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ABSTRACT

Smart electronic textiles (e-textiles) have drawn significant interests as lightweight, flexible
and comfortable next-generation wearable devices due to their ability to continuously monitor,
collect, and communicate various physiological parameters. They hold promise for diverse
applications, including sportswear, military uniforms, safety instruments, environmental
monitoring, and healthcare applications. However, a key challenge in integrating wearable
devices into textiles lies in the demand for lightweight, flexible, and high-performance power
supply units. Consequently, thin and flexible textile-based supercapacitors are being explored
due to their inherent lightweight nature and remarkable power density. Nonetheless, the
manufacture of high-performance textile supercapacitors for widespread industrial adoption in

a scalable manner remains a formidable challenge.

To address this, the first study establishes an experimental protocol for traditional screen-
printing of highly conductive graphene-based conductive inks on textiles showcasing their
potential in applications like piezoresistive sensing, EEG electrodes, and supercapacitor
electrodes. The resultant screen-printed in-plane textile supercapacitor achieves a notable aerial
capacitance of approximately 3.2 mF cm? The second study focuses on the scalable
exfoliations of two-dimensional materials, specifically graphene and MoS;, and their
integration onto textiles using an industrially viable high-speed pad-dry-cure technique for
high-performance wearable supercapacitors applications. The graphene-MoS»-graphene tri-
layered heterostructure-based textile supercapacitors reveal an impressive areal capacitance of
~180 mF ¢cm. In the third study, sustainable digital manufacturing of 2D heterostructure-based
textiles was investigated via layer-by-layer inkjet printing of 2D materials (graphene, MoS2
and hBN) onto a rough and porous textile surface. The resulting graphene-hBN-graphene
heterostructure textiles showcase a remarkable areal capacitance of ~32.5 mF cm™, surpassing
existing literature on graphene-based inkjet-printed supercapacitors. Finally, the fourth study
explores the utilization of a standalone Co/Zn-metal organic framework (MOF) for textile
supercapacitor applications. Employing screen printing, pad-dry-cure, and inkjet printing,
MOF-coated textiles achieve a remarkable areal capacitance of ~359.36 mF cm™. The findings
from these four studies distinctly highlight the promise of textile-based supercapacitors for
wearable electronics applications, signifying an important step toward moving from R&D-

based textile supercapacitors to actual real-world applications.
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1. General Introduction

1.1 Introduction

The realm of personalized healthcare has been transformed by wearable electronics, which
allow for unobtrusive tracking of human health throughout daily activities.! The rapid
progress in smart wearable technology and integrated electronics has significantly fuelled the
growing demand for printed microelectronics with attributes like lightweight, high
performance, and remarkable mechanical flexibility.*> Wearable electronic textiles (e-textiles),
containing electronics and interconnections woven/knitted or printed/coated onto or into
textiles,> 7 are of great interest in this regard, providing better comfortability, durability and

lighter weight as well as maintaining the desirable electrical property.®’

Till date, one of the key challenges to integrate electronic components into textiles is the
requirement of a lightweight, flexible, and high-performance power supply unit.!” Among the
different electrochemical energy storage (EES) devices, high energy density batteries and high
power density supercapacitors stand out as the most successful contenders on the Ragone chart.
Their unique properties and applications in portable electronic devices, electric automobiles,
and other areas have accumulated significant attention.!!* 1> Supercapacitors or ultracapacitors
have gained greater attention as energy storage devices compared to batteries, primarily
because of their rapid charging and discharging rates, exceptional rate capability, long cycle
life, and cost-effectiveness.'*"!> Flexible textiles supercapacitors (SCs) are promising due to
their excellent lifetime, lightweight nature, high power density, and ability to deliver even
under mechanically deformed conditions.!® Recently, various types of flexible materials,

including polymeric films, papers, fibres/yarns, and fabrics, carbon cloths, PET sheets have
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been employed to produce all-solid-state supercapacitors, however, all of these materials are
not suitable for clothing.!” Fibers/yarns and fabrics, among them, are the most eye-catching
substrates due to their integrate ability into clothes for direct manufacturing of wearable
devices.'® Textile materials, being highly flexible, show various advantages in mechanical
properties like light weight, higher stretch ability and higher flexibility making them a
favourable substrate in the application of energy storage devices. However, the main challenge
to construct an energy-textiles is that flexible energy storage does not yet exist in a form,
comparable with everyday fabrics, their feel, drape and thickness. In order to produce an
“energy-textile” as part of a garment, it must be fabricated in a scalable and systematic manner

allowing for multiple components of e-textiles to be integrated simultaneously.

1.2 Research background

The most commonly used materials for supercapacitors electrodes are carbonaceous
compounds (e.g. carbon black), metals and conductive polymers.?®2! Carbon black, composed
of aggregated carbon nanoparticles in a three-dimensional structure, providing a conductive
network typically has a high surface area, contributing to its capacitive performance. This is
commonly used as a conductive additive in supercapacitor electrodes to enhance conductivity.
Metal inks, though mostly used for their high conductivity; are expensive, environmentally
unfriendly, not biocompatible and incompatible with heat sensitive textiles.?? Metals typically
possess a restricted surface area for charge storage, and characterized by rigidity, weight, and
inflexibility, prone to corrosion potentially impacting their long-term stability. Conductive
polymers exhibit lower electrical conductivity, with a moderate specific capacitance, and suffer

from cycling stability issues.

The unique and often complementary properties of graphene and related two-dimensional (2D)
materials offer an abundance of opportunities for next generation technologies. Transition
metal dichalcogenides (TMDs), black phosphorus (BP) and hexagonal boron nitride (hBN) etc.
are other such materials widely being studied for their tuneable properties.?* Graphene, a single
layer of sp2 bonded carbon atom,?* has opened up a wide range of flexible electronics
applications,”® and thus graphene-based formulations are considered to be very promising for
the next generation e-textiles.’® The high mechanical flexibility, large surface area, good
chemical stability, and superior electrical and thermal conductivities make it very competitive

in new-generation energy application fields.?’
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In comparison to conventional carbon black, graphene, with its two-dimensional hexagonal
lattice structure, offers an exceptionally high surface area, providing more sites for charge
storage in supercapacitors. Macroscopic graphene, in contrast to metals, exhibits superior
electrical conductivity (Appendix A), facilitating efficient charge and discharge cycles in
supercapacitors. Graphene, renowned for its mechanical strength, flexibility, and lighter weight
than metals, thus could be advantageous for applications in wearable electronic textiles. Being
chemically stable, it contributes to the overall stability of supercapacitors. The remarkable
combination of high conductivity and a large surface area also allow swift charging and
discharging, rendering it suitable for applications requiring rapid energy release. Graphene thus
can serve as an active material in supercapacitor electrodes. However, it is worth noting that
traditional metals or conductive polymers are generally more cost-effective to produce,
whereas the production of high-quality graphene can be expensive, potentially influencing the
overall cost of graphene-based supercapacitors. The majority of the textile supercapacitors
reported so far could only be produced at laboratory scale, such as fibre-like devices or
synthesis on a carbon cloth.® Thin and flexible supercapacitors although gaining

consideration,”®

still lagging behind the increasingly harsh requirements of industry. A key
challenge is still the identification of ideal electrode materials satisfying the requirements of
high energy-power densities and long cycle life.>” Therefore, there still exists a strong need for
the development of flexible and high-performance energy storage devices to be integrated with

wearable electronics.

1.3 Research aim and objectives
The aim of the study is to develop scalable, low-cost, highly functional, and flexible graphene-
based energy-storage textiles for powering personalized wearable garment. Specific objectives

arc:

e Developing functionalized and well-characterized graphene and other 2D materials for
energy storage applications

e Developing a scalable and low-cost way of manufacturing textiles energy storage using
existing manufacturing and fabrication methods (coating or printing)

e Analysing the electro-chemical and physical performance of developed energy storage
fabrics in terms of energy density, charging-discharging and flexibility etc.

e Demonstration and validation of textile supercapacitors for wearable applications.
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1.4 Thesis format and outline

This PhD thesis has been submitted in a format that includes chapters that contains the
experimental methodologies and results from where journal articles have either already been
published in peer-reviewed journals or are ready to submit. The references for all the chapters
are included at the end of the thesis. As [ was the principal contributor, I am the first author for
the journal papers published from here. Due to the collaborative nature of the research, other
authors have contributed towards the journal papers. However, my contribution to each chapter
is presented at the beginning of each chapter (2,3, 4, 5 & 6). Chapter 1 introduces the topic for
this PhD study, covering the research background, aims and objectives of this study. The
literatures relevant to aims and objectives of this study are reviewed in Chapter 2. Chapter 3
reports the optimisation and application of versatile screen-printed graphene-based wearable
e-textiles including supercapacitor for energy storage. In chapter 4, I report the scalable

fabrication of 2D materials (graphene and MoS;) and their heterostructure textiles for wearable

supercapacitor application via highly scalable pad-dry coating technique_

(Texts

redacted for copyright reasons) Finally, the summary of the findings of this PhD study and

the recommendations for future research are presented in Chapter 7.
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2. Smart electronic textile-based wearable

supercapacitors

Heart rate

Breathing rate Muscle electrical

activity

%
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Blood oxygen
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Movement Cognitive
patterns function

Sleep Sweat analysis
Figure 2.1 Textile-based flexible supercapacitors for powering up wearable devices to monitor

physiological parameters.

Wearable e-textiles have been going through significant evolutions in recent years, due to the
continuous progress of material science and nanotechnology, miniaturization and wireless
revolution.?® 3! E-textiles possess functionalities such as sensing, computation, display and

3235 which facilitate the manufacturing of highly innovative and intelligent

communication,
garments, able to perform as sensors, actuators, power generators, and energy storage devices

all at the same time.’® >’ Combining these electronic fibres/textiles with human skin can
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potentially build an intelligent system that could be integrated with biological nerves, muscles,
and ligaments in the future to endow us with more functions.?® E-textiles inherit the advantages
of being lightweight, flexible and air permeable with a certain degree of ductility of traditional
fibres/textiles while possessing electronic functions.> %° As a lightweight portable device to
monitor vital health parameters (Figure 2.1), e-textiles have become a focus of research interest
due to their prospects in sportswear, military uniforms, safety instruments, environmental
monitoring and health care applications.*'*** However, one of the key challenges to integrate
such electronic devices to textiles is the requirement of lightweight, flexible and high-

performance power supply unit.** 4’
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Figure 2.2 Ragone plot showing comparison of different electrochemical energy storage
systems.

Conventional energy storage devices (e.g., batteries) can store a large amount of energy which
cannot be delivered quickly owing to their higher internal resistance. Capacitors are another
type of energy storage device, which can be charged and discharged quickly. However,
capacitors have limited storage capacity. Therefore, the development of capacitors with high
energy densities (i.e., supercapacitors) has become an exciting area of research for
electrochemical energy storage/conversion systems. Supercapacitors (SC), also referred to as
ultracapacitors, are promising electrochemical energy storage devices that can be charged and
discharged within seconds, and possess high power density, long cycle life and outstanding
cyclic stability.*® As relatively new type of capacitors, they are distinguished by the

phenomenon of electrochemical double-layer, diffusion and large effective area which lead to
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extremely large capacitance per unit of geometrical area, taking their place in-between batteries
and conventional capacitors. Considering energy and power densities, they also possess a wide
area between batteries and conventional capacitors (Figure 2.2). The incorporation of flexible
electrodes and/or substrate materials in SCs provides structural flexibility with their inherent
high-power density, which are highly attractive for a large number of emerging portable and
lightweight consumer devices.*’ Flexible plastic, elastomeric and textile substrates possess
better biocompatibility, stretchability, transparency, and wearability.*® In addition to intrinsic
wearability and flexibility, a textile-based SC ensures better comfort when worn, better
integration with the garment, and better wearability of the electronic components in comparison
of the conventional rigid and bulky power supply units. It also ensures the enhanced mass
loading of active materials, resulting in higher capacitance, energy and power density.
Therefore, textile-based flexible SCs show a great potential for wearable electronic
applications, due to miniaturized, portable, large-scale transparent and flexible consumer
electronics in comparison with the current energy storage devices.* In this literature review, |
focus on textiles-based flexible and wearable SCs due to their potential for next generation
wearable e-textiles applications. | start with presenting an overview of electrochemical energy
storage technologies and their working principles. | then discuss the basic parameters to
evaluate SC performances and summarize electroactive materials required for the preparation
of conductive textile electrodes and electrolytes for SC fabrications. | then review
manufacturing techniques for conductive textile-based electrodes, followed by various forms
of textile-based SCs and their integration techniques. The energy storage performances of
recently developed textile based SCs in terms of capacitance, energy density, and power density
are also summarized. Furthermore, key properties of textiles-based SCs for wearable e-textiles
applications such as flexibility, safety and washability are discussed. I published this literature

as two review article in Advanced Science.1% %0

2.1 Overview of electrochemical energy storage system

Energy storage is defined as the conversion of electrical energy from a power network into a
form, that can be stored until converted back to its original electrical form.>! The purpose of
such system is to capture produced energy for a later use,>? offering a number of significant
benefits including achieving demand-side energy management, improved stability of power
quality and the reliability of power supply on a long-term basis.”® With the intensified energy
crisis in recent years, energy storage has become a major research focus in both industry and

academia®® and are viewed as a promising solution for future highly renewable power
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systems.’> Among the various forms of energy storage, electrochemical energy storage (EES)
systems are vitals, due to their versatility from assisting very large-scale electrical grid down
to tiny portable devices to be used for various purposes.’® >’ They offer the electrical energy
accumulation for longer durability (even over 10° cycles) and higher specific power (more than
10 kW kg™"), making them very useful for short-term pulses in hybrid electrical vehicles, digital
telecommunications systems, uninterruptible power supply (UPS) for computers, pulse laser
techniques, etc.’® The electric energy is stored in the chemical bonds of electrode materials of
the device, which involves the conversion reaction between chemical and electric energy. Now-
a-days, EES devices are an integral part of telecommunication systems (cell phones, remote
communication, walkie-talkies, etc.), standby power systems, and electric hybrid vehicles in

the form of storage components such as batteries, SCs, and fuel cells.>

Two main parameters are important for energy storage: the energy density and the power
density. The energy density is defined as the amount of energy to be stored per unit volume or
weight, and the power density is described as the speed at which energy is stored or discharged
from the device. An ideal storage device should simultaneously possess both high energy and
power densities. Batteries and fuel cells are typical EES devices of small specific power, while
conventional capacitors can have higher specific power but exhibit a very low specific energy.
The performance parameters of EES such as energy density, power density and safety mostly
depend on the electrode materials, which should have high electro activity, high electron/ion
conductivity, and high structure/ electrochemical stability.®” Many efforts have been made to
develop advanced electrode materials in the last few decades, however it still requires further
development regarding energy density, power density and lifespan. Additionally, it is desirable
to fabricate EES with high electrochemical performance, ultra-flexibility and lightweight for

wearable electronics applications.®!

