scientific ID7, UK) was used to analyse the

electrospun fibre's chemical structure.

The preferred technique for infrared spectroscopy is called Fourier Transform InfraRed, or FT-IR.
Infrared radiation is passed through a sample during infrared spectroscopy. The sample
absorbs some of the infrared light, but some also passes through (transmits). The resulting
spectrum serves as a molecular fingerprint of the material by depicting molecular absorption
and transmission. No two different molecular configurations create the same infrared
spectrum, similar to a fingerprint. As a result, infrared spectroscopy can be used for various
analyses. With absorption peaks that match the frequency of vibrations between the bonds of
the atoms making up the material, an infrared spectrum becomes a fingerprint of a sample. No
two compounds create exactly the same infrared spectrum since every substance is made up of
a different combination of atoms. As a result, any kind of substance can be verified (by a
qualitative study) using infrared spectroscopy. Additionally, the size of the spectral peaks

provides an apparent indication of the amount of material present.

Spectrometer

1 Source 2. Interferometer

' o0 | Polystyrene run asﬁ\m
n i 'WJU\ WI
ﬂ 70 ' ‘
ol 80
\ 50
wl

- %T a0
] — — I - 30
3.Sample — 20
} 10
- —— — e —
I I 4000 3500 3000 2500 2000 1500 1000 500
il Wavenumbers (cm-1)
—| ™ [t

! Interferogram

FFT

Spectrum

} 5. Computer
4. Detector .

Figure 3.2 Working principle of FTIR. Reprinted from Introduction to Fourier Transform Infrared

Spectrometry (2001) [186]. Copyright 2001 Thermo Nicolet Corporation

3.2.3.2 Scanning electron microscope (SEM)

The scanning electron microscope (SEM, Phenom ProX, Thermo Fisher Scientific) was employed
to characterise the morphology and identify the hollow structure form of the fibre mat samples.
In the hollow structure fibre study, the fibre mats were frozen in liquid nitrogen before using the
SEM and carefully broken in half to investigate the sample’s cross-section. In order to eliminate
the charging effect from the non-conductive sample during measurement, all samples were
coated with silver particles for 2 min, approximately 5-10 nm. The images were performed using

the backscattered electron at 15kV with the working distance (WD) between 6 — 8 mm. The
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average diameter of the electrospun fibre was characterised using the Imagel) program in the
individual strain. The diameter distribution curve was then analysed using Origin Pro software to

find the median fibre diameter.

3.2.3.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (Hitachi, HT7700) was utilised to characterise the inner
structure of the hollow and coaxial fibre. Also, the embedded PTFE size in PVDF fibre was
analysed using a TEM image. The fibre was coated onto the TEM grid located in the middle of the
aluminium foil substrate during electrospinning. The average diameter of the core and shell of
the electrospun fibre was characterised using the ImagelJ program in the individual strain
measurement. The diameter distribution curve was then analysed using Origin Pro software to

find the median fibre diameter.

3.2.3.4 X-ray diffraction (XRD)

After electrospinning, the middle part of the electrospun fibre was used in the measurement. X-
ray diffraction analysis (D8 Advance, Bruker) was used in a grazing angle operating mode to
analyse the crystalline phase of the PTFE/PVDF electrospun fibre. It is well known that most
polymers do not show the crystalline pattern via the XRD technique. However, this work uses
the crystalline PVDF to study mixing in PTFE and PS. Thus, to investigate the phase change in

piezoelectric properties of PVDF, the XRD technique is used to distinguish the phase change.

3.2.3.5 Surface potential testing

A surface potential test was designed to examine the electrostatic characteristics of the
electrospun fibre. This was carried out by adopting the standard of charge decay of the electret
filtration testing method from J. Lee et al. [176]. Figure 3.3 shows the schematic of the surface
charge potential test experimental design. Several studies have demonstrated that heat and
humidity can deteriorate an electret material. This can result in a loss of charge [176], [184],

[187].

The electrostatic field meter (Simco FMX-003) was used to measure the electrospun fibre's
surface potential. The electrostatic field meters measure a material's surface potential by
detecting the electric field generated by the charge on the material's surface. It measures static
voltages by detecting the electric field generated by a charged object. This is done by placing the
materialin an electrostatic field and measuring the change in the field caused by the presence
of the material. The device uses a conductive case and ground snap to facilitate grounding,
which is essential for accurate measurements. Proper grounding ensures the electrostatic field

meter can accurately reference the potential difference between the charged object and the
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ground [188]. The surface potential of the material is directly related to the measured change in
the electrostatic field, allowing for the determination of the material's charge state and its

interactions with the environment.

Electrostatic field meter has limitations in terms of its spatial resolution, as it measures the
average surface potential over a relatively large area. In contrast, traditionally used for
triboelectric application, the Kelvin probe atomic force microscope (KPFM) offers a higher
spatial resolution for surface potential measurements. This technique uses a vibrating probe tip
to detect the contact potential difference between the tip and the sample surface, allowing for
surface potential mapping with nanometer-scale resolution. It should be noted that the surface
potential measured by KPFM and electrostatic field meter should not be compared, as the

working principle is different.

Electrostatic field meter is appropriate to use in measuring the large area of materials used in
applications such as facemasks [189], filtration [190-193] or electronic components in general
[194]. In addition, several works [163], [195-197] report on energy harvesting using the
electrostatic field meter when referring to an overall surface potential. The surface potential can
be affected by environmental factors such as temperature, humidity, and adsorbates or
contaminants on the surface. Thus, in the surface potential testing experiment, the working

environment was kept at 55 + 5 % RH and a temperature of 21+ 3 °c during measurement.

After completion of the electrospinning process, the sample was carefully removed from the
substrate using anti-static tweezers. The surface charge potential was then measured using an
electrostatic field meter. The sample was exposed to the environment for 14 days, and then the
surface potential was measured again. After 14 days, the residual charge was removed from all
samples using the discharge chamber setup in Figure 3.4. The discharge chamber was closed
and grounded, and the bottom layer had an isopropyl (IPA) reservoir under the mesh. The
samples were laid on the mesh to discharge electrospun fibre and expose the IPA vapour. The
surface potential was measured after discharge to ensure no charge in the fibre mat. The

samples were left in the environment, and surface potential was monitored regularly.

In the study of hollow electrospun fibre, the sample was treated using the corona charge
technique under the assumption of being ferroelectret-based. Then, the sample was corona-
charged and measured for the surface potential charge. The sample was then exposed to the

environment for another 14 days. The surface potential was then measured again.
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static field

meter

Figure 3. 3 The setup for static potential testing, a) the corona charge equipment, b) the setup
of static measurement before and after the corona charge in the study of the hollow

PVDF electrospun fibre under the assumption of being ferroelectret-based.
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Figure 3. 4 Discharge chamber setup
3.2.3.6 Piezometer

The piezoelectric coefficient (ds3) and capacitance (c) of the fibre mat were measured using
Piezometer system, PM300. The analysis was conducted using the system’s standard
measurement as a dynamic force of 0.25 N, static force of 10 N and frequency of 110 Hz.
The data was collected from the average value of 5 positions on the sample. The reading was

taken 10 seconds after the equipment started reading (when a green light appeared).
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The Piezometer system clamps the sample and subjects it to a low-frequency force. Processing
of the electrical signals from the sample and comparison with a built-in reference enables the
system to give a direct reading of ds; values. The method of operation for this type of dsgzmeteris
sometimes called the "quasi-static" or "Berlincourt" method [198] A key principle is that the test
frequency is low compared to any likely system or sample resonances, yet high enough that a

conclusive measurement can be made within a few seconds.

3.2.3.7 Tapping test setup

To test the energy harvesting performance in the piezoelectric and piezoelectret mode, the fibre

mat was assembled with a copper electrode and PET adhesion tape as shown in Figure 3.5.

M
= =

PET adhesion tape

Figure 3.5 The schematic of assembling the cell for the tapping test

The tapping test rig was developed from previous studies and comes from inserting the sample
between 2 electrodes and tapping at a constant rate [199-200]. The tapping test rig was set up
using a linear actuator motor to provide a constant rate and pressure. The linear actuator motor
has a rated voltage of 12V, 900 rpm. The sample was attached to the oscilloscope to observe

changes in voltage induced by the mechanical movement of the rig.

3.2.3.8 Voltage and current measurement for Triboelectric mode

The energy harvesting of the electrospun fibre operating in Triboelectric mode was set up
differently compared to piezoelectric and piezoelectret modes. The test was performed using a
tapping rig in the vertical contact separate triboelectric generator, as shown in Figure 3.6. The
open circuit voltage (Vo) output of the energy harvester was measured using an oscilloscope
(MSO7012B, Agilent Technologies) with a 10 MQ probe resistance. During open circuit voltage
measurement, the oscilloscope was connected to the 1 GQ resistor as a voltage divider circuit

due to the large internal impedance of the TENG. Consequently, the measured output voltages
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from the oscilloscope were multiplied by a factor of 101 in order to get an accurate open-circuit
voltage (Voc) of the triboelectric nanogenerators (TENGs) based on the voltage divider principle,
as seenin the circuit diagram in Figure 3.7 b). The DC power analyser (N6705B, Agilent

Technologies) measured the short circuit current (Isc). The graph obtained from the current was
. . . t .
used to calculate the charge transfer using the relationship of Q¢ransfer = ft_f Idt in the contact
L

and separation region.

a)

Tapping direction

Nylon fabric

10 MQ 1GQ

Figure 3. 6 a) The experimental setup for the tapping test b) diagram of voltage divider circuit

3.3 Conclusion

This chapter details the materials, experimental processes, and methods employed in the
fabrication and characterisation of electrospun fibres intended for energy harvesting
applications. This chapter provides the basis for the study by outlining the processes involved in
the preparation of composite, hollow, and coaxial fibres, along with the methods used for their

characterisation.
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The effective development of the electrospinning apparatus and the development of parameters
for fibre fabrication represent major achievements. Utilising advanced characterisation
techniques such as SEM, TEM, FTIR, and XRD resulted in a comprehensive understanding of the
morphology, structure, and material properties of the fibres. Furthermore, electromechanical
testing methodologies were carefully developed to assess the energy harvesting capabilities of
the produced fibres. This chapter presents an experimental framework that ensures both
reproducibility and precision in the fabrication and analysis of electrospun fibres. This section
provides the basis for the following chapters by providing readers with essential tools and
methodologies to investigate the energy harvesting potential of different fibre structures. The
thorough methodology in material preparation and testing defines a crucial advancement in the
field of electrospun fibre technology, particularly for applications in wearable and flexible

energy harvesting devices.
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Chapter 4 Energy harvesting performance of

composite electrospun fibre

4.1 Introduction

From chapter 2, PTFE is well known as a promising negative triboelectrification in the
triboelectric series chart [201-202]. Thus, many researchers utilised the PTFE as a negative
material for triboelectric [125-126], [203]. Typically, commercial PTFE from different sources
shows various energy harvesting performances depending on its manufacturing technique.
Electrospinning techniques can be used to modify the surface morphology. This improves the
triboelectric properties as it enhances the surface area of the material. Additionally, a high
voltage is applied to the polymer solution in the electrospinning process. This results in a high
volume of charged particles being introduced into the solution, which are subsequently
captured within the electrospun fibre after solidification. It is acknowledged that electrospun
Polyvinylidene Fluoride (PVDF) fibre appears to be a high-performance polymer that exhibits
piezoelectric properties and has a negative triboelectric behaviour [202]. Several studies have
reported on the energy conversion ability of PVDF in the triboelectric mode. It has been
demonstrated that PVDF exhibits significant potential for energy conversion when used as the
negative material in the triboelectric mode [204-206]. Interestingly, fabricating PTFE using
electrospinning is challenging due to its exceptional physical and chemical characteristics. This
makes it extremely difficult to electrospin without chemical or physical modification [207]. Zhao
et al. demonstrated energy harvesting from electrospun PTFE fibres by utilising PEO as a carrier
[208]. Regarding this attempt, a precursor polymer solution was employed to create the
structure of PTFE using an electrospinning technique, resulting in the formation of PTFE fibre
mats. In order to remove the precursor polymer as well as restore the trapped charge in the
PTFE fibre, a corona charging procedure is necessary if the fibre is intended to be used in an
electrostatic device or to improve triboelectric generation. The PTFE fibres made in this
approach possess good energy-harvesting properties. However, the material preparation

process requires a minimum of two steps.

Combining PVDF and PTFE, which possess the negative triboelectric side, could improve the
triboelectrification in the TENG element using the electrospinning technique. The electret
characteristic of PVDF, which has been doped with PTFE and produced via an electrospinning
method, exhibits a strong surface potential when used in filtration membrane applications [209-

210]. However, this literature does not demonstrate the performance of energy harvesting.
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In this chapter, the energy harvesting performance and the structure of additive — PTFE in the
composite fibre PVDF are investigated. The electrospun fibre was prepared in 2 sets of
electrospinning conditions. First, PTFE particles were added to the controlled PVDF at 20%

solution. Second, the overall polymer solution was controlled at 20%.

4.2 The additive PTFE in the controlled PVDF fibre

4.2.1 Introduction

The purpose of the initial study on additive PTFE in the PVDF fibre was to fabricate PTFE in the
form of fibre using PVDF fibre as a carrier solution. The 1-micron PTFE particle was mixed in the
PVDF solution without any treatment. The energy harvesting performance was observed via
open-circuit voltage on the book-shaped assembly. The fabrication process and the energy

harvesting performance are discussed in this section.

4.2.2 Materials and Methods

4.2.2.1 Electrospinning Preparation

The PTFE/PVDF electrospun fibre was produced by mixing 1-micron PTFE particles in an 18%wt
PVDF solution as a polymer carrier for PTFE. The PVDF solution was prepared from PVDF
powder mixed with DMF and acetone at a 7:3 ratio and mixed on a magnetic hotplate stirrer at
60 °C for 4 h. Different concentrations (0, 1, 2, 3, and 4%wt.) of the PTFE particles were added to
the PVDF solvent solution and blended using the magnetic stirrer at room temperature for 2 h.
Electrospinning was performed using a blunt tip (21 G) needle. The distance from the tip to the
substrate, the applied voltage, the flow rate, and the rotating drum speed were kept constant at
22 cm, 25kV, 2 mL/hr, and 150 rpm, respectively, for each concentration. After electrospinning
for 90 min, the PTFE/PVDF fibre was collected in the form of a nonwoven fibre mat, as shown in
Figure 4.2 a). The energy harvesting performance of the electrospun PTFE/PVDF fibre mats was

measured without any further processing steps.

4.2.2.2 Test Assembly and Protocol

The electrospun PTFE/PVDF fibre mats with each concentration of PTFE (0, 1%, 2%, 3%, and 4%)
were cutinto 5 x 4 cm samples. Each sample was assembled in a sandwich structure with Cu
electrodes using a folded-over (book-shaped) PVC sheet backing, as shown in Figure 4.2 b). This
forms a vertical contact separation mode triboelectric harvester. A second generator design

with a piece of nylon fabric added to the assembly as a triboelectric donor material was used to
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explore the addition of this material to enhance the performance of the triboelectric power

generator.

A cyclical compression test system using a linear actuator was set up to apply a controlled
pressure of 0.5 N/cm? at different frequencies (3-12 Hz), as shown in Figure 4.2 c). The test
sample was attached to the oscilloscope to observe the changes in the voltage induced by the
periodic mechanical pressure applied by the rig. The capacitor charging experiment used a full-

wave bridge rectifier to charge 0.1, 1, 10, and 100 pF capacitors.

4.2.3 Results and Discussion

The structure of the PTFE/PVDF electrospun fibre prepared by controlling the PVDF percentage
was studied using SEM alongside the fibre diameter distribution curve, as shown in Figure 4.1.
The SEM image shows the embedding of PTFE particles in the PVDF electrospun fibre. The
amount of PTFE particles increases with the increase of PTFE percentage in the observed SEM
images. However, the PTFE4 sample shows the mixing of the fibre and the dented region, which
indicates that the electrospinning process is not continuing properly due to inappropriate

polymer content in the solution.
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Figure 4.1 SEM images of the single PTFE/PVDF electrospun fibre with the diameter
distribution curve prepared by control PVDF at 18% a) PTFE 0%, b) PTFE 1 %wt, c)
PTFE 2 %wt, d) PTFE 3%wt, e) PTFE 4%wt.

The vertical book-shaped structure was chosen for energy harvesting performance testing as it
is simple and could be assembled into a multi-layered device. The highest voltage output from
compressing at 5 Hz was found to be 30V for the 4%wt PTFE, which is five times higher than that
of the 100% PVDF sample (6 V), as shown in Figure 4.2 d). This clearly shows that introducing
the PTFE particles in the PVDF fibre can improve the performance of triboelectric power
generators. The output voltage increases with an increasing percentage of PTFE particles.
However, 4% PTFE was the highest amount of polymer content that could be processed via
electrospinning because the solution conductivity was not strong enough to produce the

electrospun fibre.
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Figure 4.2 a) PTFE/PVDF fibre mats after the electrospinning process of the 4%wt PTFE in the
PVDF sample; b) the schematic of the book-shaped assembly for the testing cell
PTFE/PVDF fibre sandwich with electrodes; c) the compression test rig; d) voltage
output from constantly tapping the booked-shaped PTFE/PVDF fibre assembly at

different PTFE concentrations of 0, 1, 2, 3, and 4%wt., respectively.

The 4% PTFE in the PTFE/PVDF sample was used in the energy harvesting test at different
pressing rates of 3-12 Hz. It was found that the output voltage increases with an increasing
pressing frequency. The highest output voltage of around 55 V was found at 12 Hz, as shown in
Figure 4.3 b). To enhance the energy harvesting performance of the triboelectric power
generator, nylon fabric, which exhibits a high positive affinity in the triboelectric material series,
was placed on top of the top copper electrode, as shown in Figure 4.3 a). The voltage output of
the Nylon-PTFE/PVDF device at the different pressing frequencies is shown in Figure 4.3 c). A
small improvement in the voltage output was observed with the highest voltage output, which

reached 70V at 12 Hz.

The charging experiment was further performed to explore and compare the amounts of energy
captured by the device and transferred to the capacitor storage. Devices with and without the
nylon fabric were tested at 5 Hz with different capacitor values, and the results are shown in

Figure 4.3 d), e). Overall, the energy stored in the capacitors is higher for the nylon-PTFE/PVDF
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device, with the amounts of energy stored being 0.15, 1.0, 7.2 and 4.5 pJ for 0.1, 1, 10 and 100
HF, respectively. The maximum energy stored value occurs with the 10 yF capacitor, nearly
reaching its maximum capacity in the 300s charging time. This was 69%, 79%, 94% and 89%
larger than those of the device without nylon for 0.1, 1, 10 and 100 yF, respectively. The energy
stored in the 100uF capacitor was less than that of the 10 pF capacitor over the same duration

due to the impedance mismatch.

After connecting the optimum harvester structure (4% PTFE with Nylon fabric) to a full-wave
bridge rectifier circuit, it was found that 95 LED lights were illuminated when it was compressed
at 12 Hz, as can be seen in Figure 4.3 f). The charging experiment and illuminating LED light
results demonstrate the promising mechanical energy conversion achieved with the
electrospun PTFE/PVDF fibre mat. The lightweight, flexible, and breathable PTFE/PVDF
electrospun fibre could be integrated within clothing as an energy source whilst remaining

comfortable for the user.
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Figure 4. 3 a) The schematic of the improved triboelectric harvester design with added nylon

fabric, b) 95 LED lights were illuminated via tapping the harvester with the
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PTFE/PVDF electrospun fibres as the acceptor and nylon fabric as the donor
material, c)the voltage output of the triboelectric assembly without nylon fabric, d)
the voltage output of the triboelectric assembly after introducing nylon fabric the
charging profile, e) voltage vs. time of the PTFE/PVDF fibre device without nylon

fabric, f) the charging profile after introducing nylon fabric.