2.1.1 Structure of EES devices

EES devices are usually consist of electrode material, current collector, separator and
electrolyte.> A thin layer of separator, sandwiched by a pair of electrodes and current
collectors, filled with electrolyte make the device, Figure 2.3. Electrodes are composed of
electrochemically active materials which store charges. Current collector, made of electrically
conductive substrates, connects the electrodes with the external circuitry for the charge transfer.
Separators physically and electrically separate electrodes to avoid short circuits. Electrolytes,
either in liquid or in gel form, are used to carry and transport charged ions between electrodes.

Finally, an encapsulation layer is applied to protect the full integration from any leakage of

Page 24 of 209


https://www.sciencedirect.com/topics/materials-science/supercapacitors

electrolyte and oxidation of any material, ensuring the stability and safety of the device.'®

Figure 2.4 (a-c) represents the schematic of the basic structural components of different EES

devices.
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Structure of electrochemical energy storage device

Figure 2.3 Schematic diagram of the structure of EES devices. a) conventional rigid form and

b) flexible form.

2.1.2 Types and working principles of EES

EES devices are primarily classified as electrochemical capacitors (Figure 2.4a), batteries
(Figure 2.4b) and fuel cells (Figure 2.4c). Due to a comparatively bulk structure, fuel cell is
not considered suitable for wearable applications. Therefore, EES devices that are used in
wearable systems, may either be electrochemical capacitors or batteries. Electrochemical
capacitors, also known as supercapacitors or ultracapacitors, can be quickly charged and
discharged with nearly 100% efficiency. They possess outstanding power performance, good
reversibility, and very long life (>100,000 cycles). Table 2.1 compares the characteristics of

various EES devices.

Table 2.1 Comparison among various EESDs®3 ¢4

Characteristics Li-ion battery Capacitor Supercapacitor Fuel cell
Storage mechanism Chemical Physical Physical and N/A
chemical
Energy storage High Limited Limited High
Energy density (Wh kg™!) 8-600 0.01-0.05 1-10 300-3,000
Power density (kW kg™!) 0.005 to 0.4 0.25-10,000 10-120 0.001-0.1
Charge/discharge time 1-10 hours ps-ms ms-seconds 10-300 hrs
Operating temperature -20°C to +65°C -20°C to -40°C to +85°C +25°C to
+100°C +90°C
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Operating voltage 1.25t0 4.2V 6 to 800V 2.31t02.75V 0.6V
Cycle-life 150-1,500 >100,000 >50,000+ hrs, 1,500-10,000
unlimited hrs
Charge-discharge efficiency (%) 70-85 100 85-98 60
Charge stored determinants Active mass and | Electrode area Electrode N/A
thermodynamics | and dielectric microstructure
and electrolyte

Depending on the use of electrode materials, SCs are further divided into EDLCs,
pseudocapacitors, and hybrid capacitors. There are two charge storage mechanisms involved
in the operation of SCs: storing the charges electrostatically (at the interface of capacitor
electrode as electric double layer capacitance) and storing the charges faradaically (at the
electrode surface as pseudocapacitance).® Table 2.2 compares the properties among various

SC types.

Table 2.2. Comparison among various types of supercapacitors®®-

Parameters

Electric double layer

capacitor (EDLC)

Pseudo-capacitor

(PO)

Hybrid capacitor
(HC)

Charge storage mechanism

Physical — Non
faradic/electrostatic,
electrical charge store at
electrode/electrolyte

interface

Chemical- faradic,
reversible redox

reaction

Physical and chemical
(both faradic and non-

faradic)

Electrode materials

Carbonaceous compounds

Conducting polymers

and metal oxides

Combination of
EDLC and PC type

materials

Specific capacitance (Fg™')

Lower (200-300)

Higher (200-1,340)

Higher (50-1,893)

Energy density (Wh kg!) Low (6.8-12) High (167-223) High (132-231)
Cyclability (cycles) High (100,000) Low (5,000) Medium (12,000)
Capacitance retention (%) 60-100 52-96 80-95

2.1.2.1 Electrical double-layer capacitors (EDLCs)

Electric double layer (EDL) or Helmholtz double-layer (attributed to Helmholtz) involves the
formation of two charged layers at the electrode-electrolyte interface. Thus, the ability of
storing potential-dependent charge is termed as electric double layer capacitance, and the SCs
based on this principle are termed as electric double layer capacitors (EDLCs). From a
structural view, they are consist of three parts: two active material-loaded electrodes, an

t,69

electrolyte, and a separator sheet,” Figure 2.4d. Energy is stored through charge separation
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and can keep considerably more energy than a classic capacitor. A simple movement of ions
migrate to and release from electrode surfaces is involved (Figure 2.4g-i), therefore can
respond rapidly.”” EDLCs are usually evaluated in terms of Farads (F), instead of picofarads
(pF) and microfarads (uF) for the conventional dielectric and electrolytic capacitors due to their
ability to store much more electricity. EDLCs have high power density, good reversibility and

long cycle life, achieved by the use of high-surface-area activated carbon (AC) as the working

medium in the capacitor system.5
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Figure 2.4 Basic schematic of electrochemical energy storage devices: a) a capacitor b) a Li-
ion battery c) a fuel cell. Types of electrochemical supercapacitors: d) Electric double layer

capacitor (EDLC) e) Pseudocapacitor f) Hybrid capacitor and g-i) Charge-discharge
mechanism of an EDLC.
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2.1.2.2 Pseudo capacitors

Pseudo capacitors defeat EDLCs in energy density for the reversible redox reactions between
their electrode materials and electrolytes,”! Figure 2.4e. They are also referred to as redox super
capacitors, since they store charges, faradaically, through battery-like redox reactions but at a
faster rate than the EDLCs, offering a pathway for achieving both high energy and high-power
densities. Materials that combine these properties are in demand for the realization of fast-
charging EES devices capable of delivering high power for long period of time.”? Transition
metal oxides such as MnO», conducting polymers like Polyaniline (PANI), Polypyrrole (PPy)
or derivatives of Polythiophene (PTh) such as Poly (3,4-(ethylenedioxy) thiophene) (PEDOT)
are being studied as prominent pseudocapacitive materials now-a-days. This faradaic charge
transfer process is highly reversible. During charging, the surface region of redox-active
electrode materials gets reduced to lower oxidation states coupled with adsorption/insertion of
cations from the electrolyte at/near the electrode surfaces. Upon discharge, the process can be
almost fully reversed,% similar to the charging and discharging processes that occur in
batteries, resulting in faradaic current passing through the SC cell.”*7* Pseudo capacitors offer

a higher energy density but a lower cycle life than EDLCs.

2.1.2.3 Hybrid capacitors

Hybrid SCs offer improved performance in energy density without altering the power density
and has been in recent trends. They deliver higher specific capacitance in comparison to the
existing EDLC and pseudocapacitors.” They are made by the hybridization of two types of
electrodes to form a new capacitor, Figure 2.4f. This is a unique approach, which is used to
enhance the electrochemical properties of a single cell. The exhibition of electrochemical
behaviour over a wide voltage range will enhance the overall operating voltage window and
increase specific energy density, which is larger than the cells containing single type of
electrode. Among two types of electrodes in hybrid capacitors, one is an energy source
electrode (i.e., battery like electrodes), and the other terminal contains a power source electrode
(i.e., either an EDLC or a pseudo-capacitor electrode). The selection of the energy source
electrode is important to enhance the cell voltage without sacrificing much energy and power
densities. Such configuration offers the advantages of both SCs and the advanced batteries,

resulting in a significant increase in the overall energy density of the system.”®
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2.1.2.4. Lithium-ion batteries

Batteries store charge through the conversion of electrical energy into chemical energy. In a
lithium-ion battery (LIB), lithium ions move from the negative to the positive electrode during
discharge, and travel back to the negative electrode when charging, Figure 2.4b. Unlike lithium
primary batteries (which are disposable), LIBs use an intercalated lithium compound as the
electrode materials instead of metallic lithium. LIBs are common in consumer electronics as
rechargeable batteries for portable electronics, which provide one of the best energy-to-weight
ratios, high open circuit voltage, low self-discharge rate, no memory effect, and a slow loss of
charge when not in use. Beyond consumer electronics, LIBs are growing in popularity for
military, electric vehicle and aerospace applications due to their high energy density.””-7® The
diffusion-controlled electrochemical process of lithium-ion insertion/de-insertion in LIBs
results in a much lower power density compared to SCs. However, they typically appear in a
rigid form which makes them unfavourable for many applications, especially in the field of
portable and highly integrated equipment. Several research groups also investigated flexible
textile-based batteries for wearable electronics application.””** Although this review does not
focus on batteries, it is worth noting that in many cases, batteries are used in combination with
supercapacitors for achieving high performance. The details of electrochemical performance

evaluation of supercapacitors are discussed in Appendix B.

2.2 Components of textile-based supercapacitors

The performance of SC largely depends on the nature of electrode materials, type of electrolyte
used, and the range of voltage windows employed. In this section, we will discuss about the
basic textile materials used for wearable SC fabrication, as well as the electroactive materials
for electrode preparation and electrolyte materials commonly used for textile-based SC

fabrication.

2.2.1 Textiles as the substrate for supercapacitor fabrication

Multifunctional wearable electronics require a conformal platform close to the human body.
Textiles or fabrics that are usually embedded with normal clothes and worn on various body
parts, have emerged as promising substrates and platform for wearable electronics, due to its
unique characteristics including lightweight, soft, flexible, stretchable, air-permeable, low-
cost, chemically resistant, scalable production, and integrable with various forms of garments.3*
In addition to natural fibres (e.g., cotton, silk, wool), other polymeric substrates are commonly
used to fabricate e-textiles including poly (ethylene terephthalate) or polyesters (PET),
polyamide or nylons (PA), polyimide (PI), viscose, polyethylene naphthalate (PEN) and
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thermoplastic polyurethane (TPU). Furthermore, some research groups studied papers
(specifically for fabricating disposable devices) and polydimethylsiloxane (PDMS) for
fabricating such wearable devices.’> 8 However, these substrates vary in their physical,
chemical, thermal and tensile properties.’” 8 Therefore, the choice of any specific textiles

substrate depends on the properties required for the end-products.

2.2.2 Electroactive materials for electrode preparation

As previously discussed in section 2.2, SCs are classified into two types, according to the
charge-storage mechanism, which includes EDLCs based on carbon materials, and
pseudocapacitors based on certain transition metal oxides or conducting polymers. The EDLCs
usually display perfect cycling stability, but lower specific capacitance. In contrast,
pseudocapacitors present high specific capacitance but poor cyclability. These undoubtedly
limit their practical application as individual electrode material for SCs.*® Therefore, to
enhance the capacitive performance, developing composite materials combining both EDLC

materials and pseudocapacitor materials becomes an inevitable trend.®

2.2.2.1 Carbonaceous materials

Carbonaceous compounds and their allotropes (Figure 2.5a) are currently of particular interest
as key materials for multiple applications including nano- and optoelectronics, photonics,
molecular separation and storage, nano mechanics, catalysis, and energy storage.”® A unique
combination of chemical and physical properties, including exceptionally high Young’s
modulus and mechanical strength, higher light transmittance, higher conductivity, higher
surface-area range (~1 to >2000 m? g!), good corrosion resistance, higher temperature
stability, controlled pore structure, processability and compatibility with composite materials,
and relatively lower cost make carbon-based materials attractive material for SC electrodes.®*
1 Among five forms of carbon allotropes: 3-dimensional diamond (Csp?), 2-dimensional
graphite (Csp?), 1-dimensional carbene (Csp'), 0-dimensional fullerene (Csp®), and transitional
carbons (admixtures of Csp®, Csp? and Csp'), the first four are crystalline and first two are
found naturally. Graphite and fullerene have attracted much attention as electrode materials
due to their structures and functionalities.”” Additionally, they have faster electron transfer
kinetics with lower fabrication costs. However, their specific capacitances were found to be too

low for commercial applications.

Carbon nanotubes (CNTs), a one-dimensional allotrope of carbon, are cylindrical large

molecules consisting of a hexagonal arrangement of hybridized carbon atoms. Being nano-
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meter in diameter and several millimetres in length, they are available in the form of single-
walled carbon nanotubes, SWCNTs (formed by rolling up a single sheet of graphene) or
multiwalled carbon nanotubes, MWCNTs (by rolling up multiple sheets of graphene).”
Chemical vapor deposition (CVD), laser-ablation and carbon arc-discharge are three common
techniques for producing CNTs. Structure, surface area, surface charge, size distribution,
surface chemistry, agglomeration state and purity are the main parameters that affect the
reactivity of CNTs.** Their exceptional physical, chemical, and electronic properties offer
exciting possibilities for even nano-meter scale electronic applications.*® Since its discovery in
1990s, CNTs have been utilized in a variety of applications including actuators, artificial
muscles, and lightweight electromagnetic shields.”> Additionally, CNTs have been investigated

as SC electrodes by several research groups. ¢
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Figure 2.5. Electrode materials for textile-based supercapacitors a) carbonaceous materials

b) conducting polymers ¢) metal oxides/hydroxides and d) other 2D materials.

Carbon black (CB), a common denomination for particles with a carbonaceous core, is
manufactured by thermal decomposition, including detonation, or by incomplete combustion

of carbon hydrogen compounds having a well-defined morphology with a minimum content of
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tars or other extraneous materials.!?’ In recent years, it has become an interesting modifier of
sensors, due to its excellent conductive and electrocatalytic properties, as well as its cost-
effectiveness.!?! Conductive carbon blacks which usually possess electrical conductivity in a
range of 107! to 10? (Q cm) ! are usually well-structured (i.e., aggregates with a highly
branched open structure). They have higher porosity, smaller particle size, and chemically clean
(oxygen free) surface.®® In addition to using as electrode material itself,'? carbon black is also

used in combination with other materials to enhance the performance of SC.!0: 104

Activated carbon (AC), in comparison with the other forms of carbonaceous materials, is
preferred as electrode materials due to its low cost and environmentally friendly nature.!'%’
Carbonization and activation are the main steps for the synthesis of activated carbon. Due to
the tuneable pore size and higher specific surface area as compared to other carbonaceous
material, activated carbon has been widely used as electrode material for SC applications. The
high surface area, hierarchical pore structure, and different morphology enable the formation
of a bilayer of ions at electrode-electrolyte interfaces.!* Activated carbon powder (ACP) is
known as an inexpensive yet good electrode material with 1,000-2,000 m?g! of specific

surface area,'’” and have widely been studied for SC application.'%-11

Graphene, since its isolation in 2004, has unveiled a wide range of other similar 2D materials
and received much attention from the researcher community due to their outstanding
mechanical, thermal, electrical and other properties.>> 113 It is a two-dimensional allotrope
of carbon, which is the basic structural element of carbon allotropes including graphite, carbon
nanotubes, and fullerenes.!'* It has an isolated single layer of carbon hexagons consisting of
sp? hybridized C-C bonding with n-electron clouds.!'' It can be considered the “mother” of all
graphitic-based nanostructures, owing to the variety of sizes and morphologies onto which a
single graphitic layer can be transformed. It can be wrapped up into the zero-dimensional (0D)
“buckyball” structure and folded into one-dimensional (1D) carbon nanotubes (CNTs). It can
also be stacked into multi-layer graphene sheets.!!® Mechanical, thermal, and liquid phase
exfoliation, and the chemical vapor deposition (CVD) are the most common techniques to

17 118 Dye to its unique physicochemical properties including

manufacture graphene.
theoretical specific surface area (2,600 m?g'), good biocompatibility, strong mechanical
strength (130 GPa), excellent thermal conductivity (3000 Wm™'K™), high electrical charges
mobility (230,000 cm? V! s!) and fast electron transportation makes it not only unique but also

a promising material for next generation energy storage applications, particularly SC
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devices.!!?1?*> Graphene and its derivatives have the capability to form chemical bonds with

textiles and therefore, show great potential to be used in smart energy storage textiles. 24126

Graphene oxide (GO), a derivative of graphene'?’ can be obtained by treating graphite
materials with strong oxidizing agents (potassium chlorate and fuming nitric acid) where
tightly stacked graphite layers are loosened by the introduction of oxygen atoms to the

129 with strong mechanical, electronic

carbon,'?® forming a single-layer sheet of graphite oxide
and optical properties, chemical functionalization capability and excellent features such as
large surface area, high stability, and layered structure.'?*!*> Based on the degree of oxidation,
GO can be a semiconductor or insulator, enabling it to be used in many fields.!** Reduced
graphene oxide (rGO), another important derivative of graphene,'** consists of few-atom-thick
2D sp? hybridized carbon layers with fewer oxygeneous functionalities and exhibits properties
between graphene and GO."** Though it resembles graphene, containing residual oxygen and
other heteroatoms with some structural defects degrade its electric properties.!*> While
graphene derivatives (GO and rGO) can be produced in a huge quantity in their stable
dispersions,'*” the major challenge for such materials is the ability to porduce high quality
graphene at larger scale.!®® Hybridization of various carbonaceous compounds are also
attractive due to their combined electrochemical properties, which provides enhanced

capacitive performances of SC devices.!?14

2.2.2.2 Conducting polymers

Conducting polymers (CPs) are organic polymers, that are able to conduct electricity through
a conjugated bond system along the polymer chain. In the past two decades, they are
extensively explored for energy storage applications due to their reversible faradaic redox
nature, high charge density, and lower cost as compared to expensive metal oxides. They are
considered as promising electrode materials for flexible SCs.!** Among CPs, PANI, PPy, and
derivatives of polythiophene have widely been studied as active electrode materials for energy

storage devices, Figure 2.5b.

PANI, a conducting polymer, has been playing a great role in energy storage and conversion
devices due to its high specific capacitance, high flexibility, and low cost. It is said that the era
of intrinsically conducting polymers started with the invention of polyacetylene. However,
PANI attracted much more attentions from researchers due to its cheaper monomer compared
to polyacetylene and ease of synthesis.!* PANI-based electrodes for SCs provide multi-redox

reactions, high conductivity and excellent flexibility.'*¢ However, the inferior stability of PANI
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limits its application to be used alone in the fabrication of electrodes.'*’” Therefore, the
combination of PANI with other active materials (such as carbon materials, metal compounds

or other polymers) is recommended to overcome such intrinsic disadvantage.!43-150

PPy is a m-electron conjugated CP, which has been researched widely for energy storage
applications due to its good electrical conductivity and environmental stability in ambient
conditions. It has shown promise as SC electrodes because of its large theoretical capacitance,
good redox properties, superior conductivity, ease of synthesis, nontoxicity, biocompatibility,
and high thermal and environmental stability.!>! However, the brittleness of PPy limits its
practical uses. Nevertheless, their processability and mechanical properties can be improved
by either blending PPy with some other fibre polymers or forming copolymers of PPy.!>? Thus,
PPy-based composites may provide the fibres or fabrics with electrical properties similar to
metals or semiconductors.!>® The water solubility of pyrrole monomers and much less
carcinogenic risks associated with its biprodcuts compared to PANI, makes PPy a proper
material as SC electrodes. However, the poor cyclic stability and poor rate behaviour of pristine
PPy-based SCs drastically restrict their practical applications.!>* Nevertheless, higher
electrochemical performance can be achieved by the introduction of novel design of
nanostructured PPy and its nanocomposites, which is currently being explored widely for SC

electrode fabrication.!>>1%7

PEDOT is one of the most promising n-conjugated polymers exhibiting some very interesting
properties such as excellent conductivity (300 S cm™), electrooptic properties, and
processability.!® 13 PEDOT is highly conductive in its oxidized (doped) state, while in its
undoped form is usually nonconductive or shows very little conductivity. Its conductivity can
be increased by oxidizing or reducing with a doping agent which introduces positive charges
along the backbone structure of PEDOT. These positive charges are later balanced by the anions
provided by the doping agent.!>® The oxidized or doped form of PEDOT shows very high
conductivity, flexibility, low-cost, and pseudocapacitance. However, the low stability and
limited capacitance have limited its industrial applications. Several approaches have been
undertaken to tackle these issues including the addition of conducting nanofillers to increase
conductivity, and mixing or depositing metal oxide to enhance capacitance.'® Though several
studies have reported the electrochemical performance of PEDOT based SCs,!S! 162 the
polymer mixture with polystyrene sulfonate (PEDOT:PSS) possess a high conductivity (up to

4,600 S cm™)!%3, and can be used as an electrode material for SCs.!%* 1> The hybridization of
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PEDOT:PSS with other active materials have also been studied for the SC electrode

fabrication. 6168

2.2.2.3 Metal oxides

Electrodes composed of metal oxides possess exceptional properties, qualifying them as a
suitable engineering materials with a wide range of applications including sensors,
semiconductors, energy storage, lithium-ion batteries and solar cells.!® Metal oxides, due to
its wide variety of oxidation states for redox charge transfer, are generally considered as one of

the prime candidates for the use as electrode materials in SCs,!”® Figure 2.5c.

Ruthenium dioxide (RuQ;z): Due to its high theoretical specific capacitance value (1,400—
2,000 F g 1), RuO: has been extensively recognized as a promising material for SC devices.!”!
Additionally, it demonstrates highly reversible redox reactions, good thermal stability, high
electronic conductivity (300 S cm™), superior cycle lifespan and high rate capability.!” Despite
having such outstanding properties, their higher production cost and agglomeration effects
limit its practical applications. Therefore, RuO,-based nanocomposites have widely been
studied to optimize the material cost, with simultaneous improvement in the electrochemical

71

performances.!”! Several researchers have studied RuO»-based nanocomposites for SC

172,173

fabrication as well as for the improvement of the electrochemical performances for next-

generation SCs, 74176

Manganese dioxide (MnQ03): MnQO: is considered as one of the most promising electrode
materials for electrochemical capacitors, due to its low cost, high theoretical specific
capacitance (~1,370 Fg™!), natural abundance, environmental friendliness and nontoxicity.!”’
MnO: is a very common material in the battery field, which has long been used as active
material for the positive electrode.!’® The charge storage mechanism is based on the surface
adsorption of electrolyte cations M* (e.g., K, Na, Li") as well as proton incorporation as

follows:'”
MnO; + xXM* + yH* + (x+y)e" & MnOOMyHy  Equation 1

However, the poor conductivity, much lower actual specific capacitance than the theoretical
specific capacitance, poor structural stability and easy dissolving nature in the electrolyte
results in poor cycling ability.'®® Therefore, the combination of MnO with other active

components are much preferred by the researchers for SC electrode application. !8!-183
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Nickel oxide (NiO): NiO is another attractive conversion reaction-based anode material in the
field of SCs due to its low cost, ease of preparation, nontoxicity, environment friendliness and
high theoretical capacity (~3,750 F g'!). 18¢ The pseudocapacitance of NiO is obtained from the

following redox reaction:
NiO + OH = NiOOH + e Equation 2

Though theoretically advantageous enormously, the relatively poor electrical conductivity and
lower specific surface area hinder their practical applications. One possible solution to these
problems is to synthesize nanostructures of NiO with large surface areas, which are associated
with more faradaic active sites and higher pseudo capacitance. Therefore, various
nanostructured forms of nickel oxides such as nanowires, nanoflakes, nanocolumns,

nanosheets, porous nanoflowers, and hollow nanospheres were successfully fabricated in the

170 185-187

past few years by various methods' ™ and investigated for SC fabrication.