4.2.4 Conclusion of the additive PTFE in the controlled PVDF fibre

A flexible Polytetrafluoroethylene (PTFE) fibre was successfully prepared using a one-step
electrospinning process using a Polyvinylidene Fluoride (PVDF) solution as a precursor. The
energy harvesting performance was first explored using a vertical contact separation mode
triboelectric assembly. The electrospun fibres were collected in the form of a non-woven textile
mat, which displayed a very promising negative surface potential. The voltage output was
increased by a factor of five by adding PTFE to the PVDF electrospun fibre. This was further
improved by the addition of a nylon fabric with the triboelectric harvester. The textile harvester
was shown to illuminate up to 95 LED lights when it was assembled with nylon fabric as a donor
material. However, this experiment did not show the optimised electrospinning conditions. The
next section will demonstrate the energy harvesting from the optimised PTFE/PVDF electrospun

fibre.

4.3 Controlling the overall polymer concentration experiment

4.3.1 Introduction

The previous attempt in section 4.2, demonstrated the potential voltage output from the

electrospun PTFE/PVDF fibre as a preliminary study [40] . However, this work did not provide an
optimisation test for the material. In this study, the systematic test of the additive PTFE in PVDF
electrospun fibre is demonstrated, and the energy harvesting performance and its fabrication of

the electrospun PTFE/PVDF fibre are also investigated.

Even though the results suggest that the percentage of PTFE particles is proportional to the
energy-harvesting performance, the percentage of the added PTFE particles to the PVDF fibre
was limited to 4% from adding PTFE particles directly to 18% of the PVDF solution. This affected
the conductivity of the overall polymer solution, as the percentage of the overall polymer
increased while the solvent remained the same. In this section, the systematic study of the

optimised PTFE/PVDF, along with its energy harvesting performance, is discussed.
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4.3.2 Materials and Methods
4.3.2.1 Electrospinning Preparation

The flow chart for the preparation of PTFE/PVDF electrospun fibre can be seen in Figure 4.4. The
PVDF and PTFE particles were combined to produce the PTFE/PVDF electrospun fibre at a
controlled overall polymer at 20% in the following ratios: PTFE1% + PVDF 19%, PTFE2% + PVDF
18%, PTFE3% + PVDF 17%, PTFE4% + PVDF 16%, PTFE5% + PVDF 15%, PTFE6% + PVDF 14%,
and PTFE7% + PVDF 13%. To prevent the PTFE particle from accumulating, it was sonicated for
six hours prior to being mixed with the PVDF and DMF: acetone solvent. Following each mixing
ratio of PTFE/PVDF polymer powder, DMF and acetone were blended in a 7:3 ratio. For a total of
six hours, the solution was stirred at 60C using a magnetic hotplate stirrer. The PTFE/PVDF
solution was then put in a 3 ml syringe with a blunt tip (21G) needle and attached to the syringe
pump of the electrospinning apparatus. For every concentration, the distance between the tip
and the substrate, the applied voltage, the flow rate, and the rotational speed of the drum
remained constant at 22 cm, 25 kV, 2 ml/hr, and 150 rpm, respectively. In order to assess the
energy harvesting efficiency, the PTFE/PVDF fibre was collected as a nonwoven fibre mat and
assembled in a triboelectric energy harvester without any additional processing.

PTFE/PVDF

solution
7:3 DMF+Acetone

PTFE + PVDF 80%wt <
20%wt = l

Triboelectric energy harvester

Figure 4. 4 The flow chart describes the PTFE/PVDF electrospun fibre preparation.
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4.3.2.2 Fibre characterisation

After electrospinning, the solvent was evaporated; it can be assumed that the percentage of
PTFE and PVDF in the solid fibre follows Table 4.1. The morphology and structure of the
electrospun PTFE/PVDF were investigated through the scanning electron microscope (SEM)
(Phenom ProX, Thermo Fisher Scientific) and tunnelling electron microscope (TEM) (HT7700,
Hitachi). The chemical composition and structure of the material were analysed using a Fourier
transform infrared (FTIR) spectrometer (Nicolet iS5, Thermo Fisher Scientific), and X-ray
diffraction analysis (D8 Advance, Bruker) was used to analyse the crystalline phase of the

PTFE/PVDF electrospun fibre.

4.3.2.3 Electromechanical characterisation

The PTFE/PVDF electrospun fibre was cut at 4 cm x 5 cm and then attached with Cu tape, which
works as an electrode. The other side of the triboelectric energy harvester, nylon fabric, was
used as a positive material. This was attached to the Cu electrode and tested in the vertical
contact separation mode with a distance of 1.5 cm, as shown in Figure 4.5 a). A controlled
pressure of 0.5 N/cm? (measured by an FSR402 sensor) was applied at different frequencies (3-
9 Hz), utilising the cycle compression test system with a linear actuator. As seen in Figure 4.11
a), the 4 cm x5 cm pieces of PTFE/PVDF electrospun fibre were assembled using a folded-over
PVC template (in the book-shaped form) and nylon fabric as triboelectric donor material. The
book-shaped assembly was used to test the capacitor charging and LED light illuminating

ability.

The energy harvesting performance of the triboelectric energy harvester was measured using a
tapping rig. The open circuit voltage (V.c) output of the energy harvester was measured using an
oscilloscope (MSO7012B, Agilent Technologies) with the 10MQ probe resistance. During open
circuit voltage measurement, the oscilloscope was connected to the 100 MQ as a voltage
divider circuit due to the large internalimpedance of the TENG. The DC power analyser
(N6705B, Agilent Technologies) measured the short circuit current (Isc). The high-precision
digital multimeter (Keithley 2100 6 1/2) was used to measure the voltage over the capacitorin

the charging capability measurement.
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Figure 4.5 a)Schematic of PTFE/PVDF triboelectric assembly and testing, b) working principle
in contact standing mode and c) corresponding with the measurement of short

circuit current

4.3.3 Results and discussion

4.3.3.1 Morphological analysis

Figures 4.6 a) — h) show the surface morphologies observed in the SEM of the PTFE/PVDF
electrospun fibre at various PTFE and PVDF ratios. The surface of the 100% PVDF fibre (Figure
3a) is smooth without any visible bead-like structures. This is the base fibre material used as a
benchmark in the study of the effects of the additive PTFE powder. The addition of the PTFE
powder to the base PVDF material can be seen to cause increasing fibre surface roughness with
increasing amounts of PTFE microparticles. The PTFE/PVDF solution enabled successful
electrospinning of the porous fibre mat up to a concentration of 16% PVDF with 4% of the PTFE
particles, see Figure 4.6 e). Beyond this, when more than 5% of PTFE was added to the solution,
the electrospinning process could not consistently produce PTFE/PVDF fibres, producing a
combination of fibrous and film-like deposits shown in Figure 4.6 f)- h). This was due to the
decreased conductivity of the PTFE/PVDF solution, which affects the behaviour of the
electrospinning process of the PTFE4/PVDF16 solution yield (the 20/80 PTFE/PVDF fibre). The
sample code of the PTFE/PVDF fibre can be found in Table 4.2. The TEM images in Figure 4.7 a)
and b) indicate the location of PTFE particles in the PVDF fibre, demonstrating that these have

been successfully blended in the starting solution and distributed across the PVDF matrix. The
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PTFE particle size embedded in PVDF strain was found to be less than 1 micron due to the

sonication process before electrospinning preparation.

Caunl

o)

Caunt

Count

Figure 4.6 The SEM images (operated at 10 kV) of the single PTFE/PVDF fibre with fibre size
distribution curve prepared by different PTFE/PVDF ratios a) PTFE0O/PVDF100, b)

108

. PTFEG/PVDF10Q

e
\

edian 2.541 pm "‘\

1 2 a 4 5
Diameter (urm}
- /_\ PTFES/PVYDFI5
2.\'2-. /

edian 2.456 pum

1 : 3 4 5 &
Diarnetar ()

~ PTFE1O/PVYDFO0

-
I,

Diarrater {urm)

P PTFE15/PVDFBS

\\
&
, b3
ry}édlan B.556 pm|
4 5 a 7

Dizrmetar (prr)

PTFE20/PVDF80
/ Y
kY
/ '
'

Y
/Median 2




Chapter 4

PTFE5/PVDFS95, c) PTFE10/PVDF90, d) PTFE15/PVDF85, e) PTFE20/PVDF80, f)
PTFE25/PVDF75, g) PTFE30/PVDF70 and h) PTFE35/PVDF65

a )

1pm

Figure 4.7 TEM images were measured at acceleration voltage of 100 kV, filament voltage of 25
kV for a single PTFE20/PVDF80 fibre, which was coated on the mesh copper grids at
magnification a) 7000x, b) 25000x.

4.3.3.2 Structural analysis

The FTIR measured chemical composition of PTFE/PVDF electrospun fibres are shown in Figure
4.8 a) alongside the results for the PDVF and PTFE powders. All samples of the PTFE/PVDF
electrospun fibres exhibit the characteristic peaks at 840 and 877, representing the - and C-H
wagging in the a-phase of PVDF, respectively. When compared with the results obtained from
PVDF powder, which shows peaks at 614, 764, 796, 877, 976, and 1170, it is evident the
crystalline piezoelectric B-phase has been effectively induced by the electrospinning process
[137], [211]. Itis well known that the electrospinning process encourages the B-phase of PVDF
due to the strong electric field induced in the polymer solution during whipping of the fibres
[211-212]. Also, the incorporation of PTFE into the electrospun PVDF can be observed at the
peak 1170, representing the perturbation of the C=F bond of PTFE and PVDF, as both consist of
carbon and fluorine atoms [213]. The characteristics of the PTFE powder spectrum are
represented in the peaks 1201 and 1150, which correspond to the asymmetrical and
symmetrical CF,-stretching, whereas peaks 642 and 630 represent the C-F deformation [214-
215].

The XRD pattern of the PTFE/PVDF electrospun fibre at different percentages of PTFE is shown in
Figure 4.8 b). The pure PVDF electrospun fibre exhibits only one strong peak at 20.6° (110/200),
representing the B-phase of the PVDF. After introducing PTFE in the PVDF electrospun fibre, the
a-phase at a peak of 18.4° (020) occurred and was related to the amount of PTFE in the PVDF

fibre. The intensity of the a-phase at a peak of 18.4° (020) becomes stronger as the percentage
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of PTFE increases. Table 4. 1 shows the crystallinity index (Cl) obtained from the XRD results,

which is calculated by

S 4.1
%Crystallinity = S—C (4.1)
t

Where S, represents the area under the curve at the peak crystalline alpha and beta phases,

and S; represents the total area under the plot.

This interesting behaviour can be explained by the electric field during the electrospinning
process. The B-phase PVDF can be induced by a strong electric field in the electrospinning
process. When the PTFE particles are added to the PVDF solution, the dielectric properties of
the PTFE/PVDF solution increase, resulting in a reduced electric field to induce B-phase. The a-
phase requires less energy than the B-phase to form, and thus, the B-phase decreases while the

a-phase increases, as shown in Table 4.1.

Table 4.1 Crystallinity index obtained from XRD

Crystallinity index (%)
a-Phase B-Phase
PTFEO/PVDF100 0 47.50
PTFE5/PVDF95 12.73 29.64
PTFE10/PVDF90 16.09 29.42
PTFE15/PVDF85 18.16 24.63
PTFE20/PVDF80 23.62 20.03

In summary, both the FTIR and XRD spectra results indicate that the PTFE/PVDF electrospun
fibres have a mix of a- and B-phase PVDF. The amount of the B-Phase decreases, and the a-
phase increases with an increase in the percentage of PTFE. In addition, the electromechanical
performance of the PTFE/PVDF presented in section 4.3.3 is not related to the piezoelectric
phase of the PVDF. It confirms that the B-phase of PVDF (exhibiting piezoelectric properties) is
not the key to high energy harvesting performance in the hybrid piezo-triboelectric-based
design. The relationship between the number of fluorine atoms, which increases the negative
charge, and the surface morphology of the PTFE/PVDF fibre was responsible for the triboelectric
effect. When more fluorine atoms at higher PTFE percentages are added, the texture of the fibre

becomes non-porous due to unsuitable electrospinning conditions. This results in a change in
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surface morphology that leads to a decrease in the electromechanical performance. This
relationship is supported by surface potential measurements taken using the electrostatic field
meter SIMCO-FX003. These measurements showed wide variations depending upon location on
the fibre mat and the corresponding thickness at that point, but the average potential of PVDF
and PTFE20/PVDF80 was 1.1 and 1.8 kV, respectively.

a) — b)
PTFE35/PV5F§5 i
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Figure 4. 8 a) FTIR-ATR spectra of PTFE/PVDF electrospun fibre. The measurements were
carried out at room temperature over the range of 600-1400 cm™ b) XRD spectra of
the single PTFE/PVDF electrospun fibre. The analyses were conducted on samples

using Cu- Ka, radiation 1.5406 A, 40 kV and 25 mA, Step size 0.5.

4.3.3.3 Electromechanical study

The energy harvesting performance was initially tested with the tapping rig to explore the
optimum PTFE concentration. The test was performed at 6 Hz using the contact separation
triboelectric mode. The V. and |s. of each sample prepared from different concentrations were
read after tapping for approximately 3 min to ensure that the tapping rate and the signal output
were consistent. When the surfaces make contact, there is an electron transfer from the
positively charged nylon to the negatively charged electrospun PTFE/PVDF. This leads to the
nylon surface gaining a positive charge and the electrospun PTFE/PVDF surface developing a
negative charge. When the surfaces are separated, an induced potential difference between the
electrodes arises, leading to the development of opposite transferred charges on the electrodes

through electrostatic induction. Consequently, an electric charge will transfer from the bottom
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electrode to the top electrode via an external load in order to balance the potential difference
until it reaches a state of equilibrium. As the surfaces approach each other, the potential
difference caused by tribo-charging will gradually decrease until it reaches zero. The charges
that were transferred are now moving in the opposite direction, from the top to the bottom

electrode.

The open circuit voltage (Voc) and short circuit current (Isc) output measured at a 6 Hz tapping
rate are shown in Figure 4.9 a) and 4.9 b), respectively. The V,c.and Isc obtained from pure PVDF
are slightly less than those obtained from other samples that include PTFE particles. The
outputs from PTFE5/PVDF95, PTFE10/PVDF90 and PTFE15/PVDF85 were similar, which relates
to the similar fibre size, resulting in the PTFE particles being similarly distributed within the
fibres. For the PTFE20/PVDF80 sample, as shown in Figure 4.6 e), the fibre size is smaller and,
combined with the higher percentage of PTFE particles, there is a greater concentration of PTFE
at the surface of the fibres. This increases the triboelectric effect due to the superior
triboelectric properties of the PTFE. When the PTFE particles exceed 20% (samples
PTFE25/PVDF75, PTFE30/PVDF70, and PTFE35/PVDF65) the electrospinning process could not
correctly form the fibres, resulting in poor mixing of PTFE particles and PVDF binder and thus the
outputis reduced in comparison with the PTFE20/PVDF80 (as seen in Figure 4.9 a) and b)). It
was found that the peak-to-peak V.. shows a similar output for pure PVDF and up to
PTFE15/PVDF85. The peak-to-peak V.. shows a sharp increase to 390 V for the PTFE20/PVDF80
fibres. The results for the peak-to-peak Is. follow a similar pattern with a maximum peak I, of 8
PA occurring with the PTFE20/PVDF80. The PTFE20/PVDF80 fibre mat made from the 4% PTFE
and 16% PVDF solution gives the highest electrical output and was used in the subsequent
analysis to investigate the effectiveness of the contact separation mode triboelectric energy

harvesting using the electrospun fibres.

a) b)..

200 PVDF PTEE1% PTFE2% PTFE3%  PTFE4%  PTFES% PVDF PTFE1% PTFE2% PTFE3% PTFE4% PTFE 5%
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Figure 4.9 a) open circuit voltage was tested over 100 MQ resistor and b) short circuit current

of the PTFE/PVDF electrospun fibre prepared at different concentrations.
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The open circuit voltage (Voc) output and short circuit current (Isc) of the PTFE20/PVDF80 fibre
mat were tested at different load resistance (1kQ - 6G(Q), as shown in Figure 4.10 a). The

2 2
calculated peak power (P = V%) and the power density (P = ‘;LA) from the test are plotted in

Figure 4.10 b). The highest power and power density were obtained at an optimal load

resistance of 10 MQ and were found to be 7 mW and 348.5 mW/m?, respectively.

The contact-separation mode TENG works with a connected resistor R for this cyclical testing
using the tapping rig. The top electrode moves up and down with the separation distance, x(t),
from the fixed bottom triboelectric material. According to Ohm’s law

dQ(t) (4.2)
dt

V() =RI(t) =R

V is the voltage output, Q is the amount of transferred charge between the two electrodes, | is
the current output, and R is the load resistance; the V. and Isc depend on the frequency of
cyclical movement on both sides of triboelectric materials as a sinusoidal function that can be

described by,

x(t) = Asin(wt + 6) (4.3)

where t, A, w and @ are the time, amplitude, angular velocity and initial phase angle of the

cyclical motion, respectively [216-217].

The V.. and Is; obtained when testing at tapping frequencies of 4 to 9 Hz are shown in Figure 4.10
c) and d), peak V. and I versus tapping frequency are plotted in Figure 4.10 e). As expected, the
increased tapping frequency resulted in an increase in the V,c and Isc. When increasing the
tapping frequency, the top layer contacts and separates the bottom layer quicker, resulting in
the charge transfer reaching the equilibrium quicker through the external load. When the charge
transfer reaches equilibrium, the output should reach the saturated point and then plateau, as
found in the literature [155] and [218]. However, the tapping rig used in this work has limitations
in testing; thus, the results could not show the saturation point. Table 4.2 summarises the

results obtained for all samples.
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Figure 4. 10 a) peak open circuit voltage (Vo) and peak to peak short circuit current (Isc) v.s. load
resistance test, b) calculated power and power density of the PTFE20/PVDF80 over
different resistances, c) V.. and, d) I of PTFE20/PVDF80 at different tapping

frequencies.
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Table 4.2 Summary of the electromechanical characteristics of the sample.

Code Solution mixing Percentage Tapping Vo lsc

condition of polymer frequenc (rms)  (rms)

in fibre y (V) (HA)

(Hz)

PVDF PTFEO/PVDF20 PVDF 100% 6 46 0.4

PTFE5/PVDF95 PTFE1%/PVDF19% PTFE 5%, 6 48 0.6
PVDF95%

PTFE10/PVDF90  PTFE2%/PVDF18% PTFE10%, 6 59 0.9
PVDF90%

PTFE15/PVDF85  PTFE3%/PVDF17% PTFE15%, 6 54 11
PVDF85%

PTFE20/PVDF80  PTFE4%/PVDF16% PTFE20%, 6 196 3.2
PVDF80%

PTFE25/PVDF75  PTFE5%/PVDF15% PTFE25%, 6 60 0.7
PVDF75%

PTFE20/PVDF80  PTFE4%/PVDF16% PTFE20%, 4 98 1.4
PVDF80%

5 152 2.7

6 196 3.2

7 271 4.3

8 503 6.2

9 668 7.0

To demonstrate the practical utilisation of the PTFE/PVDF fibre, the book-shaped PVC substrate
was assembled with the PTFE20/PVDF80 and the nylon fabric. The diode circuit was connected
to the TENG to convert AC to DC for the charging capacitor experiment, as shown in Figure 4.11
a). The charging capacitor testing was performed using the tapping rig with a tapping frequency

of 6 Hz, which was tested with capacitors of 0.1, 0.47, and 1 uF, respectively. The calculated

energy from charging obtained from U = % CV? was found at the capacitor 0.1, 0.47, and 1pF is
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1.0, 16.7, and 41.2 pJ, respectively. The book-shaped TENG was further tested by illuminating
the LED lights using a hand-tapping method, as shown in Figure 4.11 ¢). It was found that hand

tapping could illuminate 100 LED lights, as shown in Figure 4.11 d).