Nickel hydroxide [Ni(OH);/: Ni(OH); is also an attractive electrode material because of its
high theoretical capacity, superior redox behaviour, and potential applications in alkaline
batteries and SCs. Its main reaction mechanism as positive electrode material for SCs is shown

as follows:
Ni(OH)2 + OH™ = NiOOH + H>O+e Equation 3

However, Ni(OH): usually suffers from poor stability, lower conductivity, and large volume
changes during the charge/discharge processes. Thus, composites with high surface-area
conductive materials such as CNTs, activated carbon, graphene, show remarkably enhanced
electrochemical performance due to improved electrical conductivity of the composites, and

the shortening of the electron and ion diffusion pathways, 3811

Cobalt oxide (Co30y) is generally considered one of the best candidates for electrode material
in the field of SCs owing to its superior reversible redox behaviour, excellent cycle stability,
large surface area, and outstanding corrosion stability.!”?'°* The redox reactions in alkaline

electrolyte solution can be expressed as follows:
C0304 + OH™ + H2,0 = 3CoOO0H + ¢ Equation 4
CoOOH + OH = Co00: + HO+e Equation 5

Due to layered structure with a large interlayer spacing, Cobalt hydroxide [Co(OH):] provides

a large surface area and a high ion insertion/extraction rate and offer a great potential to become
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a high-performance electrode material'!’® and explored for SC studies.!!% ! The pseudofaradaic
reaction at a low potential of Co(OH)> and the faradaic reaction at a higher potential can be

expressed as follows:

Co (OH)2 + OH = CoOOH + H,O+e Equation 6
CoOOH + OH" = Co0; + HO+e Equation 7

Among iron oxides, Fe30q is one of the main and naturally abundant pseudocapacitive material
with a reasonable metallic electrical conductivity (~10>~10° S cm™). However, the low specific
capacitance limits its practical applications. 7iO: is also considered very important material for
energy storage systems because of its good intercalation/ deintercalation behaviour of metal
ions (such as Li+ and Na+) without the formation of solid electrolyte interface by-products and
electrode collapse caused by volume changes. These characteristics contribute to its high-
power capacity and long lifespan. Non-toxicity, chemical stability, photocatalytic activity and
low cost make it a promising semiconductor.!® In terms of properties, 7iO; is suitable for the
use as negative electrode material in organic electrolyte for hybrid SCs. SnO: is another
alternative electrode material to be used in SCs. But compared to other metal oxides, it has a
much lower specific capacitance. The several oxidation states of vanadium in }>Os results in
both surface and bulk redox reactions. Therefore, it has been studied for its potential application
in energy storage devices. V205 has a higher capacitance in KCl electrolyte than in any other
electrolyte solutions. 7able 2.3 compares the basic types of electrode materials for the

fabrication of SCs.

Table 2.3. Comparison of various supercapacitor materials'**

Properties Carbonaceous Metal oxides Conducting polymers
material
Non-faradic capacitance Very high Medium Medium
Faradic capacitance Very low Very high Very high
Conductivity Very high Low Very high
Energy density Low High Medium
Power density High Low Medium
Cost Medium High Medium
Chemical stability Very high Low High
Cycle life Very high Medium Medium
Ease of fabrication Medium Low High
Flexibility Medium Very low High
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2.2.2.4 2D materials

Since the discovery of graphene, two-dimensional (2D) materials (Figure 2.5d) such as
hexagonal boron nitride (2BN), transition metal chalcogenides (TMDs)- Molybdenum disulfide
(MoS:>), Tungsten selenide (WSe:>), transition metal carbides/nitrides (i.e. MXenes- Ti>C) and
2D metal-organic frameworks (MOFsy) also attracted tremendous research attention due to their
extraordinary properties including large surface area, good electronic conductivity, excellent
electrochemical properties, and good chemical, electrochemical, and thermal stability, since
these properties are promising for batteries and SCs.!*!%® 2D materials are generally defined
as materials with infinite crystalline extensions along two dimensions and one crystalline
dimension with few or single atomic layers thickness. Such materials are derived from most
classes of known layered materials and possess strong in-plane bonds within the layers and
only weak interactions between neighbouring layers.!” However poor cyclic stability, and
large structural changes during metal-ion insertion/extraction, as well as higher manufacturing
cost are the major challenges for 2D materials which require further improvements to find their

applications in commercial batteries and SCs.?%

2D-hBN an isomorph of graphene with a very similar layered structure,?®! is uniquely featured
by its exotic opto-electrical properties together with mechanical robustness, thermal stability,
and chemical inertness. 2D-hABN is an insulator itself but can well be tuned by several strategies
in terms of properties and functionalities, such as by doping, substitution, functionalization and
hybridization, making 2D-hBN a truly versatile type of functional materials for a wide range
of applications. More importantly, both theoretical and experimental results show that the BN—
noble metal interface can also improve the electrocatalytic activity. Recent studies have also
shown that it has the ability to adsorb polysulfides and Li ions, which is a greatly desired
property for improving the performance of Li—S and solid-state batteries. Thus, BN-based
nanomaterials have huge potential in the field of electrochemical energy storage and
conversion.??? It is also considered as one of the most promising materials, able to integrate
with other 2D materials, including graphene and 7MDCs for the next-generation

microelectronic technologies,?®® as well as SC electrodes.?%4-207

MoS:>, another exciting 2D material, has been investigated to a lesser extent but are gaining
increased interest recently for integration into electronic devices due to their graphene like
properties. Exfoliated MoS> possesses high catalytic activity which makes it an efficient
hydrogen evolution catalyst as well as a useful energy storage material for the use in lithium

and sodium ion batteries. In addition to conventional synthesizing processes such as
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micromechanical peeling or chemical vapor deposition, currently MoS: is being synthesized by
ultrasonic treatment similar to graphene. It creates large volumes of monolayer and few layer
flakes that can then be deposited onto a substrate or formed into films.?®® The favourable
electrochemical properties are mainly a result of the hydrophilicity and high electrical
conductivity, as well as the ability of the exfoliated layers to dynamically expand and
intercalate various ions.?*” Similar to #BN, MoS> has been explored alone®!*!! or with other

functional materials?'22!5 for SC electrode fabrication.

MXene, a new family of 2D metal carbides, nitrides and carbonitrides have gained much
attention due to their attractive electrical and electrochemical properties such as hydrophilicity,
conductivity, surface area, topological structure, rich surface chemistry, tunable terminations,
excellent processability etc.?!%2!® The term MXenes with a formula of M+ X,, are named after
other 2D analog materials silicene, graphene, phosphorene, and so on, synthesized by
extracting a atomic layer from ternary MAX (M,+1AX,) ceramics, where M = early transition
metal elements (Ti, Zr, Mo, Nb, V, Mn, Sc, Hf, W, and so on), A = group 13 or 14 (Si, Al, Ga,
and so on), X = C or/and N. Due to their unique intrinsic physical/chemical properties, 2D
MXenes materials have thoroughly been investigated and can be used in various research fields,
including ceramics, conductive polymer, energy storage, sensors, water purification, catalysis,
thermoelectric conversion, photothermal conversion, solar cell, biomedicine, and microwave
absorption and shielding.?!*-2?° Moreover, the improved coupling and hybridization of MXene
with other materials at the nano-scale makes it one of the most intriguing materials for wearable

applications.*?!> 22

2.2.3 Electrolytes for supercapacitors

Electrolytes are vital constituents of SCs, as their physical and chemical properties play an
important role to obtain desired performances in terms of capacitance, power density, rate
performance, cyclability and safety.??® For the SC performance, the type, composition, and
concentration of the electrolyte is as important as the electrode materials.?>* An optimized
electrolyte concentration is always desired, as the ion transport within the electrode layers
becomes easier at high electrolyte concentration, inducing an effective build-up for the double
layer. If the concentration becomes too high, the ion activity is reduced due to less water
hydration, resulting in decreased ion mobility. A good electrolyte offers a wide voltage window,
high electrochemical stability, high ionic concentration and conductivity, low viscosity, and
low toxicity. However, a proper cell design should also consider the key electrolyte parameters,

such as: (1) sufficiently high ion conductivity, (ii) electrochemical stability on the anode and
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cathode surfaces, (iii) good wetting in contact with electrode materials, (iv) suitable thermal
properties, (v) adequate cost, and (vi) adequate mechanical properties.?>> Common electrolytes
can be classified into three types: aqueous, organic liquid, and ionic liquid,?*® (Appendix C).
Due to offering safer and more packageable construction, providing more design freedom,
larger operable temperature range and electrochemical stability, polymer-based electrolytes
have also garnered significant attention for SC fabrication. Figure 2.6 summarizes some of the

key features of major electrolyte families to compare their advantages and disadvantages.
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Figure 2.6. Comparison of the performance of several electrolyte types

2.3 Manufacturing of conductive electrodes

Several technologies can be utilized for the manufacturing of conductive electrode. Spinning,
coating, and printing of active materials with/on textiles are the key manufacturing techniques
for such electrodes. In-situ growth of active materials on/ in the substrate is another way of

such manufacturing.

2.3.1 Coating of active materials on substrate

The conventional textile materials such as cotton, polyester, nylon is electrically
nonconductive. Therefore, electrical conductivity must be introduced to such textiles to prepare
a textile-based energy storage device. The coating of a layer of electrically conducting material
onto non-conductive textiles can impart electronic capabilities in a facile manner. Materials
such as intrinsically CPs, conducting polymer composites, metals and carbon based materials

have been used to achieve this.??” The commonly used coating techniques that have been used
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to deposit such materials on textiles are dip coating, doctor-blade coating, wrapping, physical

vapor deposition (VPD) and CVD.®* 70

Dip Coating, also termed as impregnation or saturation coating, is the simplest process of
creating a uniform thin layer of conductive materials on a substrate. In such technique, textile
substrates are dipped into a bath containing coating materials in liquid form, Figure 2.7a. The
viscosity of the coating liquid is usually very low to enable it to run off while the substrate
leaves the coating liquid. A pair of nip rollers are often placed to remove the excessive liquor
from coated surface, providing a homogeneous liquid film on the sustrate.??® After drying, the
volatile solvents are eliminated, followed by possible chemical reactions, resulting in a thin
coated film.?* Dip coating offers a simple, low-cost, reliable and reproducible method, which
is extensively effective for research purposes. However, the inconsistent quality of such
coatings makes them unsuitable for industrial scale application.!>* Hu et al. reported a simple
dipping and drying of SWNT ink on textiles to produce highly conductive textiles with
electrical conductivity of 125 S cm™ and sheet resistance < 1 Q sq'. SCs made from such
conductive textiles showed high areal capacitance, up to 0.48F cm™, and specific energy as
high as 20 Wh kg! at a specific power of 10 kW kg'!, Figure 2.7(b-d).*° The same researcher
group later demonstrated the coating of polyester fabric with solution-exfoliated graphene
nanosheets and further electrodeposition of MnO: nanomaterials, yielding high specific
capacitance up to 315 F g!'. They also successfully fabricated asymmetric electrochemical
capacitors with graphene/MnOz-textile as the positive electrode and SWNTs-textile as the
negative electrode with aqueous Na,SOy4 electrolyte, exhibiting promising characteristics with
a maximum power density of 110 kW kg!, an energy density of 12.5 Wh kg™!, and excellent
cycling performance with ~95% capacitance retention over 5,000 cycles, Figure 2.7(e, f).%!
Dip coating is a simple and scalable process, however the loading of active materials depends
on the surface properties as well as deposition position of the textile substrate. The repeated
dipping-drying cycles are usually employed to achieve sufficient material loading which lowers
the efficiency of fabrication process. Padding is a modified version of dip coating, used for
continuous treatment of textiles for various chemical treatments and finishes. Textile substrate
after impregnated with the solution is squeezed through nip rollers.® In a previous study,?® the
lowest sheet resistances was reported ~11.9 Q sq ! on graphene e-textiles, through a simple
and scalable pad—dry—cure method with subsequent roller compression and a fine
encapsulation of graphene flakes. The graphene coated textiles were highly conductive even

after 10 home laundry washing cycles with extremely high flexibility, bendability, and
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compressibility as it shows repeatable response in both forward and backward directions before
and after home laundry washing cycles. The potential applications of such conductive textiles

were demonstrated as ultra-flexible SC and skin-mounted strain sensors, Figure 2.7(g, i).
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Figure 2.7. a) Schematic diagram of dip coating technique b) Conductive textiles fabricated by
dipping textile into an aqueous SWNT ink followed by drying in oven at 120 °C for 10 min c)
SEM image of coated cotton reveals the macroporous structure of the cotton sheet coated with
SWNTs on the cotton fibre surface. (d) Ragone plot of commercial SCs, SWNT SC on metal
substrates, and SWNT SC on porous conductors including all the weight. Reproduced with
permission.?® Copyright 2010, American Chemical Society. e) Photograph of a stable,
solution-exfoliated graphene ink suspension prepared by ultrasonication of the graphite
powder in a water sodium cholate solution, and a 6 cm X 8 cm graphene-coated conductive
textile sheet (polyester) (f) SEM image of a sheet of graphene-coated textile after 60 min MnO>
electrodeposition showing large-scale, uniform deposition of MnO2 nanomaterials achieved
on almost entire fabric fibre surfaces, Scale bar: 200 um. Reproduced with permission.?!
Copyright 2011, American Chemical Society. g) The change in resistance with the number of

washing cycles of G-coated compressed (with encapsulation) poly-cotton fabric, G-coated only
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(with encapsulation) poly-cotton fabric, and G-coated compressed (without encapsulation)
poly-cotton fabric. h) CV recorded for the supercapacitor device at different scan rates i) CV
curves for the ASC device at different bending angle. Reproduced with permission.? Copyright
2020, Wiley-VCH.

Doctor blade coating, also called knife coating or blade coating or tape casting, is another
widely used technique for producing thin films on surfaces with large area. The process
involves a constant relative movement between a blade over the substrate or a substrate
underneath the blade, resulting in a spread of the coating material on the substrate to form a
thin film on the substrate upon drying. The operating speed of such technique can reach up to
several meters per minute, and coat substrate with a very wide range of wet film thicknesses
ranging from 20 to several hundred microns.?*? This process can create thin uniform films over
large surface areas quickly and efficiently, though cannot offer the nanoscale uniformity or
extreme thin film. Nevertheless, the scalability, versatility, and simplicity of this technique
make it perfect for industrial applications. In comparison to dip coating, doctor blade technique
allows a much more precise and uniform control over the coating amount of active materials
in a continuous process.'® Though few literatures are available on fabric or thin-film-based
lithium-ion batteries fabricated using doctor blade coating,?** the fabrication of SCs using such

technique is rare.