(a) Bo?k shaped like PYC base (b)

Cu'_electrodes
H

] 20 40 60 80
Time (s)

(d)

Figure 4. 11 a) Schematic of the book-shaped triboelectric energy harvester used to charge the
capacitors; b) the voltage across 0.1, 0.47, and 1, capacitors, when charged by the
book-shaped energy harvester at 6 Hz over a 90s period; c) schematic of the hand
tapping test during the testing of the 100 LED lights experiment; d) the 100 LED lights
illuminated via hand tapping of the book-shaped PTFE/PVDF energy harvester

To demonstrate the potential energy harvesting output in a practical energy harvesting
application, the electropun fibre mat was assembled into a modified shoe insole to harvest
energy during walking and running. The insole was modified to include four cut-out sections,
each 2 cm x 2 cm, placed next to each other, resulting in an active area of 16 cm? located at the
heel of the foot. A rib of the insole was left between these sections to ensure the insole
remained comfortable to use and to make the active sections imperceptible to the user (see the
schematic of the insole in Figure 4.12 a). The harvester operates in the contact separation mode
with the electrospun fibre mat making contact with the nylon during the initial contact and
loading phases associated with the foot being placed on the ground during the gait cycle, and
separating as the heel lifts off during the terminal stance and pressing phases. The harvester
was realised from 100% electrospun PVDF fibres and was placed on the left foot insole, and
from PTFE20/PVDF80 electrospun fibres and was used in the right insole (as shown in Figure
4.12 a)) enabling a comparison of the PVDF and electrospun PTFE/PVDF fibres. The insole was
placed inside an otherwise normal pair of running shoes and connected to the full bridge

rectifier circuit consisting of TN4007 diodes to charge the capacitors. Figure 4.12 c) shows the
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voltage across the 0.1, 0.47, and 1.0 yF capacitors that was measured while running on a
treadmill. The calculated energy obtained from running, using the formula U = % CV?for

capacitors 0.1, 0.47, and 1 pF was found to be 0.7, 15.8, and 100.8 pJ, respectively. Figure 4.12
d) shows the comparison of the voltage across the 1 uF capacitor between the insole made from
pure PVDF and PTFE20/PVDF80 when charging by walking and running. The calculated energy
obtained from the PVDF insole from running and walking was 25.9 and 27.4 pJ, respectively. The
calculated energy obtained from the PTFE20/PVDF80 insole from running and walking was 69.6
and 100.8 pJ, respectively. The energy obtained from the insole made from PTFE20/PVDF80 was

shown to be approximately 3 times greater when walking and 4 times greater when running than

the PVDF insole.
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Figure 4. 12 The triboelectric insole for a demonstration of human gait energy harvesting a) the
photo and schematic of the shoe insole used in this study b) the photo when
charging the capacitor when running on the treadmill c) the voltage across the 1 pF
capacitor, when charged by running on the PTFE20/PVDF80 insole over a 60s period
d) the comparison of the voltage across the 1 uF capacitor, when running and

walking on PTFE20/PVDF80 and PVDF insole over a 60s period

4.3.4 Conclusion of controlling the overall polymer concentration experiment

It was possible to effectively prepare a flexible Polytetrafluoroethylene (PTFE) fibre utilising a
one-step electrospinning process with a PVDF solution as a precursor. An examination was

conducted on the energy harvesting performance of a triboelectric assembly operating in a
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vertical contact separation mode with electrospun fibres with different percentages of PTFE as
the negative materials and nylon as the triboelectric positive material. The electrospun fibres
created a nonwoven textile mat with a promising negative surface potential, with the optimum
percentage being 20% PTFE loading in the PVDF matrix. This percentage of PTFE in the
electrospun fibre enhanced the voltage and current output by 4 and 7 times, respectively, but
the maximum power density was 348.5 mW/m?at a 10 MQ resistance. Additionally, the
application of the electrospun fibres was further demonstrated in book-shaped and shoe insole-
based triboelectric harvesters operating in the contact separation mode. The book shaped
harvester assembled with the PVDF energy harvester can successfully charge an energy storage
capacitor using a full bridge rectifier circuit pointing the way towards energy harvesting powered
systems. Electrospinning is a straightforward process for fabricating fibres that can be directly
used in a non-woven fibre mat that is entirely compatible with textiles being soft, breathable,
and conformable. Fibres could also be used to fabricate triboelectric PTFE/PVDF threads that
could be combined within a woven or knitted textile. The improvements in electrical output from
the fibres with PTFE certainly merit further investigation for practical energy harvesting

applications.

The improvements in electrical output from the fibres with PTFE certainly merit further
investigation in practical energy harvesting applications. The influence of the PTFE particles on
the surface roughness of the fibres has not been quantified in this study. This surface roughness
can affect the output of the TENG, and therefore, this will be studied in future work using an

Atomic Force Microscope (AFM).
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4.4 Conclusions

Chapter 4 discusses the energy harvesting capabilities of electrospun fibres made from
PTFE/PVDF composites. The investigation effectively shows the creation of composite fibres
through a single-step electrospinning technique. Optimising the concentration of PTFE particles
within the PVDF matrix led to a significant enhancement in the material's triboelectric
performance. The findings indicate that the composite containing 20% PTFE produced
significantly enhanced energy harvesting results, exhibiting increases in voltage and current by
factors of 4 and 7, respectively, when compared to pure PVDF fibres. The triboelectric energy
harvester utilising these composite fibres reached a peak power density of 348.5 mW/m?,
showcasing its potential for real-world applications, including shoe insoles and book-shaped
configurations. The materials demonstrated favourable attributes for wearable applications,

such as flexibility, breathability, and lightweight features.

The findings show potential; however, optimising electrospinning parameters and refining fibre
assembly design could significantly improve energy harvesting efficiency and broaden possible
applications. This chapter provides a basis for creating advanced, adaptable, and eco-friendly

energy harvesting devices through the use of composite electrospun fibres.
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Chapter 5 Energy harvesting performance from the

hollow and coaxial electrospun fibres

5.1 Introduction

This chapter discusses the fabrication and energy harvesting performance of the complex
structure of electrospun fibre based on the research gap discussed in Chapter 2. The chapter is
divided into two main parts: hollow fibre and coaxial fibre fabrication. The investigation of
structure, morphology, chemical composition, energy harvesting performance and electrostatic
properties of the hollow structure of PVDF and the coaxial structure of PS/PVDF electrospun

fibre are discussed.

5.2 The energy harvesting from the hollow structure electrospun

fibre

Section 2.5.3 explores the piezoelectric potential of polymers such as PVDF, focusing on
enhancing their electromechanical performance through electrospinning. It underscores the
significant potential of ferroelectret materials for energy harvesting applications, especially in
creating lightweight, flexible, and high-performance structures suitable for wearable
technologies. This section sets the stage for advancing energy-harvesting devices using
electrospun hollow fibres, emphasising their practical applications and areas for further

research. This chapter turns the research gap into the experimental work.

5.2.1 Introduction and research motivation of hollow PVDF electrospun fibre

The tubular structure is of interest to researchers, and several studies have predicted the
performance of thin-walled thermoplastic in FEP and PTFE polymers. Studies related to the
tubular structures in nonpolar thermoplastic FEP and PTFE polymers have suggested that
hollow structures with an outer shell thickness of less than 50 microns may be able to produce
higher ds; values than those with a thicker shell [181], [219-220]. The results obtained through
these investigations, though, were predicted, and no practical experiments were ever
conducted. After a thorough search by the author of this report, no studies related to ultra-thin

shell tubular structures were discovered.

Therefore, the challenge of fabricating the hollow structure for a thermoplastic polymer has not

yet been achieved. In this regard, an electrospinning technique could be developed to possibly
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achieve an ultra-thin tubular structure ferroelectret material. Electrospinning has been widely
studied and can be explained in simple terms. During the electrospinning process, polymerin a
liquid state is extruded from a needle tip at a constant rate. The resulting droplet of the polymer
solution is then turned into a fine fibre which is deposited onto a grounded collector by a high
electric force through the needle tip. Electrospinning can generate nanoscale fibres with high
porosity and a high surface area. Materials produced by this method have been used in various
applications such as wound dressings [73], tissue engineering [84], filters [75], [221], protective
wearable devices [76], sensors [78], and batteries [222]. Furthermore, electrospinning
parameters can be developed to fabricate polymeric hollow fibre with a shell thickness in the

order of a submicron.

To date, hollow fibre structures fabricated by electrospinning techniques have been achieved
using two approaches. The first approach is based on the coaxial fibre template. This involves
the removal of the core of the fibre after the electrospinning process has been completed. This
is achieved through heat treatment or by chemical treatment. This more traditional method
requires two steps of preparation and is popular for the fabrication of ceramic or metal shell
fibres, where the shell fibre has a much higher melting point than the core fibre. The second
approach is a one-step method based on the different evaporation rates of the core and shell
solutions. This method works with polymeric shell fibre as its melting point is not much higher
than that of the core fibre. Several studies have successfully fabricated a hollow structure
thermoplastic polymer such as PCL [98], PVDF [89] through a one-step electrospinning process.
However, none of these studies were related to producing fibres for energy harvesting
applications. A one-step production approach for the fabrication of hollow structures through
electrospinning is beneficial when producing thermoplastic ferroelectret. The fabricated
ferroelectret material produced through a one-step electrospinning approach is flexible,
lightweight, biocompatible, requires a low processing temperature and produces high
piezoelectric efficiency. In addition, ferroelectret materials made in this manner will be easier to

recycle as the structure is less complex.

Further investigation is necessary to demonstrate energy harvesting potential from ultra-thin
tubular ferroelectret. Therefore, this research aims to fabricate and investigate the energy
harvesting potential for the electrospun hollow fibre from thermoplastic polymer by using a
coaxial electrospinning technique. The comparison of energy harvesting performance between

solid and hollow electrospun fibres is demonstrated.
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5.2.2 Experiments

5.2.2.1 Fabrication of electrospun hollow fibre structure

The electrospinning machine (EC-DIG. IME, Netherlands) was used to prepare the electrospun
fibre. The thermometer and humidity sensor were integrated inside the electrospinning cabinet.
The digital wireless optical microscope was placed in the cabinet for the observation of the

Taylor cone formation. The schematic of the electrospinning setup is shown in Figure 5.1.

PVDF solution

-

PVP solution

Power supply and operation unit 1-25 kv Q

Figure 5.1 The schematic of electrospinning apparatus to fabricate hollow fibre structure

In order to obtain hollow structure electrospun fibre using one-step electrospinning, the base
condition for preparing the solid structure fibre of the selected polymer shell and core needs to
be explored. The Polyvinylidene fluoride (PVDF) is selected as a shell polymer, and the
Polyvinylpyrrolidone (PVP) is selected as a core polymer. The mechanism plays the main part in
the Taylor cone, as shown in Figure 5.2. It works with different core and shell solution
evaporation rates while in the liquid stage. Both core and shell solutions should not be mixed
with each other. This is because a gel interface layer is formed once they come in contact in the
Taylor cone area. The gel interface forms a structure within the shell solution. The shell solution
is pulled to the target by an electrostatic force, and the solvent evaporates and then forms a

solid state with a hollow structure fibre.
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This approach is sensitive to humidity and temperature during electrospinning, and it requires
the shell to evaporate quicker than the core so it can form a solid hollow structure before

arriving at the target.

Coaxial spineret  Taylor cone
region region

Gel interface layer

Polymer solution

Hollow PVDF

Figure 5.2 Hollow structure formation in a one-step electrospun hollow fibre technique

For the solid structure of PVDF, the PVDF solutions were prepared at different polymeric
concentrations of PVDF powder for mixing with DMF and acetone at a 1:1 ratio. The
specifications are as follows: DMF and acetone, The solutions for the PVDF fibre were prepared
at different polymer concentrations (15, 17, 18, 20, 22%wt) with the solvent ratio of DMF and
acetone at 1:1 (v/v) on the hot plate stirrer for 4 hours at 60 c. The electrospinning experiment
was performed by using a blunt tip (21G) needle. The distance from tip to the substrate, the
applied voltage, and flow rate were studied at 17, 20, 23 cm, 20, 23, 25 kV and 4, 6 ml/hr,

respectively.

To explore the solid fibre condition of PVP, the PVP solutions were prepared from PVP powder at
different polymer concentrations (15, 17, and 20%wt) in the mixing solvent of DMF and Ethanol.
Each concentration was mixed at different ratios of DMF and Ethanol of 4:6, 6:4, 7:3, 8:2 (v/v).
The red dye was added to the solution to assist in the observation of the Taylor cone during the
coaxial experiment. The electrospinning experiment was performed using a blunt-tip (21G)
needle. The distance between tip to substrate, voltage and flow rate were studied for each
solution concentration. If the experiment has been successful, the Taylor cone should form a
stable cone jet shape with no dripping, and the substrate should be dry after the fibre hits the

target without any residual dye colour remaining [89], [98].
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Observation regarding the state of the Taylor cone was recorded in greater detail during the
electrospinning process. The stability of the Taylor cone should remain unchanged throughout 4
min of the electrospinning process. If dripping occurs during the electrospinning process, itis
considered an unstable Taylor cone state. By keeping the flow rate constant at 0.5 ml/hr, the
study focused on examining the working distance and applied voltage in the fine range of 13-27
cm and 13-25 kV, respectively. Based on data gained from solid fibre experiments, PVDF and
PVP solutions were chosen and used as the shell and core solutions for coaxial electrospinning,
respectively. The condition of PVDF and PVP solutions was selected from the solid fibre
experiments when mixing both solutions in the coaxial spinneret. A digital camera was used to
observe the compound Taylor cone. The Taylor cone geometry was analysed for each condition
from photographs using imaging software (Imagel). This was done to study the size and angle of
the Taylor cone. Although the optimum concentration of PVDF solution for solid fibre was 20
wt%, the polymer concentration that suited the coaxial experiment was 15-17%wt. The one-step
hollow electrospun fibre relies on the different evaporation rates of the shell and core solution.
This study is designed to use the core solvent, which evaporates quicker than the shell solution
during the flight of the polymer jet. Thus, the distance from the tip to the target for preparing PVP

solid fibre with the evaporated solvent was studied.

The PVP solid fibre experimentation process data showed the minimum completely evaporated
solution state at 0.5 ml/hr at a needle to substrate distance greater than 19 cm and a voltage
greater than 20 kV. The PVDF solution reached a minimum evaporated state at a needle to
substrate distance of not over 20 cm and an applied voltage above 20 kV. This condition helps to
eliminate the distance parameter in the coaxial electrospinning study. Thus, to find the hollow

fibre condition, the distance from the needle tip to the substrate was kept constant at 20 cm.

The shell flow rate of the PVDF at 17% mixed with a 1:1 ratio of DMF and acetone was kept
constant at 4 mU/hr. The core flow rate of the PVP at 20% mixed with a 4:6 ratio of DMF and EtOH
was studied at 3 different levels, these being 0, 0,5 and 1.5 mU/hr. The applied voltage was also
studied at 3 levels at 20, 23 and 25 kV. The full-factorial DOE scheme was used to help identify

the best condition for hollow structure fibre preparation.

5.2.2.2 Geometrical and structural characteristics

The geometrical characteristics section includes the morphology and structure of the intended
hollow fibre for PVDF. The tested samples were prepared from 20% PVP mixed with a 7:3 ratio of
DMF and EtOH. The samples were coated onto aluminium foil and were examined with the SEM.
In regard to the examination of the solvent residue, a Thermo Scientific™ Nicolet™ iS5 FTIR
Spectrometer was deployed to study the chemical bond of the fibre after completion of the

electrospinning process. As for the PVDF fibre, the FTIR spectra was applied to identify phase
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fractions between a and B. The Benchtop X-ray Powder Diffraction, Bruker D2 PHASER, was

used to analyse the crystal structure of the PVDF fibre.

5.2.2.3 Electromechanical characteristics

A surface potential test was designed, for the examination of the electrostatic characteristics of
the electrospun fibre. To study the electret characteristic of the fibre, the surface potential data
was recorded 3 times as follows: 14 days after electrospinning, after corona discharge and 14

days after corona discharge.

The piezoelectric coefficient (dss) and capacitance (c) of the fibre mat were measured using
Piezometer system, PM300. The standard measurements for the system—dynamic force of 0.25
N, static force of 10 N, and frequency of 110 Hz- were used for the analysis. The data was

collected from the average value of 5 positions on the sample.

In order to test the energy harvesting performance, the fibre mat (2cm x 2cm) was assembled
with a copper electrode and PET adhesion tape as shown in Figure 5.5 a). The tapping test rig
was developed from previous studies and comes from inserting the sample between two
electrodes and tapping at a constant rate [199], [223]. The tapping test rig was set up to provide
a constant rate and pressure using a linear actuator motor. The linear actuator motor has a
rated voltage of 12V, 900 rpm. The sample was attached to the oscilloscope to observe changes

in voltage induced by the mechanical movement of the rig, as shown in Figure 5.5 b).

5.2.3 Results and discussion

5.2.3.1 The geometrical characteristics

As seen from the SEM image in Figures 5.3 a) and 5.3 b), the hollow PVDF fibres were internally
broken. The diameter of the fibre was found to be around 2 microns. As seen in Figure 5.3 b), the
obtained hollow fibres exhibit variation in their forms. In this case, solidification of the outer
shell occurred at the onset of the instability of the compound jet, thereby departing from a near-
perfect cylindrical shape. The shell and core diameters were barely observed from this
technique. This may indicate that only part of the sample had formed as a hollow fibre. In
addition, this could imply that the chosen condition may not be totally suitable for this

technique.

The results from FTIR spectra analysis of the solid PVDF and partial hollow PVDF fibres are
shown in Figure 5.3 c). The FTIR spectra analysis of the characteristic transmission band of non-
polar a-phase at 762, 795, 853, 975, and 1382 cm™ was hardly observed. The polar B-phase for
the electrospun PVDF fibre was observed at 840, 1234, 1275, and 1431 cm™. It can be
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concluded that the ability of the transform B-phase for the electrospinning technique is of a high
standard. However, this cannot explain the differences in the structure of the hollow and solid

fibre through using the FTIR spectra.

The structural results obtained from the X-ray diffractometer, were initially determined from the
PVDF sample prepared from PVDF 17% mixed with a 5:5 ratio of DMF and acetone as a shell
solution and PVP 20 % mixed with a 7:3 ratio of DMF and EtOH and additional red dye for the
core solution. This sample was expected to have been a hollow structured PVDF fibre. The fibre,
though, appeared to be partially hollow when referring to the results from the SEM images.
However, the degree of hollow space for the entire sample has not yet been established. The X-
ray pattern, as shown in Figure 5.3 d), shows the dominant peak at 20.6°, corresponding to the

B-phase in a single-plane crystal.
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Figure 5.3 a) and b) the SEM images of the electrospun partial hollow PVDF fibre c) the FTIR
spectra of the solid and partial hollow PVDF electrospun fibres d) the XRD pattern of

the partial hollow PVDF electrospun fibre

5.2.3.2 The electromechanical characteristics

After completion of the electrospinning process, the samples were carefully removed from the
substrate using anti-static tweezers. The surface charge potential was then measured using a
static fieldmeter. All samples were weighed after the electrospinning process via a four-digit

laboratory scale. The samples were exposed to the environment for 14 days, and then the surface

126



Chapter5

potential was measured again. After 14 days, the residual charge was removed from all samples
using an isopropyl spray. Then, the samples were corona charged and measured for the surface
potential charge. The samples were exposed to the environment for another 14 days. The surface

potential was then measured again.

The surface potential of the core-shell PVP-PVDF and the partial hollow electrospun fibre were
observed after the electrospinning process and corona charge, as shown in Figure 5.4. Overall,
the PVDF fibre shows a negative surface potential and engages the negative trapped charge

after leaving the environment.
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Figure 5.4 Surface potential of hollow structure PVDF after electrospinning, after leftin the

environment for 14 days, and after corona charge for 14 days.