2.3.2 Printing of active material on substrate

The process described as printing involves the controlled deposition of a material, either for
decorative or functional purposes, onto a substrate in such a manner that a pre-defined pattern
is produced. Other deposition processes, such as painting or spraying, have much in common,
but printing is further defined because the process can rapidly produce identical multiples of
the original. There are three basic methods of printing: positive contact, negative contact, and
non-contact printing. The first two methods are described as contact printing since the substrate
is touched by the print master. The positive contact type resembles the principle of stamping,
examples include printing presses and woodcuts. Gravure or screen printing are the examples
of negative contact type printing. In non-contact printing, the printer does not contact the
substrate. The most common examples of non-contact printing is inkjet printing, where ink

droplets are ejected from a nozzle, and deposited on a substrate.?**

Surface wettability of a polymeric material is of great importance when it comes to different

applications in material science.?* This is a basic feature of printing substrate which is a direct
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intermolecular interaction occurring when liquid and solid medium are brought together. The
study of wettability involves the measurements of contact angle (CA), indicating the degree of
wetting when a solid and liquid interact. CA when low (<90°) corresponds to high wettability,
meaning that the fluid will spread over a large surface area. A high CA (>90°) represents low
wettability, so the fluid will minimize contact with the surface and form a compact liquid
droplet. CA>150° indicates minimal contact between the liquid droplet and the surface and it

corresponds to a super hydrophobic behaviour.

Surface tension, or surface free energy, both similar parameter, corresponds to the residual
binding capacity of a material surface, i.e., the binding capacity of atoms or group of atoms
that constitute the border surface of the material of interest.>** When talking about solid
surfaces only, the term ‘free surface energy’ is usually used. Both the terms refer to the same
physical quantity and share the same symbol. The unit of the free surface energy is Jm 2, and

the unit of surface tension is Nm !, which is, once multiplied by m m™! the same unit.?*’

2.3.2.1 Textile surface engineering and post treatment
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Figure 2.8 Textile surface pre-treatment and post treatment for e-textiles. a) Inkjet printing of
organic nanoparticle coating followed by inkjet printing of conductive rGO to prepare
conductive textile.?? Screen printing of b) graphene ink on textiles c¢) polyurethane (PU) based
encapsulation post-treatment to improve washability d) Comparison on the change of

electrical resistance of printed textiles with and without encapsulation layer.?®
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Printed electronics often require a uniform and smooth substrate that is also solvent resistance,
chemically and thermally stable, stretchable, conformal, flexible, and light weight. One of the
key challenges with printed e-textiles is the ability to achieve continuous highly conductive
electrical tracks on a rough and porous textile substrate. Due to the orientation of fibres or
yarns, textile fabrics demonstrate an intrinsic planar anisotropy of the general properties.?*’
Also, the morphology of the fibre changes constantly due to the exchange of water molecules
with surroundings, which makes it extremely difficult to produce uniform and continuous
conductive paths using low viscous inkjet inks.??> Number of researches have been conducted
to introduce interface layer for reducing such roughness and porosity of textiles. Previous
studies have suggested polyurethane acrylate-based interface layers,** however the deposition
of such interface layer suffer from few draw backs. These usually constrains the potential
feature resolution, not suitable for small quantity of material deposition or roll to roll
manufacturing. In a previous work,?? an organic nanoparticle-based inkjet printable textile
surface pre-treatment was reported which enables production of all inkjet-printed graphene-
based wearable e-textiles which is breathable, comfortable and environmentally friendly,

Figure 2.8a.

Another key challenge of wide commercial adoption textile-based wearable electronics is their
poor stability on repeated laundry washing.?*! A good washability is essential for e-textiles to
survive intense mechanical deformations and water invasion of washing cycles used during
their life cycles.?*> The delamination of the conductive functional materials due to the
mechanical forces experienced during washing cycles, results in losing the electrical
performance.?*® The wash stability of wearable e-textiles can be improved via a number of
methods including a textile surface pre-treatment with BSA, or by a post-treatment for instance
embedding with PDMS, PU sealing, a screen-printed PU top layer or, hot melt encapsulation
to seal conductive track on the textile surface.?® In our another work,?*® we used a translucent,
thin, and stretchable PU-based encapsulant to protect screen-printed graphene-printed wearable
e-textiles, Figure 2.8b-c. Such encapsulation material adheres with textile materials, keeping
the printed graphene layer attached to textiles but covered and protected even during repeated

wash cycles, Figure 2.8d.

2.3.2.1 Printing techniques for e-textiles
The printing process involves a controlled deposition of material, either for decorative or
functional purposes, onto a substrate in such a manner that a pre-defined pattern is produced.

Though other deposition processes including painting or spraying are there, printing is further
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highlighted because it can rapidly produce identical multiples of the original. Three basic
methods of printing are there: positive contact, negative contact, and non-contact printing.
Since the substrate is touched by the print master during printing, the first two methods are
described as contact printing. Positive contact type resembles the stamping principle, examples
include printing presses and woodcuts. Gravure or screen printing are examples of the negative
contact printing. In non-contact printing process, the printer does not meet the substrate. The
most common examples of non-contact printing is inkjet printing where ink is ejected on a
substrate from a nozzle.”** The available print technologies are briefly introduced in the

following section.
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Figure 2.9 Printing technologies for e-textiles fabrication, a) screen printing b) gravure
printing c) flexographic printing d) continuous inkjet printing and e) drop-on-demand inkjet
printing f) Comparison of print throughput and best achievable resolution ranges of print
technologies.?

2.3.2.3 Screen printing
Screen printing (Figure 2.9a) generally uses a screen mask which includes a fabric mesh with
the patterns of image. The ink is pressed using a squeegee such that the ink penetrates the

substrate through the portion of the mesh not covered with the fabric material, forming a printed
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pattern.?**2* Basically, this is a selective transfer process of ink through the open areas of the
unmasked portions of a screen. Masking of the screen is accomplished by the transfer of a
photographically produced image from its temporary film base support to the screen.?*® Low
cost and high processing speeds are some potential advantages of the screen printing, however,
changes in shear force can continually influence ink viscosity, leading to a pattern distortion.
Here, the printing resolution is limited by the printing speed. Thus, there is a need to optimize
the formulation of conductive inks suitable for screen printing while maintaining the good
conductivity and fidelity of printed patterns.?** One of the biggest advantages of screen printing
is the versatility of the substrates including paper, paperboard, polymer materials, textiles,
wood, metal, ceramics, glass, and leather. In addition, the screen printing process enables ink
application not just to flat surfaces but to irregular ones too, as long as the thick ink adheres
properly to the printed substrate and the screen can adapt to the substrate's shape consistently
without distortion.?*” The wide variety of polymer substrates requires different types of inks.
Printing inks must be selected according to the type and surface characteristics of printing
substrates. A sharp edge of printed image requires ink with higher viscosity in screen printing
than in other printing techniques. Screen printing inks can be categorized by the drying process
in the following groups: evaporative (water-based and solvent-based), oxidizing, catalytic, and
UV inks. Solvent-based inks are very common in polymer screen printing applications, but
there are some other inks that are dried by a slower process of oxidation and polymerization,
too. Few inks also use UV energy for curing by polymerization.?*’ Screen printing is by far the
most widely used method for wearable e-textiles application. Researchers have attempted
screen printing for the fabrication of textile-based strain, 2*® pressure,?* temperature,>>* and

humidity sensors.?! Several textile-based biosensors such as for electrocardiogram (ECG), %

) 254 )255
b

253 electroencephalography (EEG electromyography (EMG)~" and electro-oculography

(EOG)*% %6 were also reported via screen printing method. In addition to these, several screen-

257

printed textile-based supercapacitor,’” heating elements?’ were also demonstrated. We will

discuss in detailed about screen-printed wearable e-textiles in the subsequent sections.

Jost et al.,*® investigated traditional screen printing of porous carbon materials on woven
cotton and polyester fabric for fabricating flexible and lightweight SC electrodes as a possible
energy source for smart garments. A high gravimetric capacitance (85 F g ') and areal
capacitance (~0.43 Fcm™2) on both cotton lawn and polyester microfibre was obtained. In
another study, Abdelkader et al.?*® reported a solid-state flexible textiles SC device, produced

via screen printing of GO ink on textiles. After the in-situ reduction of GO, the printed
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electrodes exhibited excellent mechanical stability and flexibility, as well as outstanding cyclic
stability over 10,000 cycles, which are necessary for wearable applications, Figure 2.10(a-c).
Lu et al.?® synthesised FeOOH/MnO> composites which was screen-printed as SC electrode
on different substrates, including PET, paper and textiles. The all-printed solid-state flexible
SC device exhibited high area specific capacitance of 5.7 mF ¢cm 2 with 80% retention up to
2,000 charge-discharge cycles, and high mechanical flexibility. Additionally, they
demonstrated printed SCs on different substrates, which are capable of lighting up a 1.9 V
yellow light emitting diode (LED), even after bending and stretching, Figure 2.10(d-g).
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Figure 2.10. a) Schematic representation of the printed in-plane SC fabrication process.
Electrochemical characterisation of printed graphene on textile (b) CV at different scan rates
and (c) GCD curves at different current densities. Reproduced with Permission.?° Copyright
2017, 10P Publishing Ltd. D) Images of all printed solid-state flexible SC devices on PET,
paper, textile substrates, e) images of the SCs after bending f) image of these SCs in series
lighting up a yellow LED, and g) images of the same after bending these SCs. Reproduced with
permission.?®® Copyright 2017, Elsevier B.V.
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2.3.2.4 Gravure printing

Gravure is a widely used roll-to-roll printing method (Figure 2.9b), characterized by excellent
print quality with high speed, often used for large volumes of magazines and catalogues
printing.?6"-262 An engraved metal roll is used in gravure printing to transfer the ink directly to
the substrate. The depression in the engraved surface forms the print pattern. The roll is
immersed in the ink bath where the etched portions pick up and hold the ink followed by a
blade removes the excess ink. An impression cylinder pushes the substrate film with the
depressed, ink-filled regions of the gravure roll, thus transferring the ink to the film. A dryer
after that drives off the solvent creating the final layer of coating.?%*2%* The depressions in the
gravure rolls, to hold the ink can be etched chemically, mechanically, or by laser. One of the
advantages of gravure printing is that the rolls are hard, durable, thus is cost-effective for long
runs though the initial costs are high. The printing quality depends on the ink viscosity,
substrate speeds as well as the pressure of the impression roller. A relatively high print pressure
(1-5 MPa) and quite low-viscosity inks (50-200 mPa) performs a good ink transfer. Another
advantage is stretchy and unstable fabrics can also be printed by this technique efficiently.?®
The printing rate in gravure printing may be achieved up to 25-1000 m min™'.?%? Liquid gravure
printing inks are dried by using physical method, i.e., by evaporation of the solvents, and inks
of two components by chemical curing. The solvents speed up the drying process, but volatile
organic chemicals (VOCs) are emitted, which need to be recovered (typically 87-98%). Since
gravure printing is widely used for large scale roll-to-roll textile batches, for lab-scale e-textiles
it is not a very popular method. However, few researchers reported gravure printing for textile-
based humidity sensors.?*%2¢” We assume, upon commercialization, gravure printing might be

a high-speed production choice for large scale e-textiles fabrication.

2.3.2.5 Flexographic printing

Like gravure printing, the flexographic (shortly named as flexo) printing is another high-speed
roll-to-roll printing technique, Figure 2.9c. The printing process involves transferring ink, from
the surface of a flexible plate to the substrate. The pattern is made into plates that are attached
to a roll. The printing ink is metered onto the surface of the plate by an ‘anilox’- an engraved/
etched roller of chrome or ceramic similar to a gravure cylinder but with a uniform distribution
of cells (size, shape and depth). The volume of ink to the transferred to the printing plate
depends on this specification of the anilox. The ink is taken into these cells and a doctor blade
assembly wipes the excess ink subsequently. The plate transfers the ink film from the anilox to

the substrate by impression.?*® Flexo plates use vulcanized rubber or photopolymer materials
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that are attached to rotating cylinders.?®® The difference of flexographic printing with the
gravure printing is, instead of relying on impressing the film into the ink containing cavities of
the roll, the ink on the flexographic plates relies on the ridges of the pattern.?®* The relatively
inexpensive plates, advanced quality and productivity of flexographic printing often makes a
printer difficult to choose between flexographic and gravure printing. Flexography is now
dominant process for labelling, leaflets and cartons markets in packaging.?® Flexographic
printing allows to achieve increased printing speeds, of approximately 10 m? s™'. Resolutions
of approximately 50-100 um can be achieved. This technique is also suitable for the creation
of RF circuits, where very good conductivities are necessary since a thicker ink layer can also
be deposited (5 pm).2’® Flexographic inks maybe solvent-based, water-based or UV-curable
inks. To ensure the regular ink flow in the printing unit, low-viscosity printing inks are required
in flexographic printing, generally lower than 0.05-0.5 Pas with a flow time equal to 18-35 s.
Concentrates of both solvent- and water-based flexographic have relatively higher viscosity in
the range of 0.1-0.25 Pa-s.?’! Similar to gravure printing, flexography is suitable for large scale
production. We assume for large scale production of commercial grade e-textiles, flexography

could be a suitable choice.