As shown in Figure 5.4, the measurement of the ds;; found that the maximum dssfrom the partial
hollow PVDF fibre is 28.7 pC/N. However, after reading for 10s, the high ds; value disappeared.
The maximum absolute value piezoelectric coefficient for the PVDF hollow fibre was found to be
28.7 pC/N. After reading for 10s the ds; value appeared to disappear. This may be caused by the
deformation of the fibre mat structure after the force was applied during the testing procedure.
The sample prepared from the PVDF solution 17 wt% and PVP 20% with the core flow rate and

the applied voltage is 0 ml/hr, and 23 kV, was used in the further electromechanical test.
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Interestingly, during the dss measurement, the ds; reading appeared not to be constant. It could
be assumed that the hollow structure of the electrospun collapsed due to the external
stimulation force, indicating that the nano tubular structure was not stable enough to harvest
energy based on the ferroelectret principle. The high reading found in the initial testing period
may indicate a triboelectric charge from the high surface area of the hollow structure compared

to the solid PVDF structure.
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Figure 5.5 The maximum absolute piezoelectric coefficient value of the coaxial PVDF

measured from PiezoMeter PM-300

A tapping test was set up using a linear motor that tapped the sample at a constant rate and
pressure in order to study the energy harvesting performance. The output voltage under the
compressive force on the PVDF electrospun solid fibre and partial hollow fibre are shown in
Figure 5.5 c). The maximum peak-to-peak open circuit voltage obtained from the partial hollow
fibre was shown to be 8.7 V, while the solid fibre was 6.4 V. The peak power density output
calculated from P = Vppz/RA where R is the resistance of the oscilloscope (10 MQ), and A is the
active area of the testing sample. The power density from the solid and partial hollow PVDF
electrospun fibre was found at 1.60 and 2.18 mW/m?, respectively. It was found that the hollow

structure had better power output than the solid structure.

As discussed in section 5.2.3.2, the higher power output coming from the hollow structure PVDF
is not beneficial from the ferroelectret-based structure due to the weakness of the nano tubular
structure under the external force. However, this higher output may be caused by the
triboelectric charge. The contact-separation configuration mode may be more suitable for a

hollow fibre structure.
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Figure 5.6 a) Schematic of the testing sample for tapping test, b) the setup of tapping rig during
tapping test, c) the open circuit output voltage of solid PVDF and partial hollow

PVDF electrospun fibres

5.2.4 Conclusion from the energy harvesting from the hollow fibre structure

This research aims to investigate the energy harvesting potential from the electrospun hollow
fibre using a one-step coaxial hollow electrospinning method. PVDF was selected to improve
the energy harvesting of the flexible polymer. The investigation of the fibre covers geometrical
and electromechanical characteristics. The structure and morphology were examined and

investigated through SEM. It was found that the hollow structure of the PVDF sample was
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revealed through the burst of the skin in the shell of the fibre. The chemical bonding results from
the FTIR spectra indicate a small level of mixing between PVP and PVDF for the partial hollow
fibre. The PVDF sample revealed the dominant piezoelectric f-phase spectra, which agreed with
the strong peak of B-phase obtained from the XRD result. The electromechanical test results
from the solid and partial hollow PVDF samples showed the maximum output voltages at 6.4
and 8.7V, respectively. The power density from the solid and partial hollow PVDF electrospun
fibre was found at 1.60 and 2.18 mW/m?, respectively. However, the higher output observed
from hollow PVDF structures was not considered to be a benefit of ferroelectret-based

assemblies.

5.3 Energy harvesting performance from the coaxial electrospun

fibres

Section 2.5.4, the comprehensive review of the theoretical background and state-of-the-art
research in energy harvesting from electrospun fibres, specifically focusing on core-shell
structures, is discussed. It highlights the advantages of core-shell fibre designs, particularly
their ability to combine the complementary properties of different materials. The integration of a
PS core and PVDF shell demonstrates significant advancements in energy harvesting
capabilities by leveraging PS's high charge retention and PVDF's ferroelectric and triboelectric
properties. These fibres exhibit enhanced power densities and practical functionality, making
them ideal candidates for scalable, lightweight, and flexible energy harvesting applications. The
potential of core-shell fibres could overcome the limitations of single-material fibres, thereby
improving efficiency, durability, and adaptability for wearable and portable devices. This
chapter discusses the fabrication and investigation of the energy performance of the coaxial

structure.

5.3.1 Introduction and research motivation

The working principle of the triboelectric effect relies on the contact between two materials,
namely the donor and the acceptor. The triboelectrification of PTFE has been shown to be the
bestin the triboelectric list as an acceptor, and nylon 6 has been shown to be the best donor
[201]. However, to improve the triboelectrification of the triboelectric material, the researcher
may need to consider that the top-range material chosen may have limited properties. Keeping
the treatment process to a minimum while remaining effective is the key to developing this
technology. The main approaches to improve surface triboelectrification are to enhance surface
area, embed the dipole material, modify surface morphology, modify surface chemistry, and

integrate ferroelectric materials.
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In triboelectric generator research and development, the mainstream research focuses on
increasing the amount of charge generated using chemical and physical approaches. For
chemical approaches, the main work focuses on introducing chemical function groups and high
dielectric fillers to the base high triboelectric material, such as barium titanate (BaTiO3)[72],
[224-225], calcium titanate [226], carbon nanotubes [183], Mxene [227]. Several techniques
have been reported to enhance the specific surface area of polymers, including physical
modification through the use of block copolymer templating [228], moulds [229],
electrospinning [230], 3D printing [231], and reactive ion etching [232]. However, little research

currently focuses on controlling the charge transfer and storage in triboelectric materials.

There is some interest in using electrospinning techniques to fabricate a combination of PS and
PVDF in both electret filters [184], [233-235], and triboelectric energy harvesters [236]. However,
none introduce the core-shell structure of PS and PVDF to enhance the charge storage inside

the fibre mats.

To the best of our knowledge, there have been no published reports regarding the core-shell
structure of PS as a core fibre and PVDF as a shell fibre; the model of core-shell PS/PVDF can be
seenin Figure 5.6 b). Electrospun polystyrene (PS) possesses the benefit of exhibiting a positive
surface potential, leading to the induction of a negative surface potential in polyvinylidene
fluoride (PVDF). As a consequence, triboelectric energy harvesters have a significant negative
surface potential. In this work, the core-shell structure of PS and PVDF is prepared using
precipitation using a single nozzle electrospinning technique, and the energy performance is

investigated for the first time.

5.3.2 Experimental procedure

5.3.2.1 Electrospun fibre preparation

In order to produce the coaxial structure of PS/PVDF using the precipitation method with a
single nozzle electrospinning technique, PS and PVDF powder were used to prepare the polymer
solution by stirring in DMF as a solvent solution. The different concentrations of each PS and
PVDF 10, 12, 14 16 and 18 % were prepared in DMF and stirred at 80 c®for 12 hrs. The PS and
PVDF solutions were then mixed by keeping the polymer content at 28%, PS10% +PVDF18%,
PS12% +PVDF16%, PS14% +PVDF14%, PS16% +PVDF12%, and PS18% +PVDF10%. The mixing
of PS/PVDF solutions was left for three days for the precipitation process to occur. The solution
was stirred at room temperature before commencing the electrospinning process. The initial
experiment implied that the PS precipitated into a colloid layer by varying the PS and PVDF
solution ratio. As the density of PS is lower than PVDF, the PS in DMF floats to the top layer. It

was discovered that the colloid layer became thicker when the amount of PS solution was
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higher in the mixed solution. It was confirmed by FTIR analysis that the top layer solution is PS,
and the bottom layer solution is PVDF in DMF. The flow chart of the core-shell structure of

PS/PVDF preparation is shown in Figure 5.6 a).

5.3.2.2 Electrospun fibre characteristics

The obtained fibres were collected as nonwoven fabric and then investigated in physical,
chemical and electromechanical studies. After the electrospinning process, the electrostatic
field meter (Simco FX-003, Japan) was used to collect the surface potential results. The
morphology and structure of the electrospun PTFE/PVDF were examined using the scanning
electron microscope (SEM) (Phenom ProX, Thermo Fisher Scientific) and the tunnelling electron
microscope (TEM) (HT7700, Hitachi). The chemical composition and structure of the materials
were examined using a Fourier transform infrared (FTIR) spectrometer (Nicolet iS5, Thermo
Fisher Scientific). Additionally, X-ray diffraction analysis (D8 Advance, Bruker) was employed to

evaluate the crystalline phase of the PTFE/PVDF electrospun fibre.

5.3.2.3 The electromechanical study

The coaxial PS/PVDF electrospun fibre was cut to dimensions of 4 cm x 5 cm and subsequently
attached using Cu tape, operating as an electrode. The opposite side of the triboelectric energy
harvester consisted of nylon fabric, which served as the positive material. This was attached to
the Cu electrode and tested in the vertical contact separation mode with a distance of 1.5 cm,
as shown in Figure 5.14 a). A controlled pressure of 0.5 N/cm?was applied at different

frequencies (3-10 Hz), utilising the cycle compression test system with a linear actuator.

The energy harvesting efficiency of the triboelectric energy harvester was evaluated by utilising a
tapping apparatus. The energy harvester's open circuit voltage (Voc) was measured using an
oscilloscope (MSO7012B, Agilent Technologies) equipped with a 1T0MQ probe resistance. To
measure the open-circuit voltage, the oscilloscope was connected to the 1 GQ resistor as a
voltage divider circuit due to the substantial internal impedance of the TENG. The N6705B DC
power analyser, manufactured by Agilent Technologies, was utilised to measure the short

circuit current (lsc).

Figure 5.14 a) shows the arrangement of PS/PVDF electrospun fibre pieces, measuring4cm x5
cm, which were assembled using a folded-over PVC template in the shape of a book. The nylon
fabric was utilised as the triboelectric donor material. The book-shaped structure was utilised to

evaluate the capacitor charging capacity and the LED light illuminating capability.
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Figure 5.7 a) The flow chart of coaxial PS/PVDF electrospun fibre preparation, b) model of the
coaxial PS/PVDF electrospun fibre where PS is the core and PVDF is the shell fibre.

5.3.3 Results and discussion

In this section, the results from the PS/PVDF coaxial fibre are discussed in the material
structure, and its characterisation, including the electromechanical properties and, finally, the

electrostatic properties of the obtained fibre, are investigated.

5.3.3.1 Morphology and structure characterisation

The coaxial PS/PVDF fibre morphology was observed using SEM for the whole structure. The skin
of the coaxial PS/PVDF was not smooth except for the sample PS14/PVDF14. The rough fibre
skin, resulting in the evaporation rate of the solvent, was not dried immediately after the
electrospun fibre arrived at the target, resulting in penetration into the solid polymer skin. The
overall sample did not observe the bead-like structure, indicating that the concentration of the
polymer solution was appropriate for the electrospinning process. With the higher percentage of
PS, the sample shows the lower density characteristic of PS fibre. It should be noted that the
electron beam from the SEM techniques will not penetrate through the sample. Thus, the
coaxial structure was not shown by using this technique. The average diameter of the coaxial
PS10/PVDF18, PS12/PVDF16, PS14/PVDF14, PS16/PVDF12, and PS18/PVDF10 electrospun
fibre measured from SEM are 2.202, 2.690, 3.404, 2.209, and 2.221 um, respectively. The

average diameter of the SEM increased with the percentage of PVDF core and reached the
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maximum at 3.404 pm for the sample PS14/PVDF14, as shown in Figure 5.8. When the
percentage of PVDF was higher for samples PS16/PVDF12 and PS18/PVDF10, the fibre diameter

tended to decrease due to the lower dielectric constant of the polymer solution.
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Figure 5.8 SEM images show the structure and morphology of the PS/PVDF electrospun fibres.
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To investigate the core-shell structure of the PS/PVDF fibre, TEM was used to analyse the
structure and diameter of the core and shell. Figure 5.9 shows the TEM images along with core
and shell diameter distribution. Overall, the structure observed from the TEM analysis exhibited
a coaxial structure in all coaxial PS-PVDF samples. However, the PS18/PVDF10 showed the core
and shell layer mixing. The TEM images showed the coaxial structure in all PS/PVDF electrospun
fibre areas. It was also shown that the core diameter increased with an increase in PS
percentage. However, in the PS18/PVDF10 sample, the core appeared to be blended, and the
PS shell was nominated for the PS/PVDF fibre structure. This showed similar results to the
composite fibre PS/PVDF obtained from Li et al. [184], when using a high percentage of PS in the
PVDF matrix.

135



Chapter 5

a) PS10/PVDF18 Core Shell
"‘\ \ :

Median = 0.968 pm .Median = 1.845 ym
TIPS 107F"DF 16.CORE ~ [PSi0PVRFIRSHT |

\ X | I 3 3
\ Y ¥ Diameter () Daretes i)

b) PS12/PVDF16

.. Median = 0.979 pm

shell

it () -

¢) PS14/PVDF14

Median = 1.426 um _ Median = 3.009 pm

[CdPs1aPVDF1-CORE 1S 4PYDFT4-SHELL

o
z 5
I I— |
7 H + ©5 10 15 20 25 80 85 40 4
Disrreer L) Diametar (ym

d) PS16/PVDF12

Median =1.606 pm Median =2.579 pm
175 16PVGFI2.CORE W PETEPVOF12BHELL

1413 18 22 21 26 28 ¢ 32
Digmeter (]

e) PS18/PVDF10

Median = 1.919 pm Median =2.413 pm
[ IPs10PVDF10-CORE ]S &PYDFIDSHELL

Count

Figure 5.9 TEM images of the coaxial PS/PVDF electrospun fibre.

The summaries of the average diameter observed from SEM and the shell and core layer
observed from TEM of the coaxial PS10/PVDF18, PS12/PVDF16, PS14/PVDF14, PS16/PVDF12,
and PS18/PVDF10 electrospun fibre are shown in Table 5.2. The shell diameter measured using
the TEM technique was slightly smaller than that obtained using the SEM technique due to the
smaller sample size and higher resolution measurement. The shell diameter of the coaxial
PS10/PVDF18, PS12/PVDF16, PS14/PVDF14, PS16/PVDF12, and PS18/PVDF10 electrospun
fibre were 1.845, 2.386, 3.009, 2.579, and 2.413 pm, respectively. Whereas the average
diameter of the core for the coaxial PS10/PVDF18, PS12/PVDF16, PS14/PVDF14, PS16/PVDF12,
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and PS18/PVDF10 electrospun fibre were 0.968, 0.979, 1.426, 1.606, and 1.919 pm,

respectively. It was found that the core layer increased with an increase in PS percentage.

The variation of the texture from SEM and TEM analysis found that the skin of the coaxial
PS/PVDF became smoother when the PS percentage was increased. However, when the
maximum PS percentage was added to the sample PS18/PVDF10, the skin of the fibre showed
breaking, corresponding to the picture observed from TEM. The diameter of the core fibre
increased with an increase in PS percentage, which confirmed that the core of the coaxial
PS/PVDF fibre was PS. This corresponds to the results obtained from the FTIR technique, which

can be seenin Figures 5.11 and 5.12.

At first, the coaxial structure assumed that the PS formed the fibre's core and PVDF formed the
shell of the fibre due to the solution preparation process. The density of PS is less than PVDF.
Thus, in the miscible solution, PS was suspended on the top of the solution, as shown in Figure
5.5. After leaving the PS/PVDF to precipitate for three days, the PS/PVDF solutions were stirred
on the magnetic stirrer before the electrospinning process. The core-shell structure's working
principle lies in the immiscibility of two liquids in the solutions. During the electrospinning
process, the electrostatic force stretches the liquid phase of the immiscible solutions and

forms the core-shell structure after the solvent has evaporated, as shown in Figure 5.2.

To ensure that PS and PVDF are formed as core and shell fibres in the coaxial PS/PVDF fibre, the
suspended layer was investigated using FTIR to confirm that the suspended layer is PS
immiscible in the PVDF solution matrix, as shown in Figure 5.10. It shows that the suspended
layer became thicker when the percentage of PS increased. The results from the FTIR

investigation show that the suspended layer was PS, while the matrix layer was PVDF.
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Table 5.1 Summary of the average diameter, core and shell layer of the coaxial PS/PVDF fibres

Sample Average diameter| Average shell | Average core
from SEM diameter from |diameterfrom
diameter (pm) TEM TEM

diameter (um) | diameter (um)

PS10/PVDF18 2.202 1.845 0.968
PS12/PVDF16 2.690 2.386 0.979
PS14/PVDF14 3.404 3.009 1.426
PS16/PVDF12 2.209 2.579 1.606
PS18/PVDF10 2.221 2.413 1.919

Figure 5. 10 PS-PVDF solutions and colloid layer
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Figure 5. 11 The FTIR result of the suspended layer in PS/PVDF solution

The chemical structure was investigated using the FTIR technique. To investigate the changes in
the chemical structure of the PS and PVDF before using the electrospinning process, the

powders of PS and PVDF were compared to the FTIR spectra of the coaxial PS/PVDF fibre.

The electrospun pure PVDF peaks at 840 and 876, corresponding to the B- and C-H wagging in
the a-phase of PVDF, respectively. Compared with the results obtained from PVDF powder,
which showed the peaks at 614, 764, 796, 877, 976, and 1170, the electrospinning technique
could effectively induce the crystalline piezoelectric -phase. On the other hand, pure PS has
three distinct transmission bands that are easily noticeable. The transmission intensities at
3200-2800 cm™" were identified as the symmetric and asymmetric vibrations of C-H bonds. The
wavenumber range of 1600-1400 cm™ corresponds to the bending vibration, while the higher
intensities observed around 770-650 cm™ are attributed to the mono-substituted benzene

[120].

In the coaxial PS/PVDF electrospun fibre, the overall sample showed the peak of PVDF at 532,
614, 840, 877, and 1170, which corresponded to a - phase,  — phase, a - phase and the

perturbation of the C=F bond, respectively. In contrast, the peak of PS showed the attribution of
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mono-substituted benzene at 535, 693, and 755. The attribution of bending vibration and

vibration of C-H bonds were observed in the range of 770 to 3000 cm™.

From the FTIR result, small p - phase was observed at the peak 840. The content of § - phase

(f/;) can be calculated from FTIR spectra using the equation [237],

Ig (5.1)

Te = 1261, + 1,

Where I, represents the intensity of a - phase peak and Ig represents the intensity of f — phase

peak. The result of B — phase content calculated from FTIR spectra is shown in Table 5.3.
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Figure 5. 12 Chemical composition of the Coaxial PS/PVDF fibre.

The X-ray diffraction (XRD) technique was utilised to analyse the phase structure of the coaxial
PS/PVDF. The XRD pattern of the coaxial PS/PVDF set is shown in Figure 5.13. The only peak of
the piezoelectric B-phase of PVDF was found at 20.6, which indicated a 110/200 plane. The
crystallinity of the B-phase decreased when increasing the PS percentage, which was barely
observed for the sample PS16/PVDF12 and no peak was found at PS18/PVDF10. The crystallinity
index of the B-phase calculated from the XRD peak pattern indicated that the B-phase

decreased when increasing the PS, as shown in Table 5.3. Thus, the energy harvesting output
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from these two samples is expected to be unrelated to the piezoelectric effect. Meanwhile, the
energy harvesting output from PS10/PVDF18, PS12/PVDF16, and PS14/PVDF14 was the mixing

of triboelectric and piezoelectric effects.
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Figure 5. 13 XRD pattern of the coaxial PS/PVDF electrospun fibre at various ratios of polymer

solutions.

Table 5.2 The crystallinity index of B-phase PVDF as calculated from XRD and FTIR spectra.