2.3.2.6 Inkjet printing

Inkjet printing (IJP) also known as digital printing of functional materials with specific
electrical, chemical, biological, optical, or structural functionalities has gained significant
research interest due to its wide range of application in different processes and purposes, from
the batch coding of soft drink cans to smart electronic textiles.?’> 2" IJP allows the deposition
of tiny droplets onto substrate without depending on the high-speed operation of mechanical
printing elements. Nozzle sizes for the printers are usually 20-30 um with ink droplets as small
as 1.5 pL with an achievement of high resolution (dots per inch).?’* Besides 2D print results,
in ink jet printing, “structural” fluids can also print layers that harden to form three-dimensional
(3D) structures. In spite of all these, several consideration such as the printing speed, cost—
benefit issues, printed film uniformity and material, and fluids' jet-ability as ink — are still points
of concern for the printers.?’> Two distinct modes of inkjet printing are there, (1) Continuous
inkjet (C1J), suitable for industrial scale and mass-production and (2) Drop-on-demand (DOD),

used for small-volume and prototype sample production.

CLJ utilizes a pressurized fluid stream and a piezoelectric element at high frequencies (~20 -
80 kHz), to form droplets, Figure 2.9d. A continuous and consistent stream of fluid droplets of

uniform size and spacing can be generated by the careful adjustment of the voltage and
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frequency of the piezoelectric device. A conductive material placed in the fluid can impart an
electric charge on selected drops breaking them off from the fluid stream which are further
deflected by means of high voltage deflector plates to form various patterns onto the substrate.
Uncharged droplets are captured by a gutter mechanism and re-circulated through the system.
A “catcher,” a plate situated below the nozzle to perform patterning, actuates into and out of
the path of the droplets, only allowing the droplets to pass when pattern material is required.
For industrial environments CIJ offers cheaper alternate and high print rate by minimizing
transient and clogging issues, which is a limitation of DOD.?’® CIJ printing possess high
flexibility, precision, and speed allowing it to be used in applications in high-speed graphical
application such as coding, marking, and labelling, as well as textiles and micro-manufacturing
industries. The benefits of CI1J over DOD are improved image quality, throw distance, and the
ability to deflect droplets independent of gravity.?”’ Since the CIJ printing produces large-

diameter droplets (~ 40 mm), the print resolution is relatively low.

DOD printing, today, is the most commonly used printing technique in laboratory and small-
volume printers, Figure 2.9e. Due to the flexibility of the variety of inks used and simplicity of
application, it works very well with the prototype environments. The printer nozzle while
passing over the substrate, an actuator ejects a droplet wherever patterned material is
required,”’® the production of each drop occurs rapidly in response to a trigger signal. Typically,
DOD print head contains multiple nozzles and instead of drop ejection resulting from external
fluid pressure as in C1J printing, the drop’s kinetic energy derives from sources located within
the print head, very close to each nozzle. In DOD printing, the liquid emerging from the print
head in the form of a jet, is then detached from the nozzle and collapses under surface tension
forces to form one or more droplets.?’® Typical drop volumes of individual ink drops in DOD
are in the range of 1-70 pL, produces print spot size in the range of 10-50 um in diameter. The
slower speed (5000-20 000 Hz per second) of making drops is the limitation of DOD.?”® The
high accuracy and small droplet size of DOD inkjet printers are the key advantages for the

direct patterning of functional materials.

IJP delivers a small amount of materials as an ink to a specific location of substrate, which
opens the door of design versatility.’”> It does not require stencils; achieving cost-effective
printing choice for a much smaller print run than does conventional screen printing.**’ Being
highly adaptive, it can be applied to a wide range of different processes and purposes, from
batch to rapid prototyping in product design.?’* It also provides possibilities for new workflows,

short production runs, sustainable printing environments, quick response time, and
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customization.?®> Considering all these benefits, inkjet printing is considered to be the future
of e-textiles. Therefore, after screen printing, inkjet printing is most widely used technique to
fabricate e-textiles. It’s worth noting that, the amount of active functional material deposited
on textiles via inkjet printing is much less than the screen printing. Therefore, achieving an
optimum conductivity requires more print passes than the screen-printing process. Researchers
have already reported inkjet printing method to fabricate textile-based strain,?! pressure,?®?
temperature,”®® and humidity sensors.?®* Several biosensors such as ECG,?? EEG,” and
EMG? are also reported. Inkjet printing has also been used to fabricate textile supercapacitor

electrodes.?®

2.3.2.7 Formulation of printable inks

Conventional printable inks usually contain four components: dye or pigment, binder, solvent,
and additive. All these combinedly provide viscosity and flow properties to the printing ink. 2%
Functional inks on the other hand, have an electrically functional element instead of or along
with the pigment. They usually possess electromagnetic, thermal, chemical, and/or optical
properties, and are classified into conductive, semi-conductive, dielectric and resistive ink
categories.”®” Binder (also called thickener) holds the functional components and contributes
to the properties such as hardness, gloss, adhesion and flexibility. They become an integral part
of the pigment-binder-substrate system by crosslinking after evaporation (by drying or curing)
is carried out of the printing ink. Alkyds, polyamides, polyimides, rubber, ketone, acrylic,
epoxide etc. resins are typical binders used in printing ink formulation. It is important to
mention here that, the main component of wearable e-textiles is the conductive track obtained
through coating and/or various methods of printing. Binders are usually insulator materials; the
presence of excess quantity of binder materials can hamper the conductivity of the functional
material. Therefore, an optimization of the proper functional material to binder ratio is
important to formulate any printable ink. Since various print technique demand printable
paste/ink of different rheological properties, the specific print method should also be taken into
consideration for the formulation of specific print paste/ink. The main objective of using
solvent is to prevent the agglomeration of materials along with keeping the ink paste in fluid
form, sufficient to apply on a substrate. For dissolving polar molecules, polar solvents such as
water, alcohol, esters are widely used. Liquid hydrocarbons are used for nonpolar molecules.
Sometimes co-solvents are combined with solvents to cut the cost. An ideal solvent dissolves
the resin/polymer without dissolving or degrading the pigment; evaporates at a compatible rate

with desired printing process, possess required viscosity and should be compatible with image
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carrier. Modifiers and/or additives are added in the print ink to either enhance the printability
of the ink or of the cloth. Modifiers may tailor the viscosity or surface tension of the print ink
to enhance the printing performance of the print ink. Several type of additives include
hygroscopic agents, anti-oxidizing agents, fastness enhancers, or functional agents such as anti-
flammable agents, antiseptics, and disinfectants.?®® Additives are incorporated into ink
formulations in amounts not exceeding 5%,?%” Table 2.4 presents a typical composition of

various print inks.

Table 2.4 Typical composition of printable inks %

Composition Screen Gravure Flexographic Inkjet
Pigment 12-20 12-17 12-17 5-10
Binder 45-65 20-35 40-45 5-20

Solvent 20-30 60-65 25-45 65-95
Modifier and/or additive 1-5 1-2 1-5 1-5

2.3.2.8 Requirements of conductive inks

A liquid has an internal resistance to flow, “viscosity” is a measure of this resistance to flow or
shear. It can also be termed as a drag force and is a measure of the frictional properties of the
fluid.?** According to viscosity, printing inks may be classified to either low-viscosity printing
inks or high-viscosity print pastes. Liquid printing inks like flexographic, gravure, and inkjet
inks fall under low-viscosity category.?’!:2%° In case of offset, screen printing, and pad printing
inks, the viscosity remains higher than 1 Pa-s, are categorized as high-viscosity printing inks.
The term ‘rheology’, a key feature to describe the print paste behaviour, is ‘the study of the
deformation and flow of matter’.?*! For a print ink (for lower viscosity formulation, usually
used for gravure, flexographic or inkjet process), density, viscosity, surface tension, drying rate,
flow behaviour, flow time etc. are important factors determining the efficient output of the print
process. Though the viscosity of a print paste or ink can be modified; it is challenging to keep
the same electrical properties with changing the viscosity. Increasing the temperature decreases
the viscosity whereas the evaporation of solvent increases the viscosity. Solvent might be used
to tune the viscosity of the ink. In addition to this, increasing the dispersant concentration

decreases the viscosity of the ink.>*

Surface tension of the ink is another important parameter of the print paste or ink, required for
the formation of drops, which also affects the interaction between the ink and the substrate i.e.,

wettability and printability. Surface tension depends on the composition; polar liquids have

Page 53 of 209



higher and the nonpolar one has lower surface tension. Thus, water (surface tension 73 mN m"
1) based inks have higher values, and ethyl alcohol (24 mN m™) or other nonpolar solvents
based inks have lower values of surface tension.>”> A proper bonding exists between a liquid
and a substrate surface when the surface tension of the liquid is 2-10 mN m™' lower than the
surface energy of the substrates.?”>An increase in the temperature or increase in solid content

can decrease the surface tension of an ink.?*°

According to the viscous flow behaviour, liquids may either be Newtonian fluids or non-
Newtonian fluids. The viscosity of a Newtonian fluid remains constant and they exhibit ideal
viscous flow behaviour. Any physical or chemical modification to the ideal Newtonian fluid
may affect the flow behavior.>>* Non-Newtonian fluids are two types; Shear-thinning or
pseudo-plastic fluids are characterized by an apparent viscosity, which decreases with
increasing shear rate.?”> The usual printing pastes exhibit shear-thinning flow behaviour. 2’! In
case of shear thickening (or dilatant) fluids, the apparent viscosity increases reversibly as the
shear rate increases..””® Shear thickening fluids are not recommended in printing, since the fluid
do not distribute properly, particularly with fast-running presses related to the occurrence of

the high shearing stresses.

Another characteristic is important for print ink named “thixotropy”. This is a time-dependent
phenomenon means that the viscosity of the fluid depends on time as well as shear rate; i.e.,
the viscosity of thixotropic fluids decreases with time.?*” When stirring at a constant shear rate,
the gel structures in the ink break, then a gradual recovery of the structure occurs, when the
stress is removed, thus thicken when the ink is kept standing. The highly viscous printing inks,
in most cases, are thixotropic; therefore, the viscosity of a printed ink is higher than when the

ink is in the printing unit rollers.?’!

Particle size is also an important parameter for functional print ink. Decreasing the particle size
increases the surface area and increases the amount of stabilizing agents required. It also results
to a high surface to volume ratio, lowering the required sintering temperature. Small particle
size and uniform size distribution in the ink produce higher viscosity inks and denser printed
patterns; therefore, improves the functionality. Moreover, particle morphologies, e.g.,
nanospheres (NS) and nanowires (NW), also affect both the electrical conductivity and energy
needed for sintering. Higher electrical conductivity can also be achieved by using inks with
higher solid content. An increase in the solid content also leads to viscosity decrease under

shear stress, allowing the ink to flow more smoothly from one surface to another while still
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preventing excessive spreading of the ink after printing. The rheological behaviour of the ink
can thus be tailored by changing the solid content of the ink.?° Table 2.5 provides a typical

comparison among various print inks properties.

Table 2.5 Comparison among various printable ink parameters?’* 2%
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Printability (i.e., the ability to absorb inks or lacquers or other liquid and paste substances) of
any substrate depends on its porosity, surface free energy (SFE), structure and dimension,
durability, hydrophilic property, and optical properties. Besides these, selection of an ink with
an appropriate level of surface tension is also necessary. It is generally believed that surface
tension of the ink should be lower than surface free energy of the substrate. Printability of

polymer substrates may be improved by increasing in surface free energy of the material (by
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any means of activation), by the reduction of surface tension of applied inks; and by the

maximum reduction of the polar component of substrate SFE.?%?