Samole Crystallinity index of B-Phase B-Phase content calculated
P from XRD (%) from FTIR spectra (%)
PS10/PVDF18 44.476 42.795
PS12/PVDF16 44.408 42.802
PS14/PVDF14 27.041 29.255
PS16/PVDF12 11.754 180677
PS18/PVDF10 0 11.579
5.3.3.2 Electromechanical properties and energy harvesting performance

To explore the optimised concentration, the initial test of the vertical contact separation mode
of the triboelectric generator of coaxial PS/PVDF electrospun fibre was performed at 6 Hz using

the tapping test setup described in Chapter 3.
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The electromechanical testing was initially performed using a tapping test setup described in
Chapter 3. Open circuit voltage and short circuit current were collected at 3—-10 Hz for each
polymer concentration, as shown in Figure 5.9 d) and e). The summary of the electromechanical

test, including peak-to-peak open circuit voltage, short circuit current, and calculated charge

transfer, is shown in Table 5.3.

+++++++E I ll
+++++++ T I ———————
+++++++
- Nylen fabric 4
X | Electrospun fibre (C) 5 Sep —— PS16PYDF12
.'-.’ Cu electrode 44
"\‘ “4. 3+
“‘-_ l", 24
n'- i @ 04
*, 1 mm ]
5 2]
5 Cbntact
-4 T
30 31 32 33 34 35 36 37 38 389 40
Time (s)

3
T I T T
| PSIO/PVDFIS  PSIZ/PVDFIS | PSI4PVDF14  PSIGPVDF12  PS18/PYDFID

WW S | '(J' ."xf i

Time (s) Time (s}

g0 PRIOPUDEIE | PSI2VORTG. | PSIA/PYDFIA | PSIGPYDFIZ | PIBPVEFID

Figure 5. 14 a) Schematic of PS/PVDF triboelectric assembly and testing, b) working principle in
contact standing mode, c) corresponding with the measurement of short circuit
current, d) open circuit voltage and €) short circuit current of the coaxial PS/PVDF
electrospun fibre at various concentrations during the tapping test. The result was

collected at the tapping frequency of 6 Hz.

The V.. and |5, of the testing at the different tapping frequencies (3 - 10 Hz) are shown in Figure
5.15 a) and b), whereas Figure 5.15 d) shows the relationship between peak V.., |Isc and tapping
frequency. It was found that the increased tapping frequency resulted in an increase of the V.
and ls.. Table 5.4 summarises the V.. and I for all testing samples. The effect of frequency can
be explained by quicker charge transfer to the equilibrium stage when the tapping test was

performed with high frequency.
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The open circuit voltage (Vo) output and short circuit current (Isc) of the electrospun fibre
prepared from PS16/PVDF12 were tested at different load resistances (1kQ -6GQ), as can be
seenin Figure 5.15 c). The highest power and power density were found at 5 MQ resistance and

were found to be 0.125 W and 6.27 W/m?, respectively.
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Figure 5. 15 a) open circuit voltage (Voc) and b) short circuit current (lsc) obtained from the book-
shaped PS16/PVDF12 assembly c) V.. and Is. v.s. load resistance test, d) ) Voc and I
of the book-shaped PS16/PVDF12 assembly at different tapping frequencies.
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Table 5.3 Summary of the electromechanical characteristics of the samples

Code Tapping Voe Isc Quranster
frequency (rms) (rms) (nC)
(Hz) V) (HA) Contact Separate
PS10/PVDF18 6 176 1.9 304 265
PS12/PVDF16 6 183 0.5 87 93
PS14/PVDF14 6 256 0.7 159 92
PS16/PVDF12 6 366 2.5 514 226
PS18/PVDF10 6 250 3.0 304 532
PS16/PVDF12 3 183 0.9 382 252
4 231 1.3 404 221
5 305 1.5 350 227
6 366 2.5 514 226
7 414 3.0 548 280
8 408 3.5 547 298
9 512 4.3 518 341
10 554 4.5 597 338

The coaxial PS16/PVDF12 was further tested using the book-shaped PVC template on charging
performance with the capacitors 0.22, 0.47, 1, 10, 33, and 100 pF. The energy stored in the

capacitor was calculated from E = %CVZ, is 8.91, 9.7, 21.1, and 125 pJ for the capacitors 0.22,

0.47, 1, and 10 pF, respectively. The energy stored in the 10uF capacitor was less than that of

the 10 uF capacitor over the same duration due to the impedance mismatch.

The tapping was performed with the book-shaped template to test the ability to charge the

capacitor. It was found to fully charge small capacitors at 0.22, 0.47 and 1pF within 50 seconds.
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Figure 5. 16 a) Schematic of book-shaped triboelectric energy harvester on charging capacitor
testing b) the voltage output over the capacitor 0.22, 0.47, 1, 10, 33 and 100 pF,
respectively, during the charging capacitor testing of the PS16/PVDF12 assembled
with the book shaped energy harvester c) the schematic of the hand tapping test
during the testing of the 100 LED lights experiment d) the 100 LED lights illuminated
via hand tapping of the book shaped like PS16/PVDF12 energy harvester.

5.3.3.3 Surface potential results from the distinguished charges experiment

The physical appearance of the sample PS16/PVDF12 shows a high level of trapped charge
density, as seen in Figure 5.17. The PS16/PVDF12 shows promising energy harvesting
performance, corresponding to the appearance of high surface charge density. Thus, the
electrostatic field meter was used to investigate the electrostatic behaviour of the
PS16/PVDF12. The experimental setup is shown in Figure 5.17 b). The PS16/PVDF12 sample was

grounded during the measurement.

It should be noted that the limitation of using the static field meter to measure the surface
potential of the complex fabric structure depends on the thickness and the position of the
trapped charge. Thus, the results obtained from different position measurements vary
depending on the thickness and trapped charge. The surface potential distribution curve after
the electrospinning process is shown in Figure 5.13. The surface potential obtained from
samples PS10/PVDF18, PS12/PVDF16, and PS14/PVDF14 showed similar patterns with negative
surface potential with the median of approximately 8-10 kV. In contrast, the sample obtained

from PS16/PVDF12 and PS18/PVDF10 showed a high negative surface potential of over 15 kV.
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However, the physical appearance of sample PS18/PVDF10 exhibited poor physical quality, so it

could not be used in wearable devices.
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Figure 5. 17 the bar charge presents the surface potential after electrospinning of sample

PS10/PVDF18, PS12/PVDF16, PS14/PVDF14, PS16/PVDF12, and PS18/PVDF10

The electrostatic discharge chamber in Figure 5.18 was set up to expose the sample during the
surface potential study and to identify the type of surface potential obtained from the
electrospun fibre. The electrospun fibre samples of PVDF, PS and PS16/PVDF12 were cutinto 5
x 5 cm dimensions. The surface potential was measured before exposing the sample on top of
the stainless-steel mesh, which was placed over the IPA reservoir. Each sample was left
overnight to ensure the surface potential was 0 kV. The samples were then rubbed with a PET
rod to build up the triboelectric charge. The surface potential results were collected to compare

the type of surface potential, as shown in Figure 5.15.

The electrospun fibre for PS showed positive surface potential results before discharge and
after the triboelectric charge was built up at +2.9 and + 1.1, respectively. In contrast, the
electrospun PVDF fibre exhibited negative surface potential before discharge and after rubbing
at-2.9 and -0.68, respectively. The surface potential obtained from this experiment confirmed

that the PS16/PVDF12 showed a negative surface potential approximately 3 and 9 times higher
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than the PVDF electrospun fibre before discharge and after rubbing, respectively. The core-shell

structure model could support the excellent surface potential obtained from this technique.
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Figure 5. 18 The bar chart presents the surface potential before discharge in the discharge
chamber and after the rubbing test to build up a triboelectric charge of the

electrospun PVDF, PS and coaxial PS/PVDF, respectively.

5.3.4 Conclusion of the energy harvesting performance from the core-shell structure

PS/PVDF electrospun fibre

The core-shell structure of PS/PVDF electrospun fibre was successfully fabricated using the
precipitation of an immiscible solution in a single-nozzle electrospinning technique. The study
from FTIR and TEM indicated that PS was formed as a core layer, and PVDF formed as a shell
layer. The energy harvesting performance was demonstrated in terms of V.. and |sc under the
testing of vertical contact separated triboelectric generator mode. The tapping was performed
using the book-shaped template to test the ability of charging capacitors. The highest power and
power density were found at 5 MQ resistance and were found to be 0.125W and 6.27 W/m?,
respectively. Small capacitors of 0.22, 0.47 and 1uF could be fully charged within 50 seconds.
The energy stored was 8.91, 9.7, 21.1, and 125 pJ for the capacitors 0.22, 0.47, 1, and 10 uF,

respectively.

The surface potential measurement after electrospinning and discharge using the discharge
cabinet experiment found that the coaxial electrospun fibre was capable of inducing the

electrostatic charge as a negative material in the triboelectric series.
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5.4 Conclusion

This chapter draws on the innovation of using the complex structure of electrospun fibre. It
explores the energy-harvesting capabilities of hollow and coaxial electrospun fibres, highlighting
their promise as effective materials for energy harvesting in wearable technology. The
investigation presented innovative fabrication methods, featuring a one-step coaxial
electrospinning technique for hollow PVDF fibres and a single-nozzle strategy for coaxial

PS/PVDF fibres.

The hollow PVDF fibres demonstrated superior piezoelectric performance relative to solid
fibres, reaching a maximum power density of 2.18 mW/m? and a piezoelectric coefficient (dss) of
28.7 pC/N. The advancements highlight the efficiency of the hollow fibre configuration in
boosting energy harvesting potential for ferroelectret uses. However, from the results of
piezoelectric coefficient testing, the improvement of voltage output might not be concluded that

itis based on the ferroelectret effect.

The coaxial PS/PVDF fibres exhibited impressive capabilities in triboelectric energy harvesting,
reaching a power density of 6.27 W/m?. A book-shaped energy harvester model was constructed
with these fibres and effectively charged capacitors and powered 100 LEDs, demonstrating its

practicality and potential for scalability in real-world applications.

The results validate the effectiveness of hollow and coaxial fibre structures for energy
harvesting, especially in the context of wearable and flexible devices. Future investigations may
explore enhanced optimisation of material combinations, fibre geometries, and their integration
into more intricate wearable systems. This chapter enhances the comprehension of

electrospun fibre structures and their utilisation in sustainable energy harvesting technologies.
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Chapter 6 Conclusion and Future Works

6.1 Conclusion

This thesis demonstrates the novel potential of electrospun fibres in energy harvesting
applications, especially in wearable technologies. The study achieves significant improvements
in the performance and usability of PTFE/PVDF composites, hollow PVDF, and coaxial PS/PVDF
fibres by the utilisation of new fabrication procedures. Significant discoveries include increased
power densities, feasible integration into wearable devices, and improved material
characteristics. The results emphasise the feasibility of electrospun fibres as a sustainable
energy harvesting alternative, providing solutions to issues related to device miniaturisation,
flexibility, and biocompatibility. These contributions offer a basis for continued innovation in
smart textiles and self-powered systems, promoting a more sustainable and energy-efficient

future when combined with biocompatible electrodes.

Chapter 2 reviews the literature on energy harvesting mechanisms, the role of polymers in
mechanical energy harvesting, and the advancements in electrospinning techniques for
fabricating energy harvesting materials. It provides a theoretical foundation by discussing
piezoelectric, ferroelectret, and triboelectric effects, highlighting their potential for wearable
technology applications. The chapter identifies the advantages of polymer-based energy
harvesters, such as flexibility, lightweight properties, and scalability, while noting their relatively
lower performance compared to ceramic counterparts. It emphasises the significance of
electrospinning in creating nanostructured fibres with high surface areas, which are important
for enhancing charge transfer and energy conversion efficiency in triboelectric and piezoelectric
applications. A research gap was identified that showed the need for innovative material
combinations and fibre structures, such as composites, hollow fibres, and coaxial fibres, to
improve energy harvesting performance. This provides the basis for the experimental
investigations in subsequent chapters, which aim to address these gaps. Overall, this chapter
establishes the context and necessity for the research, providing a basis for developing
advanced electrospun fibres as efficient, scalable, and practical energy-harvesting solutions for

wearable devices.

Chapter 3 outlines the materials, experimental processes, and methods used to fabricate and
characterise electrospun fibres for energy harvesting applications. The chapter establishes the
foundation for the research by detailing the preparation of composite, hollow, and coaxial

fibres, as well as the techniques employed for their characterisation.
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The successful setup of the electrospinning apparatus and the optimisation of parameters for
fibre fabrication are critical achievements. Advanced characterisation techniques, including
SEM, TEM, FTIR, and XRD, provided comprehensive insights into the morphology, structure, and
material properties of the fibres. Additionally, electromechanical testing methodologies were
effectively designed to evaluate the energy-harvesting performance of the fabricated fibres. The
experimental framework developed in this chapter ensures reproducibility and accuracy in
fabricating and analysing electrospun fibres. It sets the stage for subsequent chapters by
providing the necessary tools and methodologies to explore the energy harvesting capabilities of
the various fibre structures. The rigorous approach to material preparation and testing
represents a significant step toward advancing electrospun fibre technology for wearable and

flexible energy harvesting devices.

Chapter 4 presents the energy harvesting performance of PTFE/PVDF composite electrospun
fibres. The study successfully demonstrates the fabrication of composite fibres using a one-
step electrospinning process. By optimising the concentration of PTFE particles within the PVDF
matrix, the material's triboelectric performance was significantly enhanced. The results reveal
that the composite with 20% PTFE achieved superior energy harvesting outputs, with voltage

and current increases of 4 and 7 times, respectively, compared to pure PVDF fibres.

The triboelectric energy harvester using these composite fibres achieved a maximum power
density of 348.5 mW/m?” and demonstrated its applicability in practical settings such as shoe
insoles and book-shaped assemblies. The materials also exhibited desirable properties for
wearable applications, including flexibility, breathability, and lightweight characteristics. While
the findings are promising, further optimisation of electrospinning parameters and fibre
assembly design could enhance energy harvesting efficiency and expand potential applications.
This chapter establishes a foundation for developing high-performance, flexible, and

sustainable energy harvesting devices using composite electrospun fibres.

Chapter 5 investigates the energy-harvesting performance of hollow and coaxial electrospun
fibres, demonstrating their potential as efficient energy-harvesting materials for wearable
technology. The study introduced novel fabrication techniques, including a one-step coaxial
electrospinning method for hollow PVDF fibres and a single-nozzle approach for coaxial

PS/PVDF fibres.

The hollow PVDF fibres exhibited enhanced piezoelectric performance compared to solid fibres,
achieving a maximum power density of 2.18 mMW/m?” and a piezoelectric coefficient (dss) of 28.7
pC/N. However, the ds; results do not align with the working principle based on ferroelectret.

The observed enhancement in voltage output during the initial test suggests a potential
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contribution from triboelectric charge, attributed to the increased surface area provided by the

hollow structure.

The coaxial PS/PVDF fibres demonstrated remarkable triboelectric energy harvesting
performance, achieving a power density of 6.27 W/m?. The book-shaped energy harvester
assembled using these fibres efficiently charged capacitors and illuminated 100 LEDs,

showcasing its practicality and scalability for real-world applications.

Overall, the findings show the energy harvesting ability of composite PTFE/PVDF, hollow PVDF
and coaxial PS/PVDF fibre structures. They can be particularly used in wearable and flexible
devices when integrated with wearable elements such as fabric electrodes and conductive

yarn.

6.2 Future works

This research was conducted during the pandemic. Consequently, there exists an insufficiency
in the evaluation of the fundamental apparatus necessary to explore the various critical
elements of the manufactured materials. The future work could be carried out in 2 parts: further

investigation of the energy harvesting performance and fabrication for wearable devices.

6.2.1 Further investigation of the energy harvesting performance

The analysis of the composite PTFE/PVDF, hollow PVDF, and coaxial PS/PVDF fibre structure
was completed without an examination of surface roughness, a critical element in the energy
harvesting capabilities of triboelectric devices. The investigation of the surface roughness could

be done by using the Atomic Force Microscope (AFM).

The findings presented in Chapter 5 indicate remarkable surface potential characteristics for
the coaxial PS/PVDF fibre. Nonetheless, the electrostatic field meter employed in this study
exhibits certain limitations regarding the precision of its outcomes. This could be investigated

using the Kelvin Probe mode in AFM, discussed in Chapter 3.

For material surface improvement, using PTFE particles as an additive material in other
electrospinning polymers such as PS, PVP, PVA, or coaxial PS/PVDF should be further studied in

electromechanical properties.

The enhanced electrical output achieved by the fibres containing PTFE justifies the need for
additional research in practical energy harvesting applications. This study did not quantify the

impact of PTFE particles on the surface roughness of the fibres. The effect of surface roughness
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on the performance of the TENG will be investigated in future research utilising an Atomic Force

Microscope (AFM).

6.2.2 Further work on wearable devices

The composite PTFE/PVDF, hollow structure PVDF, and coaxial PS/PVDF electrospun fibres can
be used as an alternative energy harvesting part in wearable devices when assembled with
fabric electrodes. Therefore, from a materials perspective, further exploration of electrospinning
parameters such as voltage polarity and flow rate could be conducted to adjust the surface
chemistry and enhance the proportion of polar B-phase in PVDF fibres, thereby optimising the

triboelectric output based on the result from Szewczyk et al. (2020) [90].

For wearable devices, the fabric electrode could be integrated with the composite PTFE/PVDF,
hollow structure PVDF, and coaxial PS/PVDF electrospun fibres to test the wearable devices. In
a further study, the single PTFE/PVDF electrospun fibre could be used in the harvesting energy

application in various assemblies and implemented with wearable devices.

The coaxial PS/PVDF fibre could be used for an electret air filtration application based on Lue et

al. [167]. The particle filtration could be tested for the electret filtration performance.
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Abstract

This work presents an invesigation into the energy harvesting performance of a combination of
polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) materials prepared using a
one-step electrospinning lechnique. Before electrospinning, different percentages of the

I micron PTFE powder were added 1o a PYDF precursor. The surface morphology of the
electrospun PTFE/PVDF fibre was investigated using a scanning electron microscope and
tunnelling electron microscope. The structure was investigated using Founer-transform infrared
spectroscopy and x-ray diffraction analysis (XRD). A highly porous stracture was observed
with a mix of the a- and 3-phase PYDFE. The amount of F-phase was found 1o reduce when
increasing the percentage of PTFE. The maximum amount of PTFE that could be added and still
be successfully electrospun was 206, This percentage showed the highest energy harvesting
performance of the differemt PTFEPVDF combinations. Electrospun fibres with different
percentages of PTFE were deployed in a inboelectric energy harvester operating in the contact
separation mode and the open circuit voltage and short circuit current were obtained a
frequencies of 4% Hz. The 204 PTFE fibre showed 4 (51-202 Vyand 7 times (1.3-9.04 pA) the
voltage and current output respectively when compared with the 100% PVDF fibre. The Vo and
I, were measured for different load resistances from 1 k£ w 6 GE2 and achieved a maximum
power density of 348.5 mW m™* with a 10 M1? resistance. The energy stored in capacitors 0.1,
047, 1, and 10 uF from a book shaped PTFEFPYVDF energy harvester were 1.0, 16.7, 41.2 and
136.8 pul, respectively. The electrospun fibre is compatible with wearable and e-textile
applications as it is breathable and flexible. The electrospun PTFE/PYDF was assembled into
shoe insoles 1o demonstrate energy harvesting performance in a practical application.

Author 1o whom any correspondence should be addressed.
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1. Introduction

From 2023 wo 2030, the market for wearable smart technology
is predicted to grow by 14.6% [1]. A rapidly developing plat-
form for wearable technology is electronic textiles (e-texnles
or smart fabrics). E-textile manufacturing technologies enable
wearables to be integrated within garments providing a com-
fortable and familiar platform. The use of conventional rigid
batteries is incompatible with such platforms, and these also
need o be regularly charged and replaced and are environ-
mentally harmful [2, 3]. Therefore alternative textile com-
patible energy harvesting and self-powered sensing techno-
logies powered by ambient energy sources are of consider-
able imerest [4]. The ability o transform human motion-based
mechanical energy into electrical energy has been demon-
strated utilising piezoelectric materials [5-7] electromagnetic
devices [B], electrostatic mechanisms (via the electret/ferro-
electret [9, 10] and triboelectric effects [11-13]), and electro-
active polymers [14—16] ransduction mechanisms.

The triboeleciric effect, whereby electrical energy is gen-
erated from the riboelectrification of materials during cye-
lical physical contact [17], has been exploited in many
example energy harvesting devices [18]. The first a tribo-
electric nanogenerator ( TENG) demonstrated the potential of
electrostatic charge transfer in energy harvesting technologies
[19]. Textiles are attractive materials for realising TENGs
due 1o their affinity to gain or lose ions during contact and
many examples have been demonsirated [20-22]. Novel tex-
tile TENGs have also been used in self-powered biomonitor-
ing applications, for example, in wearable cardiovascular and
respiralory moniloring [23].

The approaches to enhance the contact-electrification
within TENGs and therefore increase the electrical output typ-
ically involve three basic methods: modifying surface morpho-
logy., modifying surface chemistry, and wtilising ferroelectric
materials [24]. There are various mechanisms by which the
use or addition of ferroelectric materials can improve tribo-
electrification. Early theories based upon the change in work
function of the ferroelectric polymer which enhances electron
transfer [25] have been superseded by research that demon-
strates it is due o the piezoelectric effect whereby charge
is generated within the material during contact that increase
electrostatic induction [26]. Polyvinylidene fluoride (PVDF)
is one such ferroelectric polymer commonly used in TENGs
[27-30]. Electrospun PVDF fibres have demonstrated effect-
ive energy conversion when used as the negative tiboelectric
material [31-33] and the electrical output of PYDF fibres has
been further increased by the addition of other fibrous mater-
ials within the generator. For example, the combination of
PVDF and polyamide 6 fibres produces a 25% increase in peak
violtage compared with PVDF fibres alone [34]. Electrospun
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fibres are inherently compatible with textiles being virtually
identical in nature to the fibres used in varms or non-woven
fabrics. Electrospun fibre mats possess the desirable character-
istics associated with textiles of breathability, flexibility and
feel. Electrospun functional fibres have been used 1o create
smart textiles with advanced functionality. For example, elec-
trospun PVDF nanofibre membranes have been evaluated in
face masks and shown to significantly improve the filiration
efficiency [35].

Polytetrafluoroethylene (PTFE) has amongst the strongest
electron affinity amongst the triboelectric materials placing it
at the negative end of the tnboelectric senes [34. 36]. It is
also an excellent electret material being a dielectric mater-
ial able w guasi-permanently trap surface charge typically
seneraled by ion irradiation [37]. Thus, many TENGs have
been demonstrated with PTFE as a negative material [13,
38, 39]. Typically, the PTFE is obtained from commercial
sources and the energy harvesting performance 15 influenced
by the manufacturing process. Electrospinning technigues can
be used to improve the rboelectric properties by modifying
the surface morphology and increasing the surface area of the
material. Additionally, during the electrospinning process, a
high voltage is applied o the polymer solution which results
in a high volume of charged particles being introduced into
the solution, which are subsequently trapped within the elec-
trospun fibre after solidification. However, fabricating PTFE
using electrospinning is challenging due to s extremely stable
chemical and thermal properties making it extremely diffi-
cult 1o obtain a solution suitable for electrospinning without
chemical modification [40]. Zhao et al investigated energy har-
vesting from electrospun PTFE fibres by utilising polvethene
oxide (PEOQ) water solution as a carrier [41]. Here the pre-
cursor polymer solution was employed 1o create a PTFE/PEQ
structure using emulsion electrospinning. A sinlenng siep al
over 350 °C is reguired to remove the carder leaving PTFE
nanofibres.

This paper presents an evaluation of the energy harvesi-
ing performance of an electrospun PTFEPVDF composite
TENG. This combination exploits the extremely strong neg-
ative affinity of the PTFE with the piezoelectnic charge gen-
eration properties of the PVDF ferroelectric polymer. The
work builds upon a preliminary study [42] that investigated
composite materials up w0 4% PTFE. Here the systematic
evaluation of the percentage of PTFE in the PVDF fibre is
presented and the PTFE 20%/PVDF 80% composite fibre
achieved a 4 times increase in open circuit voltage (51-202 V)
and a T times increase in short circwit current (1.3-9.04 pA)
when compared with the 1005 PVDF fibre. The paper also
presents the application of the electrospun PTFEPVDF fibre
mal combined with a nylon fabric in a shoe insole where the
composite material again produces a significant increase in
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the power oulpul when compared with a pure PYDF fibre
mal

2. Experimental section

2.1 Electrogpun fibre preparation

The fabrication of the elecwrospun PTFEPVDF fibres is
illustrated in figure 1. PVDF (Sigma Aldrich, Dorset, UK,
Mw = 534 000) and PTFE (Sigma Aldrich, | mm mean
diameter particles) powders were blended together in the fol-
lowing ratios: PTFE1% + PVDF 19%, PTFE2% + PVDF
18%, PTFE3% 4+ PVDF 17%. PTFE4% + PVDF 16%,
PTFE5% <+ PVDF 15%., PTFE&% + PVDF 14%, and
FTFET% 4 PVDF 13%. Each PTFEFPVDF powder
blend was then combined with a solvent solution of M-
Dimethy lformamide (DMF, Sigma Aldrich, Dorset, UK,
90 8%) and acetone (Fisher Scientific, Waltham, MA, USA,
90 6% ) mixed in a 7:3 ratio. The solvent solution was stirred at
60 °C using a magnetic hotplate stirrer for a total of six howrs
before adding the powder blend at a ratio of 20% powder
B0% solvent by weight. To prevent the PTFE particles from
agglomerating. the solution was sonicated for six hours prior
to mixing with the PYDF and DMF: acetone solvent [43].

The PTFE/PVDF solution was put in a 3 ml syringe with
a blunt tip (21 G) needle and attached 1o the syringe pump
of the electirospinning apparatus (EC-DIC, IME Technologies,
Netherlands). For each concentration, the distance between the
tip and the subsirate, the apphied voltage, the flow rate, and
the rotational speed of the drum remained constant at 22 cm,
25KV, 2ml hr~', and 150 rpm, respectively. The PTFE/PVDF
fibre was collected as a nonwoven fibre mat and assembled
into a triboelectric energy harvester without any additional
processing.

2.2. FAbre characterisation

After electrospinning. the solvent was fully evaporated, and it
can be assumed that the percentages of PTFE in the solid fibre
are a% stated in table 2. The morphology and structure of the
electrospun PTFE/PVDF fibres were investigated through the
scanning electron microscope (SEM) (Phenom ProX, Thermo
Fisher Scientific) and wnnelling electron microscope (TEM)
(HT7700, Hitachi). The chemical composition and structure of
the material were analysed wsing a Fourier transform infrared
(FTIR) spectrometer (Nicolet i85, Thermo Fisher Scientific),
and x-ray diffraction analysis (XED) (D8 Advance, Bruker)
was used to analyse the crystalline phase of the PTFE/PYVDF
electrospun fibre.

2.3. Electromechanical characterisation

The PTFEMPYDF electrospun fibre mat was cut down o
4 cm ® 5 cm and then bonded o Cu tape, which works
as an electrode. The copper electrodes are fabricated from a
single-sided adhesive copper tape, and the fibres are simply
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attached to the adhesive layer. The other side of the tribo-
electric test set up used nylon fabric as the triboelectric donor
material. This was similarly bonded 1o a Cu electrode, and the
materials were tested with a separation distance of 1.5 cm. A
controlled pressure of approximately 0.5 N em™? (measured
using force sensor FSR402) applied ar different frequencies
(39 Hz) using the cyclical compression lest system ( ‘tapping
rig”) shown in figure 2{a). This wested the materials in the ver-
tical contact separation mode (figure 2(b)) resulting in vollage
and current pulses as shown in figure 2(c).

As illustrated in figure 8(a), the 4 cm x5 cm PDVFEFTFE
electrospun fibre mat was also assembled alongside the nylon
fabric into a folded-over book-shaped boelectric harvester
using a PVC subsirate. The book shaped assembly was used
1o demonstrate the illumination of an LED array and test the
ahility to charge a capacitor.

The open circuit voltage (Voc) output of the energy har-
vester was measured using an oscilloscope (MSOT7012EB,
Agilent Technologies) with the 10 M} probe resistance.
During open circuil vollage measurement. the oscilloscope
was connected to the 1 GE2 as a volage divider circuit due
to the large internal impedance of the TENG. The DC power
analyser (N6T05B, Agilent Technologies) was used 1w meas-
ure the short circuit current (I, ).

3. Results and discussion

2.1 Morphalogical analysis

Figure 3 show the surface morphologies observed in the SEM
of the PTFEPVDF electrospun fibre at the various PTFE and
PVDF ratios. The surface of the 10045 PVDF fibre (figure 3(a))
is smooth without any visible bead-like structures. This is
the base fibre material used as a benchmark in the study of
the effects of the addiive PTFE powder. The addition of
the PTFE powder to the base PVDF matenal can be seen
1o cause increasing fibre surface roughness with increasing
amounts of PTFE microparticles. The PTFE/PVDF solution
enabled successful electrospinning of the porous fibre mat
up 1o a concentration of 16% PVDF with 4% of the PTFE
particles (figure 3(e)). Bevond this, when more than 5% of
PTFE was added w the solution, the electrospinning pro-
cess could not consistently produce PTFEPYDF fibres produ-
cing a combination of fibrous and film like deposits shown in
figures 3(M)—(h). This was due 1o the decreased conductivity of
the PTFE/PVDF solution which affects the behaviour of the
electrospinning process. The PTFEHPVDF16 solution yield
the 20/80 PTFEPYDF fibre which were investigated in the
TEM. the sample code of the PTFE/PYDF fibre can be found
in the table 2. The TEM images in figures 4(a) and (b) indic-
ate the location of PTFE particles in the PYDF fibre demon-
strating these have been successfully blended in the starting
solution and distributed across the PVDF matrix. The FTFE
particle size embedded in PVDF strain was found to be less
than 1 pm doe to the sonication process before electrospin-

ning preparation.
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Figure 1. The flow chan describes the FTFE/PYDF clectrospun fibre preparation.

Figure 2. (a) Schematic of PTFE/PVDF triboelectric assembly and photograph of the tapping test rig; (b) working principle in the contact

separation mode: () example plot of the short circuit current.

3.2, Struetural analysis

The FTIR measured chemical composition of PTFEPYDF
electrospun fibres are shown in figure 5(a) alongside the
results for the PDVF and PTFE powders. All samples of
the PTFEPVDF electrospun fibres exhibit the charactenistic
peaks at 840 and 877, representing the 5- and C-H wagging
in the a-phase of PYDF, respectively. When compared with
the results obtained from PVDF powder, which shows peaks
al 614, 764, 796, 877, 976, and 1170, it is evident the crys-
talline piezoelectric S-phase has been effectively induced by
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the electrospinning process [44, 45]. It is well known that the
electrospinning process encourages the 3-phase of PYDF due
1o the strong electric field induced in the polymer solution dur-
ing whipping of the fibres [44, 46]. Also, the incorporation of
PTFE into the electrospun PYDF can be observed at the peak
1170, representing the perturbation of the C=F bond of PTFE
and PVDF, as both consist of carbon and fAuorine atoms. The
characteristics of the PTFE powder spectrum is represented in
the peaks 1201 and 1150, which correspond to the asymmaet-
rical and symmetrical CFa-stretching [47], whereas peaks 642
and 630 represent the C—F deformation [48, 49].
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Figure 3. The SEM images (operated at 10 kV) of the single PTFE/PYDF fibre with fibre size distribution curve prepared

by different

PTFE/PVDF ratics (o) PTFELPVDF 100, (b) PTFES/PVDFSS, (c) PTFELVPVDEFO0, (d) PTFEIS/PVDESS, () FTFE2NPVIFSD, (f)

FTFEZNPVDFTS, (g) PTFE3WPVDFTO and (h) PTFE3S/PVDFAS.

The XRD pattern of the PTFE/PVDF electrospun fibre at
different percentages of PTFE are shown in figure 5(b). The
pure PVDF electrospun fibre exhibits only one strong peak at
20.6% (1 1OV200), representing the 4-phase of the PYDE. After
introducing PTFE in the PYDF electrospun fibre, the a-phase
at a peak of 18.4° (020) occurred and was related 1o the amount
of PTFE in the PVDF fibre. The intensity of the a-phase al
a peak of 18.4% (020) becomes stronger as the percentage of
PTFE increases. Table 1 shows the erystallinity index (CT)
obtained from the XRD resulis which 1s calculated by
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%Crystallinity = % (1)
i

where 5, represents the area under the curve at the peak crys-
talline alpha and beta phases and 5, represent the total area
under the plot [30].

This imeresting behaviour can be explained by the electric
field during the electrospinning process. The F-phase PVDF
can be induced by a strong electric field in the electrospin-
ning process. When the PTFE particles are added o the PYDF
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Figure 4. TEM images were measured at acceleration voltage 100 KV, filament voltage 25 kV for a single FTFE2WPVDF2Q fibre which
was coated on the mesh copper grids at magnification {a) 7000x (b) 25000x.
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Figure 5. (a) FTIR-ATR spectra of FTFE-PVDF clectrospun fibre. The measurements were carried out at room temperature over the range
of 600—1400 cm ™! (b) XRI» spectra of the single FTFE-PVDF clectrospun fibre. The analyses were conducted on samples using Cu—Kon

radiztion 1.5406 A, 40 kV and 25 mA, Siep size 0.5.

Table 1. Crystallinity index obtained from XRD.
Crystallinity index {5

cr-Phase A-Phase
FTFEWPFYDF 1) i} 4750
FTFES/PYVDF5 12.73 29064
FTFE1IPYVDFH) 16,09 2942
FTFEIS/PVDFES 1816 24.63
FTFE2I/PVIDFRD 2362 20003

solution, the dielectric properties of the PTFEFPYDF solution
increase, resulting in a reduced electric field o induce 3-phase.
The o-phase requires less energy than the F-phase w form
and thus, the S-phase decreases while the o-phase increases
as shown in table 1.

In summary, both the FTIR and XRD spectra results indic-
ate that the PTFE/PYVDF electrospun fibres have a mix of o-

160

and F-phase PVDF. The amount of the F-Phase decreases,
and the n-phase increases with an increase in percentage of
PTFE. In addition, the electromechanical performance of the
PTFEPVDF presented in section 3.3 is not related 1o the
piezoelectric phase of the PYDE It confirms that the 3-phase
of PYDF (exhibiting prezoelecine properties) 15 nod the key
o high energy harvesting performance in the hybrid piezo-
triboelectric-based design. The relationship between the num-
ber of luorine atoms which increases the negative charge and
the surface morphology of the PTFE/PVDF fibre was respons-
ihle for the triboeleciric effect. When more luonne atoms at
higher PTFE percentages are added, the texture of the fibre
becomes non-porous due to unsuitable electrospinning con-
ditions. This results in a change in surface morphology that
leads o a decrease in the electromechanical perfformance. This
relationship 15 supported by surface polential measurements
taken using the static feldmeter SIMCO-FX003. These meas-
urements showed wide vanations depending upon location on
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Figure 6. (a) open circuit voltage was tested across a | GE1 load resistor and (b) short circuit current of the FTFE/FVDF electrospun fibre

prepared at different concentrations.

the fibre mat and the corresponding thickness at that point, but
the average potential of PYDF and PTFE20/PVDFR0 were 1.1
and 1.8 KV, respectively.

3.3. Electromechanical study

The energy harvesting performance was initially tested with
the tapping rg in order to explore the optimum PTFE con-
centration. The test was performed at & Hz using the contact
separation triboelectric mode (figures 2(a) and (b)). The V.
and [ of each sample prepared from different concentrations
were read after tapping for approximately 3 min o ensure that
the tapping rate and the signal output were consistent. When
the surfaces make contact, there is an electron transfer from the
positively charged nylon to the negatively charged electrospun
PTFEPVDE. This leads to the nylon surface gaining a positive
charge and the electrospun PTFEPYDF surface developing a
negative charge. When the surfaces are separated, an induced
podential difference between the electrodes anses, leading 1o
the development of opposite transferred charges on the elec-
trodes through electrostatic induction. Consequently, an elec-
tric charge will transfer from the botiom electrode 1o the op
electrode via an external load in order (o balance the poten-
tial difference uniil it reaches a state of equbibnum. As the
surfaces approach each other, the potental difference cansed
by tnbo-charging will gradually decrease untal it reaches zero.
The charges that were transferred are now moving in the
opposite direction, from the top o the bottom electrode.

The open circut voltage (Vi) and short circut current
(fec) output measured at a & Hz tapping rate are shown in
figures 6ia) and (b) respectively. The V. and [, obtaned
from pure PVDF are shghtly less than those obtamed from
other samples that include PTFE particles. The output from
PTFES/PVDFS5, PTFEINPVDFI0 and PTFEIS/PVDEFRS
were similar which relates to the similar fibre size which res-
ults in the PTFE particles being similarly distributed within
the fibres. For the PTFE2OPVDFR0 sample, as shown in
figure 3(e). the fibre size is smaller and, combined with the
higher percentage of PTFE particles, there is a greater concen-
tration of PTFE at the surface of the fibres. This increases the
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triboelectric effect due to the superior triboelectric properties
of the PTFE. When the PTFE particles exceed 20% (samples
FTFEXS/PVDFTS, PTFEZWPVDFT, and PTFE3S/PVDFGS)
the electrospinning process could not commectly form the
fibres, resulting in poor mixing of PTFE particles and PVDF
binder and thus the output is reduced in comparison with the
PTFE2O/PVDFRD (as seen in figures 6(a) and (b)). It was
found that the peak-to-peak Vo, shows a similar output for
pure PYDF and up to PTFEIS/PVDFSS. The peak-to-peak
Ve shows a sharp increase to 390V for the PTFE20/PVDFR0
fibres. The results for the peak-to-peak L follow a similar
pattern with a maximum peak [ of 8 pA occurming with
the PTFE2IVPVDFED. The PTFE20/PVDFED fibre mat made
from the 4% PTFE and 16% PVDF solution gives the highest
electrical output and was used in the subsequent analysis to
investigate the effectiveness of the contact separation mode tri-
boelectric energy harvesting using the electrospun fibres.

The open circuit voltage { Ve ) output and short circuit cur-
rent ({s: ) of the PTFE20/PVDFED fibre mat were tested at dif-
ferent load resistance (1 kf2-6 GE2), as shown in figure Ta).
The calculated peak power (P = %) and the power dens-
ity (P= &) from the test are plotied in figure 7(b). The
highest power and power density were obtamed al an optimal
load resistance of 10 M} and were found to be 7 mW and
3485 mW m™?, respectively.

The contact-separation mode TENG works with a connec-
ted resistor B for this eveheal testing using the tappang ng. The
top electrode moves up and down with the separation distance,
x(¥), from the fixed bottom triboelectric material. According
1o Ohm's law

V() = RI(t) = R"%ﬁ (2)

V is the voltage output, Q) is the amount of transferred
charge between the two electrodes, I is the current output,
and R is the load resistance: the V. and [, depend on the
frequency of cyclical moving on both sides of triboelectric
materials as a sinusoidal function that can be described by
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Figure 7. (a) peak open circuit voltage (Ve and peak to peak short circuit current {J<) versus load resistance: (b) calculated power and
power density of the FTFE4/PVDF16 versus load resistances; {c) Vg and (d) [, of FTFEWFVDFL6 at different tapping frequencies; (e}

peak values of Ve and [y as a function of tapping frequency.

x(t) = Asin (wi + #), where 1, A, w and @ are the time, amp-
litude, angular velocity and initial phase angle of the cyclical
motion, respectively [51, 52].

The Vi and §,; obtained when testing at tapping frequen-
cies of 49 He are shown in figures Tic) and (d), peak Vi and
1 versus tapping frequency is plotted in figure T(e). As expec-
ted, the increased tapping frequency resulted in an increase of
the V. and [.. When increasing the tapping frequency, the
top layer contacts and separates the bottom layer quicker, res-
ulting in the charge transfer reaching the equilibrium guicker
through the external load. When the charge transfer reaches
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equilibrium, the owtput should reach the sawrated point and
then platean. as found in the lierature [53, 54]. However, the
tapping rig used in this work has limitations in testing; thus,
the results could not show the saturating point. Table 2 sum-
marizes the results obtamed for all samples.