Fluid properties such as viscosity and surface tension have influence on the formation of
droplets from an inkjet printer. The spreading behaviour of the inks is determined by the
hydrodynamic properties namely; Reynolds number, (Re=vap/n, is the ratio of inertial to
viscous forces), and the Weber number, (We=v2ap/n, is a balance between inertial and capillary
forces).?’® Both are combined to form the Ohnesorge number (Oh). The inverse of the
Ohnesorge number is termed as printability. This is usually expressed by the Z number. The

Ohnesorge number is given as YWe/Re or,

n

hZW veeeve eee .o. ... Equation 8

Where, ) is dynamic viscosity, y is surface tension, p is density and a is the characteristic length
(usually the diameter of the print head’s nozzle). The printability,

z-L Yo

on ., <o ... ... Equation 9

Such a fluid velocity independent, dimensionless number has advantages as a suitable metric
for fluid selection. Fromm suggested that Z > 2 for stable drop formation because viscous
dissipation prevents drop ejection at lower values. Reis and Derby proposed, on the basis of
computational fluid dynamics (CFD) modelling, that Z should be in the range 1 <Z <10, with
viscous dissipation preventing drop ejection when Z < 1, while satellite drops were predicted
to form together with the primary drop when Z > 10.% It was also found that Z has an influence
on droplet volume too. As Z increases there is an increase in volume. Moon and co-workers
have said that Z should be between 4 and 14 for an ink to be printable.>* Jang et al. observed
inks were easily ejected by the applied pressure without significant viscous dissipation, when
7Z>14,. The primary droplet fell with a high relative travel velocity, so that the separated tail
which formed transient satellites could not catch up with the droplet head. The large oscillatory
kinetic energy and the high surface tension tend to induce a secondary rupture, which generated

a primary droplet and permanent satellites. So fluids with Z>14 are not printable fluids.>*®

Considering the drop generation, drop flight and drop impact, the optimal value of the physical
condition for a robust DOD inkjet printing are typically with surface tension lying in the range
of 20-50 mN m™! and viscosity within the range of 2-20 mPa.s. This range broadly meets the

criteria of a suitable ink for DOD inkjet printing to achieve high resolution print on desired
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trajectory, where narrower and specified range would be more applicable for specific print
heads.'?® Figure 2.11a shows the ink properties suitable for inkjet printing. Figure 2.11b
displays a drop watcher image showing five nozzles jetting 3 wt./wt. % polyDADMAC
solution with a 30 ps delay. Figure 2.11c shows a grayscale image of ink jetting captured by

the drop watcher system with the time sequence of the waveform.
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Figure 2.11 Inkjet Ink property requirement and drop formation. a. Graphical means of
assessing ink suitability using nondimensional numbers®°* b. Example of a drop watcher image
on DMP-2831, showing five nozzles jetting 3 wt./wt. % polyDADMAC solution with a 30 us
strobe delay.3? ¢. Grayscale images of the ink jetting captured by the drop watcher system

with the time sequence of the waveform 3%

High-performance devices can be produced by printing and stacking the functional inks in
desired locations,*®* Figure 2.12a. 1JP allows the deposition of tiny droplets onto substrate
without depending on the high-speed operation of mechanical printing elements. The nozzle
size for such printers are typically ~20-30 um and ink droplets can be as small as 1.0 pL to
achieve high print resolution (dots per inch).?’*3% In addition to 2D prints, IJP can print layers
of “structural” fluids that harden to form three-dimensional (3D) structures. In spite of all these
benefits, print speed, higher cost, printed film uniformity and fluids' jet-ability as ink, are still

points of concern for inkjet printers.?’
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There are two distinct modes of inkjet printing: Continuous inkjet (CIJ), suitable for industrial
scale and mass-production, and Drop-on-demand (DOD), used for small-volume and prototype
sample production.?’® The high accuracy and small droplet size of DOD inkjet printers are the
key advantages for the direct patterning of functional materials.?’® 2’ There are several
parameters of an ink such as viscosity, surface tension, density and size are important for
successful inkjet printing of a fluid. The spreading behaviour of the ink is determined by the
Ohnesorge number (Oh). The inverse of the Ohnesorge number is used to determine the
printability of DOD inkjet inks. This is known as the Z number.?*® The printability,

7 -1 _Yura
1

oh Equation 10

Where, 5 represents dynamic viscosity, y is surface tension, p is density and a is the
characteristic length (usually the diameter of the print head’s nozzle). Several research groups
studied the printability of inkjet inks.?”® 2* Moon et al.>**® summarized Z values for inkjet ink
to be in between 4 and 14 to be ideally printable. Considering the drop generation, drop flight
and drop impact, the optimal value of the physical conditions for a robust DOD inkjet printing
are typically with surface tension lying in the range of 20-50 mN m™! and viscosity within the
range of 2-20 mPa.s. to achieve high resolution print on desired trajectory, where narrower and

specified range would be more applicable for specific print heads.!*

For e-textile fabrication, inkjet printing offers a number of advantages over conventional
manufacturing techniques including the ability to deposit controlled quantities of materials at
precise locations of the fabric, combined with a reduction in both material waste and water
utilization.*” However, the key challenge with inkjet printing of e-textiles is the ability to
achieve uniform and continuous highly conductive electrical tracks on a rough and porous
textile substrate using low viscosity inkjet inks. To solve this, we developed a novel surface
pre-treatment that was inkjet-printed onto rough and porous textiles before inkjet printing of
electrically conductive graphene-based inks for wearable e-textiles applications.** Later, we
formulated graphene-Ag composite inks for inkjet printing onto surface pre-treated cotton
fabrics, to enable all-inkjet-printed highly conductive e-textiles with a sheet resistance in the

range of ~0.08-4.74 Q sq!.3%

Stempien et al.>"’

propose an inkjet printing method to prepare PPy layers on textile fabrics
using direct freezing of inks under varying temperature up to —16 °C. The as-coated PPy layers

on PP textile substrates were further assembled as the electrodes in symmetric all-solid-state
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SC device, Figure 2.12b. The electrochemical results demonstrate that the symmetric SC
device made with the PPy prepared at —12 °C, showed the highest specific capacitance of 72.3
F gl at a current density of 0.6 A g!, and delivers an energy density of 6.12 Wh kg™! with a
corresponding power density of 139 W kg™!. Sundriyal et al.3% reported an inkjet-printed, solid-
state, planar, and asymmetric micro-supercapacitor (PAuSC) desk-jet printed on cellulose
paper substrate. They digitally designed interdigitated electrode patterns and printed on paper
with rGO ink to construct a conducting matrix. The negative electrode was printed using
activated carbon—Bi2O3 ink and the positive electrode was printed with rGO-MnO; ink. After
that, they demonstrated bamboo fabric as a sustainable substrate for developing SC device with
a replicable inkjet printing process.?® Different metal oxide inks such as MnO>—NiCo0,04 was
used as a positive and rGO as a negative electrode. With LiCI-PVA gel electrolyte, the textile-
based MnO>—NiCo0204//rGO asymmetric SC displayed excellent electrochemical performance
with an overall high areal capacitance of 2.12 F cm™ (1,766 F g'!) at a current density of 2 mA

2

cm, excellent energy density of 37.8 mW c¢m™, a maximum power density of 2,678.4 mW cm

3 and good cycle life, Figure 2.12(c-e).
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Figure 2.12. a) Schematic drawing of the inkjet process and ink spreading behaviour on the
film and textile substrates. Reproduced with permission.’™ Copyright 2021, American
Chemical Society. b) Detailed steps of fabrication of inkjet-printed textile supercapacitor and
printed samples. Reproduced with permission.>”” Copyright 2021, The Authors. c) CV curves
of MnO>-NiCo:04/rGO asymmetric device at different scan rates d) GCD profiles of the
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MnO>-NiCo:204/rGO asymmetric device at various current densities and e) Capacitance
retention of the device with the different number of charge—discharge cycles. Reproduced with

permission. > Copyright 2020, The Authors.

2.3.3 Spinning technology

Spinning of polymer fibres, is an interdisciplinary field applying the principles of engineering
and material science toward the development of textile substitutes. Electrically conducting
textile materials can be spun in the form of staple fibre or filament yarn based on intrinsic CPs.
An extruded liquid polymer filament is continuously drawn and simultaneously solidified to
form a continuous synthetic fibre in this process.>?’ This is based on a special extrusion process
that uses spinneret (a nozzle type device) to form multiple continuous filaments or mono
filaments. Available spinning technologies such as dry, wet, melt or electrospinning can be
exploited for this purpose. The polymer, needed to form fibre, is first converted into spinnable
solution. The solidification of the ejected solution is carried out by the removal of heat and/or

solvent by contacting the liquid with a suitable moving fluid, either with gas or liquid.3!%3!!

The basic dry spinning process involves dissolving the polymer in organic solvents followed
by blending with additives and filtering to produce low viscosity polymer solution, called as
‘dope.’ The dope is filtered, de-aired and pre-heated, and pumped through filters to achieve the
right consistency. The dope is then extruded in a spinning tube where the solution is forced
through the fine orifices of spinneret (or jet). The exiting jets of the polymer solution, when
come in contact with a stream of hot gas, vaporizes the solvent in the gas stream, increasing
the polymer concentration in the filament and thus solidifying it without the need for further
drying.’!? This complex process makes dry spun fibres very expensive. Additionally, the poor
solubility of most conducting polymers in organic solvents, makes them unsuitable for the

production of conductive polymer filaments using such technique.

Wet spinning is another technique, which requires pumping of the polymer solution through
the fine orifices of a spinneret into a coagulating bath and drawing off as continuous filaments
by means of take-up rollers. The bath removes the solvent from the as-spun filaments so that
they become solidified. They are collected together to form a continuous tow or rope.>!> Wet
spinning is slower than other spinning processes due to mass transfer of the solvent and non-

solvent for fibre solidification. Zhang et al.,>!*

exploited the solubility properties of PANI to
blend with poly-w-aminoundecanoyle (PA11) in concentrated sulfuric acid (c-H2SO4) to form

a spinning dope solution to spin conductive PANI/PA11 fibres by wet-spinning technology.
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Kou et al,’!® proposed a coaxial wet-spinning assembly to spin polyelectrolyte-wrapped
graphene/carbon nanotube core-sheath fibres continuously, which were used directly as safe
electrodes to assemble two-ply yarn SCs, Figure 2.13(a-d). The yarn SCs using liquid and solid
electrolytes exhibited ultra-high capacitances of 269 and 177 mF cm™ and energy densities of

5.91 and 3.84mWh cm™, respectively.
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Figure 2.13. a) Schematic illustration showing the coaxial spinning process. Two-ply YSCs
and their electrochemical properties- b) SEM images of cross-sectional view of a two-ply YSC.
The arrow area is PVA/H3POs electrolyte (scale bar: 50um) c¢) CV curves of
RGO+CNT@CMC d) GCD curves of RGO+CNT@CMC. Reproduced with permission.3t®
Copyright 2014, The Authors. €) Schematic illustration of textile-based SC fabrication process.
The inset shows details of one-step electrospinning setup f) Photographs of the pristine cotton
fabric, Ni-coated cotton fabric (Ni—cotton) and carbon nanofibre web coated Ni—cotton fabric
(C-web@Ni—cotton) g) Photographs of a large supercapacitor fabric (active area: 4 cmx 4
cm) enclosed with commercial nonconductive fabrics h) CV curves of solid-state C-web@Ni—

cotton supercapacitor fabric i) Summary of the areal capacitance of the supercapacitor at

Page 61 of 209



different current densities. Reproduced with permission.3'® Copyright 2016, The Royal Society
of Chemistry.

Melt spinning is one of the most popular methods for manufacturing synthetic fibre filaments.
It requires no solvents, thus simple and economical process. In melt-spinning process, the
polymer pellets or granules are fed into an extruder for melting by heating, and then the
polymer melt is pumped through a spinneret under pressure. After extrusion, it is quenched
with cold air which solidify the molten mass to form filaments. Spinning is followed by a
mechanical drawing to improve the degree of crystallinity, which contributes to improve
physical, mechanical and chemical properties.’'” Kim et al.>'® melt-mixed polyaniline
emeraldine salt (PANI-ES), PPy and graphite with PP and low-density polyethylene (LDPE)
using a co-rotating twin screw extruder. However, the electrical conductivity of conductive
materials/PP monofilament obtained by melt spinning process was not found satisfactory, due

to the problems of structure homogeneity and the aggregation of conductive materials.

Electrospinning is another fibre spinning process, which is used to produce ultrafine fibres by
charging and ejecting a polymer melt or solution through a spinneret under a high-voltage
electric field and to solidify or coagulate to form filaments.*!” This is a relatively simpler and
cheaper spinning process, as well as a versatile method to produce continuous, long and fine
(in the range of nano to sub-micron size range) fibres. These fibres possess high surface to
volume ratio, high aspect ratio, controlled pore size and superior mechanical properties than
conventional fibres. Electrospinning can be used to produce novel fibres with diameters
between 100 nm and 10 pm. Electro-spun fibres have been investigated as sensor, light emitting
diodes, rechargeable batteries, electroactive actuators, nano-electronic devices,
electromagnetic shielding for wearable electronics applications.®?* 32! Wei et al.,??? prepared
core-sheath nanofibres with conductive polyaniline as the core and an insulating polymer as
the sheath by electrospinning of blends of polyaniline with polystyrene and polycarbonate.
These unique core-sheath structures offer potential in a number of applications including
nanoelectronics. Huang et al., reported the development of high-performance wearable SC
fabrics based on flexible metallic fabrics (Ni—cotton), in which MWCNTs-based nano-fibre
webs were directly electro-spun, showing a high areal capacitance of 973.5 mF cm™ (2.5 mA
cm), Figure 2.13(e-i). The SC fabrics was also integrated into commercial textiles with

desirable forms, demonstrating its the potential for wearable electronics applications.*!'®
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2.3.4 In-situ growth of active material on substrate
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Figure 2.14. a) Design and manufacturing process flow of magnetic-assisted self-healable
supercapacitor. FesO4 nanoparticles anchor on the surface of yarn by a microwave-assisted
hydrothermal method. The processed yarn is annealed to ensure the magnetic particles anchor
on the yarn tightly. To achieve a better electrochemical performance, a layer of PPy is
electrodeposited on the annealed yarn. Finally, two yarns as a set of electrodes are assembled
with a solid electrolyte and a self-healing shell to form a self-healing supercapacitor b)
Schematic illustration of supercapacitor's self-healing process. The magnetic alignment could
assist the reconnection of fibres in broken yarn electrodes when they are brought together, as
shown in inset image. c) From top to bottom, pristine yarn, hydrothermal and annealing-
treated yarn, and PPy-electrodeposited yarn. Electrochemical measurements for as-prepared
capacitor. d) CVs obtained at various scan rates e) CVs after healing for different cycles. (f)
Specific capacitance of the original device and after healing for different cycles. Reproduced
with permission.®® Copyright 2015, American Chemical Society. g) Fabrication process and
characterization of carbonized plain weave cotton fabric (CPCF)- Photograph of a pristine
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cotton fabric h) Photograph of the CPCF made from (g) i) A flexible CPCF-based strain
sensor. j—k) SEM image and TEM image of the CPCF. Reproduced with permission.3?*

Copyright 2016, Wiley-VCH.