To demonstrate the practical utilisation of the FTFEPVDF
fibre, the book-shaped PYVC substrate was assembled with the
PTFE2WPVDFR0 and the nylon fabric and connected to a full
bridge rectifier to convert the AC output to DC to enable the
energy (o be stored on a capacitor as shown in figure 8(a).
This experiment provides an accurate practical assessment of



Appendix A

Srmart Mater. Struet. 33 (2024) 075000 P While s af
Table 2. Summary of the electromechanical characteristics of the sample.
Percentage of polymer  Tapping frequency V. (peak o peak) [ {peak to peak)

Code Solution mixing condition  in fibre (Hz) vy (A
PVDF PFTFEIWFVDFZO PVDF 1005% [ 130 1.23
PTFES/PVDFYS PFTFEIR/PVDF19% PTFE 5%, PVDF?5% 6 136 1.63
PTFEIWVFVDFH PTFEXR/FPVDFIES PFTFE10%, PVDF20% [ 167 245
PTFEISFVDF8S PTFE3IR/FPVDFIT% PTFE15%, PVDFE3% [ 154 in
PTFE2ZOPFVDFE0 PTFE4AR/FPVDF16% PTFE20%, PVDFE0% [ 555 .04
PTFEZS/PVDFTS PTFESR/FPVDF15% PTFE25%, PVDFT5% [ 171 210
PTFE2ZOPFVDFE0 PTFE4AR/FPVDF16% PTFE20%, PVDFE0% 4 277 395

5 419 T.68

[ 555 .04

7 Th6b 12.24

B 1422 17.36

a9 1889 19.72

Book shaped ke PYC base

* PTFE/PVDF fibre

© %3{ <7

t

| AHERE

=

- =
¥
T

(d)

Figure 8. (a) Schematic of the book-shaped triboclectric energy harvester used o charge the capacitors ; (b) the voltage across 001, 047, 1,
and 10 uF capacitors, when charged by the book shaped energy harvester at 6 Hz over a 90 s period; (c) schematic of the hand tapping test
during the testing of the 100 LED lights experiment; {d) the 100 LED lights illuminated via hand tapping of the book shaped FTFEFVDF

cnergy harvester.

the energy that can be harvested and delivered o the energy
storage device and includes the losses that occur in the con-
ditioning circuit. The capacitor charging test was performed
using the tapping ng with a frequency of & Hz with capacitors
of 0.1, 0.47, 1, and 10 uF. The calculated energy from char-
ging obtained from U= 1 €V was found at the capacitor 0.1,
047, 1, and 10 pF is 10O, 16.7, 41.2 and 136.8 pl, respect-
ively. The book-shaped TENG was further tested by illuminat-
ing an LED array wsing manual tapping method, as illustrated
in figure 8(c). It was found that hand tapping could illuminate
100 LEDs, as shown in figure 8(d). The blue and green LEDs
used in this work require at least 3.4 V in order to light one
LED bulb. In this case, it can be assumed that the hand tapping
TENGs prepared using PTFEFPYDF fibre with a frequency of
approximately 6 Hz can generate more than 340 V in order 1o
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illuminate 100 LED light bulbs. The illuminated LED bulbs
can be seen in the supporting data 51.

To demonstrate the potential energy harvesting output in
a practical energy harvesting application, the electropun fibre
mat was assembled into a modified shoe insole to harvest
energy during walking and running. The insole was modified
1o include four cut-out sections each 2 cm » 2 cm Elm:a:r] next
1o each other resulting in an active area of 16 cm* located a
the heal of the fool. A rib of insole was left between these
sections o ensure the insole remained comfortable (o use and
1o make the active sections imperceptible to the user (see the
schematic of insole in figure 9a)). The harvester operates in
the contact separation mode with the electrospun fibre mat
making contact with the nylon during the initial contact and
loading phases associated with the foot being placed on the
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Figure 9. The triboelectric insole for a demonstration of human gait energy harvesting (a) the photo and schematic of the shoe insole used
in this study {b) the photo when charging the capacitor when running on the treadmill (c) the veltage across the 1 gF capacitor, when
charged by running on the FTFE2O/FVDFED insole over a 60 s period (d) the comparison of the voltage across the 1 uF capacitor, when
munning and walking on FTFE2ZWPVDFS0 and PYDF insole over a 60 s period.

ground during the gait cycle and separating as the heal lifis
off during the terminal stance and pressing phases. The har-
vester was realised from 100% electrospun PV DF fibres which
was placed on the lefi foot insole, and from PTFEXWPVDEFR0
electrospun fibre which was used in the right insole (as shown
in figure 9a)) enabling a comparison of the PVDF and elec-
trospun PTFE/PVDF fibres. The insole was placed inside an
otherwise normal pair of running shoes and connected 1o the
full bridge rectifier circuil consisting of IN40OT diodes w
charge the capacitors. Figure %c) shows the vollage across
the 0.1, 047, 1.0 and 10 uF capacitors that was measured
during running on treadmill, as can be seen in the supporting
data 52. The calculated energy obtained from running using
the formula /= iCVE at capacitors 0.1, 047, 1, and 10 uF
was found to be 0.7, 158, 1008 and 105.8 pl. respectvely.
Figure 9(d) shows the comparison of the voltage across the
| pF capacitor between the insole made from the pure PVDF
and PTFE2WPVDFE0 when charging by walking and running.
The calculated energy oblamed from the PYVDF insole from
running and walking was 25.9 and 27 .4 puJ. respectively. While
the calculated energy obtained from the PTFEXWPVDFED
insole from running and walking was 696 and 10008 pul,
respectively. The energy obtained from the insole made from
PTFE2VPVDFE0 was shown to be approximately 3 times
greater when walking and 4 times greater when running than
the PVDF insole.

4. Conclusion

It was possible to effectively prepare a flexible PTFE fibre
wtilising a one-step electrospinning process with a PYDF
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solution as a precursor. An examination was conducted on
the energy harvesting performance of a triboelecinc assembly
operating in a vertical contact separation mode with electro-
spun fibres with different percentages of PTFE as the negative
materials and nylon as the trboelectric positive material. The
electrospun fibres created a nonwoven textle mat with prom-
ising negative surface potential with the optimum percentage
being 20% PTFE loading in the PYDF matrix. This percent-
age of PTFE in the electrospun fibre enhanced the voliage and
current output by 4 and 7 tumes, respectively but it, was found
that the maximum power density was 3485 mW m=> at a
10 MA} resistance. Additionally, the application of the elec-
trospun fibres was further demonstrated in book-shaped and
shoe insole based triboelectric harvesters operating in the con-
tact separation mode. The book shaped harvester assembled
with the PVDF energy harvester can successfully charge an
energy storage capacitor using a full bridge rectifier circuit
pointing the way towards energy harvesting powered systems.
Electrospinning 5 a straightforward process for fabricating
fibres that can be directly used in a non-woven fibre mat
that is entirely compatible with textiles being soft, breath-
able, and conformable. Fibres could also be used w fabric-
ate triboelectric PTFE/FYVDF threads that could be combined
within a woven or knitted textile. The improvements in elec-
trical output from the fibres with PTFE certainly merit fur-
ther investigation in practical energy harvesting applications.
The influence of the PTFE particles on the surface roughness
of the fibres has not been quantified in this stedy. This sur-
face roughness can affect the output of the TENG and there-
fore this will be studied in fore work wsing an atomic force
MICTOSCOPE.
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Abstract A triboelectric power Ecnmt.urfmer&r harvester is an attractive option for mechanical
energy han'-ul'i:ls for smart, wearable a.]:lp-]icalium'._ Thiz paper reports on the fabrication and
evaluation of the energy harvesting pedormance of Folytetrafluoroethylene /Polyviny lidene Fluorde
{PTEE/PVDF) fibre prepared using a ane-step electrospinning technique. Different concentrations
0, 1, 2, 3, and 4%wt.) of the 1 um FTFE ind.cr in tha elﬂcl'nnpun PVDF fibre wers hﬂu‘sﬁg;bed.
The electrospun fibre was assembled into a nenwoven fabric mat and tested in the vertical contact
separation triboelectric mode by constructing a sandwich structure with electrodes in a book-shaped
assemnbly. The voltage output from the cyclical compressive best for fibres with 4%wt. FTFE in FVDF
was five times greater than it was for the 100% PVDF electrospun fibres. The influence of adding
nylon fabric as a triboelectric donor material within the assembly was explored. The output of the
4% wt. FTFE/PVDF u.'n'l.]:!l: weas then tested with and without n}rlrm. fabric at different .fn:q_l.len:lu
{312 Hz). The results show a further B0f% increase in the output voltage with the additional nylon
fabric included, and the harvester was able to illuminate up to 95 LEDs.

Keywords: triboelectric; textile energy harvester; :l.acl.'rm:pinning; el.ncl:n.upq.m fibre

1. Introduction

Polytetrafluoroethylene (FTFE) has good thermal stability, and is the most negative
triboelectric material listed in the triboelectric series that are used for energy harvesting
applications [1]. Increasing the surface area of the FTFE within a triboelectric harvester is
one approach to improve the output of the harvester. Previous altempts to prepare PTFE
fibre mats using the electrospinning process involve the use of a precurser polymer solution
in order to structure the shape of the PTFE. This requires a subsequent thermal treatment
to eliminate the precursor polymer and, if it is used in an electrostatic device or to enhance
the triboelectric generation, a corona charging process to restore the trapped charge in
the FTFE fibre. The FTFE fibres produced in this manner show good energy harvesting
performances, but they require fwo or more steps in the material preparation [2-5]. Elec-
trospun Polyvinylidene Fluoride (FVDF) fibre has been recognised as a high-performance
piezoelectric polymer [6], which also exhibits negative triboelectric properties |1]. PTFE
and PVDF can be combined during electrospinning, and this avoids the requirernent for
the precursor polymer and the subsequent additional processes. The use of electrostatically
charged electrospun FTFE/PVDF has been demonstrated in air filtration [7], but its energy
harvesting performance has not vet been reported.

The combined FTFE/FVDF fibres can be readily assembled into a non-woven textile,
allowing the material to be used in various triboelectric operating modes, such as the lateral
sliding mode demonstrated by Paosangthong et al. [2]. The fabrication and testing of the
energy harvesting performance of FTFE/PVDF fibre is reported.

Emg. Proc. 2023, 30, 8. hetps/ f doborg/ 10,3300, engprocIENIE000E
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2. Materials and Methods
2.1. Electrospinning Preparation

The PTFE /PVDF electrospun fibre was produced by mixing PTFE particles (Sigma
Aldrich, Dorset, UK, 1 micron particles) in an 18%wt PVDF solution as a polymer carrier
for PTFE. The PVDF solution was prepared from PVDF powder (Sigma Aldrich, Dorset,
UK, Mw = 534,000) mixed with N-Dimethylformamide (DMF, Sigma Aldrich, Dorset, UK,
949 8%) and acetone (Fisher Scientific, Waltham, MA, USA, 99.6%) at a 7:3 ratio and mixed
on a magnetic hotplate stirrer at 60 ®C for 4 h. Different concentrations (0, 1, 2, 3, and 4%wt.)
of the PTFE particles were added to the PVDF solvent solution and blended using the
magnetic stirrer at room temperature for 2 h. The electrospinning process was performed
using a blunt tip (21 G) needle. The electrospinning apparatus EC-DIG produced by IME
Technologies, Netherlands was used in this study. The distance from the tip to the substrate,
the applied voltage, the flow rate, and the rotating drum speed were kept constant at 22 cm,
25kV, 2 mL/hr, and 150 rpm, respectively, for each concentration. After electrospinning for
90 min, the PTFE /PVDF fibre was collected in the form of a nonwoven fibre mat, as shown
in Figure la. The energy harvesting performance of the electrospun PTFE/PVDF fibre mats
were measured without any further processing steps.

B Fc
[ e——
W Emctrongan PTFE-PDE

() (d)

Figure 1. (a) PTFE/PVDF fibre mats after the electrospinning process of the 4%wt PTFE in the
PVDF sample; (b) the schematic of the booked shape assembly for the testing cell FTFE/PVDF fibre
sandwich with electrodes; (c) the compression test rig; (d) voltage output from constantly tapping
the booked shape PTFE/PVDF fibre assembly at different PTFE concentrations of 0, 1, 2, 3, and
4wt respectively.

2.2, Test Assembly and Protocol

The electrospun PTFE/PVDF fibre mats with each concentration of PTFE (0, 1%,
2%, 3%, and 4%) were cut into 5 x 4 cm samples. Each sample was then assembled in
a sandwich structure with Cu electrodes using a folded over (book-shaped) PVC sheet
backing, as shown in Figure 1b. This forms a vertical contact separation mode triboelectric
harvester. A second generator design with a piece of nylon fabric added to the assembly
as a triboelectric donor material was used to explore the addition of this material for the
enhancement of the performance of the triboelectric power generator.

A cyclical compression test system using a linear actuator was set up to apply a
controlled pressure of (.5 N/em? at different frequencies (3-12 Hz), as shown in Figure 1c.
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The test sample was attached to the oscilloscope to observe the changes in the voltage
induced by the periodic mechanical pressure applied by the rig. The capacitor charging
experiment was performed using a full-wave bridge rectifier to charge 0.1, 1, 10, and
100 uF capacitors.

3. Results and Discussion

The vertical book-shaped structure was chosen for energy harvesting performance
testing as it is a simple structure and could be assembled into a multi-layered device. The
highest voltage output from compressing at 5 Hz was found to be 30 V for the 4%wt PTFE,
which is five times higher than that of the 100% FVDF sample (6 V), as shown in Figure 1d.
This clearly shows that introducing the PTFE particles in the PVDF fibre can improve
the performance of triboelectric power generators. The output voltage increases with
an increasing percentage of PTFE particles. However, 4% PTFE is the highest amount of
polymer content that can be processed via electrospinning because the solution conductivity
is not strong enough to produce the electrospun fibre.

The 4% PTFE in the PTFE/PVDF sample was used in the energy harvesting test at
different pressing rates of 3-12 Hz. It was found that the output voltage increases with
an increasing pressing frequency. The highest output voltage of around 55 V was found
at 12 Hz, as shown in Figure Zb. To enhance the energy harvesting performance of the
triboelectric power generator, nylon fabrie, which exhibits a high positive affinity in the
triboelectric material series, was placed on top of the top copper electrode as shown in
Figure Za. The voltage output of the Nylon-FTFE /PVDF device at the different pressing
frequencies is shown in Figure 2¢. A small improvement in the voltage output was observed
with the highest voltage output, which reached at 70 V at 12 Hz.

A Bandwich wilh Cu elecirodes
- i
I cu electrade @ i T
B Eectoapun PTFE-PVDF
I #iston fabnc -
- =
g .
=
-
-
Tirew (8} Tima (8}
(a) (b) (c)

PTFE &% in PYDF assemble with Cu PTFE 4% in PVDF assamble with Kylos b

(e) (f)

Figure 2. (a) The schematic of the improved triboelectric harvester design with added nylon fabric,
{b) the voltage output of the triboelectric assembly without nylon fabric, (c) the voltage output of the
triboelectric assembly after introducing nylon fabric, (d) the charging profile, voltage vs. time of the
PTFE/PVDF fibre device without nylon fabric, (e) the charging profile after introducing nylon fabric
and (f) %5 LED lights were illuminated via tapping the harvester with the PTFE/PVDF electrospun
fibres as the acceptor and nylon fabric as the donor material.

The charging experiment was further performed to explore and compare the amounts
of energy captured by the device and transferred to the capacitor storage. Devices with
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and without the nylon fabric were tested at 5 Hz with the different capacitor values, and
the results are shown in Figure 2d,e. Overall, the energy stored in the capacitors is higher
for the nylon-FTFE/PVDF device, with the amounts of energy stored being 0.15,1.0,72
and 4.5 yJ for 0.1, 1, 10 and 100 pF, respectively. The maximum energy stored value oceurs
with the 10 uF capacitor, which nearly reached its maximum capacity in the 300 s charging
time. This is 69%, 799%, % and 89% larger than those of the device without nylon for 0.1,
1, 10 and 100 pF, respectively. The energy stored in the 100 uF capacitor is less than that of
the 10 uF capacitor over the same duration due to the impedance mismatch.

After connecting the optimum harvester structure (4% PTFE with Nylon fabric) to a
full-wave bridge rectifier circuit, it was found that 95 LED lights were illuminated when
it was compressed at 12 Hz. The charging experiment and illuminating LED light results
demonstrate the promising mechanical energy conversion that was achieved with the
electrospun PTFE/PVDF fibre mat. The lightweight, flexible, and breathable PTFE/PVDF
electrospun fibre could be integrated within clothing as an energy source, whilst remaining
comfortable for the user.

4. Conclusions

A flexible Polytetrafluoroethylene (PTFE) fibre was successfully prepared using a
one=step electrospinning process using a Polyvinylidene Fluoride (PVDF) solution as a
precursor. The energy harvesting performance was first explored using a vertical contact
separation mode triboelectric assembly. The electrospun fibres were collected in the form of
a non-woven textile mat, which displayed a very promising negative surface potential. The
voltage output was increased by a factor of five by adding PTFE to the PVDF electrospun
fibre. This was further improved by the addition of a nylon fabric with the triboelectric
harvester. The textile harvester was shown to illuminate up to 95 LED lights when it was
assembled with nylon fabric as a donor material.
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Absracr—In order to develop ferroelectret material, this
research aims to produce and investizate emergy harvesting
performance from a hollow structure polymers using a one-step
hollow electrospinning techmigue. In this smudy, FVDF
(Polyvinylidene fluoride) is used to represent the polar polymer.
The obtained hollow and solid structure were characterised in
terms of their structural and eleciromechanical characteristics.
The design of the experiment method for producing a hollow
fibre structure through electrospinning is discussed in this
paper. An SEM (scanning electron micrescope) was used to
characterise the geometry of the obtained fibres. The
geometrical results from the SEM images demonstrate a partial
hollow structure for the PYDF electrospun fibres. The partial
hollow structure PVDF fibre showed a diameter of around 2
microns. FTIR (Fourier-transform infrared spectroscopy) was
used to characterise the structural and chemical bonding of the
fibres. The FTIR spectra reveal the piezoelectric i-phase in the
solid and partially hollow PVDF samples. This agreed with the
dominant peak observed from the XRD (X-ray diffractometry)
analysis results. Im this study, it can be concloded that
elecirospinning is am  effective techmigue to induce the
piezoelectric  [-phase of PVDF. The electromechanical

characteristics were studied for the solid and partial hollow
structure fibres for the FVDF. A tapping test was wsed to check
the obtained samples. The maximom output voltage from the
solid PVDF, and partial hollow PVDF were at 6.4 and 8.7 V,
respectively. The power density from the solid and partial
hollow PVDF electrospun fibre was found at 1.60 and 2.13
mWim®, respectively. The mazimum absolute value
piezoelectric coefficient for the PYVDF hollow fibre gronp was
18.7pC/MN.

Keywords—PVDF, electrospinning, electret, ferroelectret,
hollow fibre

[ INTRODUCTION

Wearable techmology devices are a rapidly growmg
market that is predicted to be worth $62.82 billion (51.1

979-5-3503-8359-124/531.00 E2024 IEEE

spb@ecs.soton.ac.uk

billion GBF) by 2025. [1] This rapid adoption amongst users
has placed wearable technology ‘at the cutting edge of the
Intemet of Things (IoT). Thetetmnearabletechmloﬂ relates
to a type of electronic device that can be wom, embedded, or
implanted m the user. Such technology can include clothing,
watches, hats, and glasses. These devices work through the
$§pmﬁm and relationship between matenals, electromics,

computers. Advances in technology, resulting in greater
fimctionality, has created a sitnation n'herebv various mobile
devices charmngunana]mtdammmﬁmm
electronic devices with a self-powered sensor or their ovwn
energy source can make life easier for the user by avoidng the
need to recharge in the absence of a power outlet “The
alternative nf‘aTarE:er battery may cause issues for users that
need to camry various electronic devices for a long time. For
example, military persomnel, hkers, climbers, and trail
numners need to keep weight to a minimmm and may find larger
batteries to be an added burden. Therefore, energy harvesting
devices have been studied as an energy substitute for battenes
or other primary energy sources for se] rered sensors. [2]
Mechamical ensrgy a}%ears tobea smtﬁ:o“ le source of power
for wearable devices that are comnnected to the Inman body.
Energy ca from mechanical mevement has been showm
to be an effective source for comversion to electrical energy.
This type of energy creation is possible through foot, knee,
hip, and elbow movements i active people.

For wearable devices, a suitable matenal 15 requred
Research and development of polymer piezoelectric material
has played a significant role m harvesting energy from
mechanmical movement. Plezoelectric polymer is flexible,
lightweight, and easier to recycle when compared to ceramic
piezoelectric materials. Furthemmore, user comfort is a crucial

a:rt of the dm‘elu{:nem of wearable technology devices. In
s regard, piezoelectric polymer can be easily produced ina
breathable and flexible form making it suitable for wearable
technology applications. Greater levels of comfort come at a
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cost though with a lower piszoslecmc coefficient (d33) for
natural plEZﬂ-E‘lECtl‘ll: polymers such as PVDF when compared
to ceramic piezoelectric matenals. Various studies have
enﬁled to enhance the efficiency of PVDF by restmicturing
ending with composite piezoelectric ceramic and its
copolymers. [3-] 4]

The recent development of cellular polymer film
has resulted in Improvements to plezuelecﬁ:heﬁ‘ect of
polymers. This type of cellular piezoelectric polymer is
known as “Ferroelectret” and is similar to piezoelectric
matenals. However, the mechamsm for producmg electmcity
15 somewhat different. The mternal structure of a femoelectret
material is usually made up of rendomly amanged cellular
voids that include positie and negatrve es. The
behaviour of the confined charges m the voids show
piezoeleciric-like properties similar to the dipele moment in
ferroelectric materials. Depending on the stuctural desizn,
ferroelectret material can deliver the performamce of
piezoelectric coefficient (d33) mn the range of thousands of
pC/M. In companson, FVDF, a piezoelectnc polymer material
shows d33 values of about 20 . [5]

The tubular structure is of Inferest to researchers amd
several studies have predicted the performance of thin wall
thermoplastic of FEP and PTFE polymers. Stadies related to
the tubular structhures in nonpolar thermoplastic FEP and
PTEE polymers have suggested hollow structures with an
outer thickness of less than 50 micrens may be able to
produce higher d33 values than for those with a thicker
shell [6]-[9] The results obtaimed through these mvestigations
though were predicted and no practical experiments were ever
conducted. After a thorough search by the author of this
report, no studies related to ultra-thin shell tubular structures
were discovered.

Therefore, the challenge of fabricating the hollow
structure for a thermoplastic polymer has mot yet been
achieved Inthis regard, an electros -:-::ruldb-e
developed to possibly achieve an %w
ferroelectret material  Electrospmnimg has been mdel}'
studied and can be explained m smple terms. Durmg the
electrospinning process, polymer in a hqmd state is extroded
from a needle op at a constant rate. The resulting droplet of
the polymer sclution 15 then fumed mto a fine fibre which 1s
deposited cnto a grounded collector by a high electnic force
thIU'IJ.‘EhﬂlE needle tip. Electrospinning can generate nanoscale
fibres with high porosity and a high surface area. Materials
prudlmedb}tlusmfdmdhavebﬂnusedmmnﬂus

apphications such as wound dressings [9], tissue engineermg
[10], filters [11], [12], protective wearable d.E\EE'S [13]
sensors[14] and batteries [15]. Furthermore, electro
parameters can be developed to fabricate pcl'_vmeric
fibre with a shell thickness in the order of a submicron.

To date, hollow fibre structures fabmcated by
electrospinning techmiques have besn achieved using two
approaches. The first approach is based on the coaxial fibre
template. This involves the removal of the core of the fibre
after the electrospimme process has been completed. This 15
achieved through heat treatment or by chenucal treatment.
This more traditional method requires two steps of; ation
and is popular for the fahmanmufmamcﬁpsorg:}t;lushfﬂ
fibres where shell fibre has a much higher melting point than
for the core fibre. The second approach is a one-step methed
based on the different evaporation rates of the core and shell

solutions. This method works with polymenc shell fibre as its
meltng point is not much higher than for the core fibre.
Several studies have successfully fabricated a hollow structure
thermoplastic polymer such as PCL[16], PVDF [17] through
a cne-step electrospinning procass. However, none of these
shudies were related to pmdmmg fibres for energy harvesting
MS A ome-step approach for the

of hollow stmcmres thmugh SpInmng is
beneficial when producing thermoplastic ferroelectret. The
fabricated femmoelectret material produced through a cne-step
electrospmning  approach s flexible, light weight,
biocompatible and requires a low processing temperature and
produces high piezoelectric efficiency. In  addition
ferroelectret materials made in this marmer will be easier to
recycle as the strocture is less complex.

Further mvestigation is necessary to demonstrate energy
harvesting potential from ultra-thin tubular ferroelectret.
Therafore, this research aims to fabricate and investigate the
energy harvesting potential for the electrospun hollow fibre
from thermoplasic  polymer by usmg a  coaxial
electrospmming  techmique. The companson of emergy
harvestmg performance between solid and hollowr ElEC’EI.‘GSle
fibres will be demonstrated. This research will aid the study of
energy harvesting for wearable technology where a flexible,
Lightweight, bocompatible, and envirommentally frendby
material 1s required.

II. EXPERTMENT

A. Fabrication electrospun hollow simicture

The electrospmning machme (EC-DIG. IME,
Netherlands) was used to prepare the electrospum fibre. The
thermometer and homadity sensor were mtegrated mside the
electrospiming  cabinet. The digital wireless optical
microscope was placed m the cabinet for the observation of
the Tay cone formation. The schematic of the
electrospinning setup is shown in Fig. 1.

In order to obtan hollow structure electrospun fibre using
one step electrogxu:lmua. the base condition for anng the
solid structure fibre of the selected polymer and core
need to be explored. The Polyvinylidens ﬂmmde (FVDEF) is
selected to be a shell pﬂl}’mﬂ' and the Pobyvinylpymolidone
(PVP) is selected to be a core polymer.

For solid stucture of FVDF, the PVDF solutions were
prepared at different Eol\rmem: concentrations of PVDF
powder (Sigma Aldnch, Dorset, UEL Mw = 334, 000), for
mixing with DMF and acetome at a 1:1 ratio. The
Spm.ﬁ::auuus are as follows: N-Dimethylformamide (DMF,

Aldrich, Dorset, UE. 99 8%) and acetone, (Fisher
Scuennﬁr Waltham, MA USA 99.6%). The solutions for the
PVDF fibre were ared at different polymer concentrations
(15, 17, 18, 20, 22%wt) with the snlve:ntratm of DMF and
acetone at 1:1 (ih)onthehntplate stirrer for 4 hours at 60 c.
The electr t was performed by using a
blunt tip (21G) needle. The distance ﬁ'om tip to the substrate,
the voltage, and flow rate were studied at 17, 20, 23
cm, 20, 23, 25KV and 4, 6 mlhr, respectively.

To explore the solid fibre condition of PVP, the PVP
solutions were prepared from PVP powder (Sigma Aldnch,
Dorset, UK, Mw = 1300000) at different polymer
concentrations (13, 17, and 20%wt) m the mixing solvent of
DMF and Ethanol. Each concentration was mixed at different
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ratios of DMF and Ethanol (Fisher Scientific, Waltham, MA,
USA, 90.9%). of 4:6, 6:4, 73, 82 (vv). The red dye was
added to the solution to assist in the observation of the Taylor
cone durmg the coaxial t. The electrospionmg
expeniment was performed by usmg the bhmt tip ("1Gj-
needle. The distance bemmu'pm substrate, voltage and flow
rate were smdied for each selubon concentrabon If the
expeniment has been successful the Tayler cone should form
a stable cone jet shape with no drippmg, and the substrate
should be dry after the fibre hits the target without any residue
dye colour remaming_ [16], [17]

Observation regardng the state of the Taylor cone was
recorded m greater detail during the electrospmning process.
The stability of the Taylor cone should remam unchanged
throughout 4 min of the electrospinning process. If doppmg
occurs during the electrospinning process, 1t 1s considered an
unstable Tmrlor cone state. By keepmg the flow rate constant
at 0.3 mlihr, the smdy focused on examinimg the working
distance and applied voltage in the fine range of 13-27 cm and
13-25kV, res ely. Based on data E;amﬂdfmmmhdﬁbre
eXpeTIments, and PVP solutions were chosen and used
as the shell and core solutions for coaxial electrospinnmg,
respectively. The condition of FVDF and PV solutions was
selected from the solid fibre experiments when mixing both
solutions in the coaxial spimmeret. A digital camera was used
to observe the compound Taylor cone. The Taylor conme
gecmetry was analysed for each condition from photographs
using imaging software (Image]). This was done to study the
size and angle of the Taylor cone. Although the optimmm
concentration of PVDF sohution for solid fibre was 20 wi%a,
the polymer conceniration that suted the coaxial experiment
was 15-17%%wt. The one-step hollow electrospun fibre relies
on the different evaporation rates of the shell and core
solution. This study is designed to use the core solvent, which
evaporates quicker than the shell sohrtion during the flight of
the polymer jet. Thus, the distance from the tip to the target
for preparmg PVP solid fibre with the evaporated solvent was
studied.

The FVP solid fibre experimentation process data showed
the mininmm completely evaporated solution state at 0.3
mlhr at a needle to substrate distance greater than 19 cm and
a voltage greater than 20 kV. The PVDF solution reached a
mininmm evaporated state at a needle to substrate distance not
over 20 cm and am applied voltage above 20 kV. This
condition helps to elmmate the distance parameter i the
coaxial electrospinming stady. Thus, to find the hollow fibre
condition, the distance from the neadle tip to the substrate was
kept constant at 20 cm.

The shell flow rate of the PVDF at 17% mixed with a 1:1
ratio of DMF and acetone was kept constant at 4 mlhr. The
core flow rate of the FVP at 20% mixed with a 4:6 ratio of
DMF and EtOH was studied at 3 different levels, these bemg
0,05 and 1.5 mlhr. The applied voltage was also studied at 3
levels at 20, 23 and 25 kV. The full-factorial DOE scheme was
usad to help identify the best condition for hollow structure
fibre preparation.

B. Geometrical and structural characteristics

The geometrical characteristics section inclndes the

logy and structure of the intended hollow fibre for

PVDF. The tested samples were prepared from 20% PVP
mixed with a 7:3 ratio of DMF and EtOH. The samples were

coated on to aluminium foil and were examined with the SEM.
In regard to the exammation of the solvent residue, a Thermo
Scientific™ Nicolef™ 135 FIIR Spectrometer was deployed
to study the chemical bend of the fibre after completion of the
electrospmning process. As for the FVDF fibre, the FTIR
specra was applied m order to identify phase fractions
between @ and B. The Benchtop X-ray Powder Diffraction,
Bruker D2 PHASER. was usad to analyse the crystal structure
of the PVDF fibre.

Fig. 1. The schematic of the electrospinning semp.

C. Electromechanical characteristics

A surface potential test was designed, for the exammation
of the electrostatic characteristics of the electrospun fibre. To
study the electret charateristic of the fibre, the surface

poteunaldatawasremrdEdE times as follows: 14 days after
ele mning, after corona discharge and 14 da}'s after
Eschare;e

The piezoelectric coefficient {d33) and capacitance (c) of
the fibre mat were measured usmg Piezometer system,
PM300. The standard measurements for the system—dynamic
force of 0.253 N, static force of 10 N, am:lﬁ'equenw ‘of 110
Hz—were used for the analysis. The data was collected from
the average value of 3 positions on the sample.

In order to test the energy harvesting performance, the
fibre mat (2em x?cm) was assembled with a copper electrode
and PET adhesion tage as shown in Fig. 4 a). The tapping test
rig was developed from previous studies and comes
inserting the sample between two electrodes and tapping at a
constant rate. [18], [19] The tapping test g was set up to
provide a constant rate and pressure usmg a linear actuator
motor. The linear actuator motor has a rated voltage of 12V,
900 rpm. The sample was attached to the oscilloscope to
observe changes i voltage mduced by the mechanical
movement of the riz, as shown in Fig. 4 b).

III. RESULTS AND DISCUSSION

A. The geometrical characteriztics

As can be seen from the SEM image m Fig. 2a) and 21),
the hollow PVDF fibres were mternally broken. The diameter
of the fibre was found to be around 2 microns. As seen m Fig.
1), the obtiained hollow fibres exhibit variation in forms. In
this case, solidification of the cuter shell occurred at the onset
of the mstability of the compoumn thereby departing from
a near perfect cylindrical shape. 'Il!ue shell and core diameters
were barely observed from this technique. This may mdicate
that only part of the sample had formed as a hollow fibre. In
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addinon, this could imply that the cheosen condiion may not
be totally suitable for this techmique.

The results from FTIR. spectra analysis of the solid PVDF
i:ll_:ln.dﬁﬂ.\'ﬁﬂl hollow PVDF fibres are shown m Fig. 2 c). The
spectra analysis of the characteristic transmmssion band

of non-polar a-phase at 762, 795, 853, 973, and 1382 o was
hardly observed. The polar f-phase for the electrospun PVDE.

[

Panl baim PV

Trarnsmisson {a.uw]

A0G 1200 000 21 a0
Wavenumbsr (om-1)
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Fip. 2. a)and b) the 5EM images of the electrospun pamial hellow PVDF

fibre c) the FTIR spectra of the solid and partial hollow PVDF electrospun
fibres d) the XED pattern of the partal hallew PVDF electmospun fibre

fibre was observed at 840, 1234, 1275, and 1431 cm™. It
can be concluded that the ability of the transform f-phase for
the electrospmning technique is of a high standard However,
this cannot explam the differences in strocture of the hollow
and solid fibre through using the FTIR spectra.

The structural results obtamed from the Xomay
diffractometer, were imtially determmed from the PVDE
sample prepared from FVDFE 17% mixed with a 5:5 ratio of
DMF and acetone as a shell sohrtion and FVP 20 %0 mixed
with a 7:3 ratic of DMF and EtOH and additional red dye for
the core solution This sample was expectad to have been a
hollow stuctured FVDF fibre. The fibre though appeared to
be partially hollow when refeming to the results from the SEM
images. However, the of hollow space for the entire
sample has not yet bean established The X-ray pattern, as
shovn m Fig 2 d), shows the dominant peak at 20.67

comespondng to the f-phase n a single plane erystal.
B. The electromechanical characteristics

After completion of the electrospinmmg process, the
samples were carefully removed from the substrate using anti
static tweezers. The surface charge potential was then
measured using a static fieldmeter. All samples were weighed
after the electrospimmg process via a four-digt laboratory
scale. The samples were exposed to the environment for 14
days, and then the surface potenftial was measured again.
After 14 days, the residual charge was removed from all
samples using an isopropyl spray. Then, the samples were
corona charged and measwred for the surface potential
charge. The san:lples were exposed to the environment for
another 14 days. The surface potential was then measured
again.

The surface potential of the core-shell PVP-PVDF and the
partial hollow electrospun fibre were observed after the
electrospinning process and corona charge, as shovwn in Table
1. Overall, the PVDF fibre shows a negative surface potential
and engages the negative trapped charge after leaving the
emuonnﬁl??l_ 'Ihfsﬁespr edﬁ'ommecoreﬂn‘mngmte
and the applied voltage is 0 mlhr and 23 kV, respectively,
show the highest surface potential at— 111.6 KVig.

TABLEL THE SURFACE POTENTIAL MEASUREMENT OF THE PVDF
HOLLOW STEUCTURE FIERE
Prepared Surface potential (EV) Surface
condition potential
(Core flow After After After per weizht
rate (ml/br), | SeTOPT |, | corona (kVig)
applied nning 14 p charge 14
voltage(ky | 907 days
0.20 03 -T.8 58 H52
0.13 -14 -10.3 B35 -111.6
0.15 1.7 -B6 44 -101.1
0.5.20 1.0 B3 53 -1
03523 1.6 -138 -54 -106.7
05,25 3l -ie 45 -El@
1520 -4 6.1 -39 -502
5.3 [ 5] -53 -14 -313
1.5.25 04 -34 -12 217
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As shovn mFig. 3, the measurement of the d33 foumd that the
maxmmm 433 from the partial hollow PVDFE fibre 15 28.7
pCMN. However, after Ieadmg for 10s the high d33 value
appearsd to  disappear. maximmm  abschte vahe
piezoelectric coefficient forth:eP’\-’DFhu]luw fibre was found
to be 28.7 pC/N. Affter reading for 10s the d33 value

to disappear. This may be caused by the deformation of the
fibre mat stmchure after the force was applied during the
testing procedurs. The le from the PVDF
:z»i:r11.11:'.|:M:11:'1r£.|il wie and PVP ;??1‘3]»]2?1\'1 the core flow rate and the
applied voltage is 0 ml'hr, and 23 kV, was used n the further
electromechamecal test.

A tapping test was set up using a linear motor that tapped
the sample at a constant rate and pressure in order to study the
energy harvesting performance. The cutput voltage under the
compressive force on the PVDE electmﬁ solld Ebre and
partial hollow fibre are shown in Fig. 4¢c)
to peak open circuit voltage obtained from the partial lm]luw
fibre was shown to be 8.7V, while the snlldﬁtmmls 64\-’
The peak power density c:rumealmlated from P =V, IiRA
where R is the resistance of the oscillo e (10 ML) and A
15 the active area of the testing samplzltf'he power density
from the solid and partial hollow FVDF electrospun fibre was
found at 1.60 and 2. 18 mWiny', respectively. It was found that
the hollow structure had better power output than the sohd
stmcture.

Max d33 (pC/M)

Fig. 3. The magimum absolute piezoelscmic coefficient value of the coaxial
PVDF measured from PiezcMeter PM-300

IV. coNCLUSION

This research aims to iovestigate the energy harvestmg
potential from the electro hollow fibre using a one-st
coaxial hollow electrospimmg method. FVDF was selected to
improve the energy harvesting of the flexible polymer. The
imvestigation of the fibte covers geometrical and
electromechamical charactenistics. The structure and
merpholegy were examined and imvestigated through SEM. It
was found that the hollow structore of the PVDE le was
revealed through the burst of the skin m the shell of the fibre.
The chenmical bending results from the FTIR spectra

Salid FVDF Partial hollow PVIDF

- - — -
] 02 04 06 OB 10 12 14 1B
Time ($)

Fiz. 4. a) Schematic of the testing sample for tapping test. b) the s=t up of
tapping rig during tapping test. c) the open cironit cutput voltage of solid
PVDF and partial kollow PVDF electrospun fibres

indicate a small level of mxmg between PVP and PVDF for
the partial hollow fibre. The PVDF sample revealed the
dominant piezoelectric f-phase a, which agreed with the
strong peak of p-phase obtaned from the XRD result. The
electromechanical test results from the solid and partial
hollow PVDE samples showed the maximum voltages
at 6.4 and 8.7 \-’ respectively. The power density from the
solid and partial hollow PVDF electrospun fibre was found at
1.60 and 2.18 mW/m’, respectively.
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Glossary of Terms

Glossary of Terms

A family of two-dimensional (2D) inorganic compounds made of
transition metal carbides, nitrides, and carbonitrides with the
general formula of Mn.1XnTx, where M is a transition metal, X

represents carbon or nitrogen and Tx refers to surface termination

molecules

Piezoelectric constant
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