Electrodeposition is a well-known method of producing in-situ metallic coatings or thin films
of oxides and/or hydroxides by applying an electric current to a conductive material immersed
in a solution containing a metal salt. By controlling several experimental parameters including
potential, current density, deposition time and plating solution composition, the morphology
and texture of the film can be modified.*?* The process may either be an anodic or cathodic. In
anodic process, a metal anode is electrochemically oxidized in the solution, and then deposited
on anode. In a cathodic process, components (ions, clusters, or NPs) are deposited onto cathode
from solution precursors. The increase in the reaction time causes more source materials
deposition resulting in larger film thickness. The deposition rate can be maintained by the
variation of current with time.*?® E. Gasana et al.**” reported an electroconductive polyaramide
woven textile structure produced via electroless deposition of PPy and copper at a deposition
time of 240 seconds, providing the resistance of 5+1 Q with a surface coverage of 100+1%.
Zhao et al.,**® deposited copper galvanostatically in the copper citrate complex anions on poly

PET fabric treated with PANI to produce flexible Cu— PANI/PET conducting textiles.

Hydrothermal reaction is a synthesis mechanism, which involves chemical reactions of
substances in a sealed and heated aqueous solution or organic solvent at an appropriate
temperature (100-1,000°C) and pressure (1-100 MPa). Many compounds or materials with
special structures and properties, which cannot be prepared from solid-state synthesis, can be
obtained via hydrothermal reactions. In some cases, it offers an alternative and mild synthetic
method for solid-state reactions by lowering the reaction temperature. Hydrothermal synthesis
has been successful for the preparation of important solids such as zeolites, open-framework
compounds, organic-inorganic hybrid materials, MOF materials, superionic conductors,
chemical sensors, electronically conducting solids, complex oxide ceramics and fluorides,
magnetic materials, and luminescence phosphors. It is also a route to unique condensed
materials including nanometer particles, gels, thin films, equilibrium defect solids,
distinguished helical and chiral structures, and particularly stacking-sequence materials.?
Hydrothermal synthesis relies on the forced hydrolysis of the reactants in order to produce the
oxide ceramics. This is achieved at moderate temperatures (<200 °C) and high pressures by

placing the reagents in a sealed container and heating the system to the reaction temperatures.

The solvent is usually water; a metal hydroxide (e.g. NaOH) is added as a mineralizer while
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metal alkoxides or metal salts serve as the source of metal ions. As in precipitation systems,
the nucleation is followed by particle growth to yield a powder with a certain particle-size
distribution.**° Huang et al.*** demonstrated the synthesis of Fe3Os through hydrothermal
reaction, wrapped on stainless steel fibre which assisted the self-healing of a yarn-based SC to
enhance the reliability and lifetime of a SC in practical usage, Figure 2.14 (a-f). The specific
capacitance was restored up to 71.8% even after four breaking/healing cycles with great
maintenance of the whole device’s mechanical properties. Li et al. **! reported the fabrication
of hierarchical graphene fibre fabrics (GFFs) with significantly enlarged specific surface area
using a hydrothermal activation strategy. The achieved areal capacitance was 1,060 mF cm™>
with a very thin thickness (150 pm) and further magnified up to 7398 mF cm 2 by overlaying
several layers of HAGFFs.

In-situ polymerization is another fabrication technique for conductive electrodes. This is
typically a chemical encapsulation process similar to interfacial polymerization except there
are no reactive monomers in the organic phase. All polymerization occurs in the continuous
phase rather than in the interface as in interfacial polymerization. The most common example
of this method is the condensation polymerization of urea or melamine with formaldehyde to
form cross-linked urea-formaldehyde or melamine-formaldehyde capsule shells. In this
method, an oil-phase is emulsified in water using water-soluble polymers and high-shear
mixers, yielding a stable emulsion at the required droplet size. A water-soluble melamine resin
is added and dispersed. The pH of the system is then lowered, initiating the polycondensation
which yields crosslinked resins that deposit at the interface between the oil droplets and the
water phase. During hardening of the wall material, the microcapsules are formed and the
aqueous dispersion of polymer-encapsulated oil droplets is produced.’*> 33° Lee et al.®**
reported one-dimensional metal oxide nanostructure-based SC of multiscale architecture. In
their work, MnO»-micronodules were deposited on carbon cloth, followed by coating with
partially carbonized-PPy through vapour deposition polymerization (VDP). Then, the PPy-
coated MnOz-based multiscale micronodules were assembled within a PVA-KOH polymer
electrolyte as the positive-electrodes of solid-state asymmetric SCs (ASCs) which
demonstrated ultrahigh performance (59.5 F cm ™ of capacitance, 27.0 mWh ¢cm > of energy

and 1.31 W cm™ power density).

Carbon fibre, though exhibit high conductivity, suffer from agglomeration problem which
creates obstacle during application in several fields. Additionally, the small surface area and

low specific capacitance limits the wide scale use as conductive material, therefore surface
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functionalization offers scopes to overcome the limitations and exploit the fibre properties
fully. Oxidation (wet and dry), amidation, silanization, silylation, polymer grafting, polymer
wrapping, surfactant adsorption, thermal annealing and encapsulation are some of the
functionalization techniques.*> Cotton, the most popular fibre ever, can be considered as an
innovative platform for wearable, smart and interactive electronic devices, like batteries, SCs,
and various sensors if their electrochemical performances be ensured. It is a natural polymer
of cellulose, burns readily, but in low oxygen concentration, it chars leaving a carbon skeleton,
which improves the conductivity.*® Carbonization/Pyrolysis of cotton fibres can be an
alternative option to produce conductive electrodes. Zhang et al.,>** simply annealed pristine
woven cotton fabric in an inert atmosphere, producing flexible and highly conductive fabric,
which was used as strain sensor to demonstrate its superior performance in the detection of
both large and subtle human body motions, Figure 2.14(g-k). However, the release of toxic

substances during carbonization process limits the viability of the process.

2.4 Fabrication of textiles supercapacitors

2.4.1 Device configurations

Textile-based flexible energy storage devices that are used for wearable applications can be
categorized into: 1D fibre/yarn shaped device and 2D fabric shaped device. Additionally, there
are very few 3D shaped energy storage devices that have been reported in the literatures.**’
Figure 2.15 represents the schematic diagram of textile substrates that have been exploited as

1D and 2D shaped storage devices.

2.4.1.1 1D fibre/yarn shaped supercapacitors

In this type, energy storage device or SC components (i.e., the current collector, electrode,
separator and electrolyte) are all integrated into one-dimensional system, possibly in fibre or
wire or cable shaped SCs. Several forms of 1D shaped textiles are filament or staple fibres
converted into two -or multi-plied yarn, split film, core sheath yarn, multi- or mono- filament
and staple yarn, Figure 2.15(a-i). They are generally small in size, light in weight, and possess
dimensions typically ranging from tens to hundreds of micrometres in diameter, and several
millimetres to meters in length.>* 33° For instance, the electrode materials with separator are
twisted to form ply yarn or all the electrodes and electrolyte are wrapped together to form a
single yarn of core-sheath configuration, Figure 2.15n. 1D EES devices offer several potential
advantages over other conventional SCs including mechanical flexibility and deformability
under various bending and twisting conditions, enabling better wearability and integrability

into flexible textiles. The ease of integration via weaving, knitting, stitching or embroidery
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provides scopes to get assembled into various shapes at different desirable locations in several
wearable devices. It enables a greater design versatility and scope of integration with 1D energy
harvesting or other devices such as displays and sensors, to create multifunctional wearable
systems.*** However, the increased electrical resistance along the device length is a major

challenge that affects the electrochemical performance of such devices.??
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Figure 2.15. Textile-based energy storage device configuration. 1D substrate forms a) filament
fibres b) staple fibres c) two plied d) multiplied e) split film and f) core sheath yarn g) multi
filament h) mono filament and i) staple yarn. 2D substrate forms j) knitted k) non-woven 1)
woven and m) braided fabric. Textile supercapacitor forms n) 1D fibre or yarn shaped o)

Sandwich type and p) in plane type 2D supercapacitor.

2.4.1.2 2D fabric shaped supercapacitors

2D planar SC devices are particularly suitable for the use in thin or layered products, such as
smart cards, packaging and labels, magazines, books, skin patches and healthcare devices,
jewelleries, and a broad range of other products comprising flexible electronic components.??®
Different substrates are usually used to fabricate 2D SCs including plastic films, sponge, metal
sheets, papers and textiles.>*! Among them, textile fabrics offer excellent flexibility due to their

intrinsic mechanical properties and ability to be integrated directly with any other textile fabrics
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or garments for wearable applications via any simple methods of joining (e.g., sewing
technology).>’ Any form of fabrics including woven, knit, non-woven or braided can be used
for 2D SCs, Figure 2.15(j-m). In such 2D configuration, a pair of fabric electrodes are usually
separated by an electrolyte and a separator in a sandwich or planar structure, Figure 2.15(0-p).
However, it is challenging to maintain appropriate dimension/thickness of such configurations

in order to achieve high areal device performance, flexibility and comfort.'®
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Figure 2.16. Fabrication of textile-based supercapacitor devices. 1D shaped textiles, a) fibre
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2.4.2 Integration of the EES device

After the formation of the electrode materials (Figure 2.16a-1), there comes the final but critical
stage of the integration of the components to complete the full SC. LIB cells are typically
parallel assembled in modules (with internal electrical circuits), which are then integrated

within a battery management system. Cable-shaped 1D devices (e.g., for smart textiles) can be
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embedded into textiles by weaving, knitting or embroidery.??> Conductive electrodes and
separators along with electrolytes are all integrated on a simple wire/cable shape, Figure 2.16;.
2D planar or thicker 3D devices may be integrated on a chip or a soft substrate into planar
flexible objects. Electrodes with separator and/or electrolytes can be sandwiched by
compression and/or encapsulation to form the integrated device, Figure 2.16(k-1). However,
there exist requirements for simpler and low-cost assemblies for flexible and wearable device
architectures. Additionally, the encapsulation of the integrated device is crucial to improve the
washability and durability of wearable e-textiles devices. Several methods have been used,
either as surface pre-treatments (e.g., Bovine Serum Albumin (BSA) treatment) or post-
treatments (e.g., polydimethylsiloxane (PDMS), polyurethane (PU) coatings), to seal
conductive track and encapsulate integrated devices, protecting them from the exposure to

harsh treatments during daily usages.?®

2.4.3 Combined energy harvesting and storage

The energy harvesting (EH) devices harvest energy that dissipates around us, in the form of
electromagnetic waves, heat and vibration, and then convert them into easy-to-use electric
energy with relatively small levels of power in nW-mW range.***3*} The principle is similar to
large- scale renewable energy generations such as wind turbines, but with a smaller amount of
energy produced from such devices. EH is a promising technique for solving the global energy
challenge without depleting natural resources and as an everlasting source of power supply.>**
It can reduce greenhouse gas emission generated with traditional energy sources.** Though
cheap, conventional batteries limit in amount of energy, therefore requires periodic replacement
or recharging. In addition to that, rigid bulky structure limits their usage in smart fabrics

applications.**® Flexible EH devices thus have potential to replace the conventional power

sources for wearable electronics.

EH sources are classified into two groups according to characteristics of their source, (i)
Natural sources are those available readily from the environment such as sun light, wind, and
geothermal heat and (ii) artificial sources are those generated from human or system activities
including human motion, pressure on floors/shoe inserts when walking or running, and system
vibration when operating.**’ Biomechanical EH from human motion has attracted attention in
the past decade for potential applications in charging portable electronic device, batteries and

self-powered sensor systems.>#% 34
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Figure 2.17. Demonstration of the hybrid SC-BFC device (a and b), Photographs showing the
application of three SCs charged by five BFCs to light LEDs using the following procedure:
(c) without lactate, no power; (d) with lactate, LEDs were turned on; (e) upon disconnecting
BFCs and SCs, LEDs could still be turned on, (f) The integrated chemical self-powered system
on one piece of textile was applied to the arm of a volunteer. The SC and BFC were printed
outside and inside the textile band, respectively (g) The real-time voltage of the printed SC
charged from the on-body BFC during a constant cycling exercise for 56 minutes. The SC
charged by lactate BFC immobilized with LOx (blue plot) and without LOx as a control (black
plot). Reproduced with permission.3*° Copyright 2018, The Royal Society of Chemistry. h)
Assembled textile power module and i) FEP-textile ferroelectret charging the 2 mF textile

capacitor. Reproduced with permission.®®* Copyright 2019, Wiley-VCH.
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Satharasinghe et al.>>? presented an innovative solar energy harvesting fabric and demonstrated
its suitability for powering wearable and mobile devices. A large solar EH fabric containing
200 miniature solar cells was demonstrated which can charge a 110 mF textile SC bank within
37s. Lv et al.*® demonstrated the first example of a stretchable and wearable textile-based
hybrid SC-biofuel cell (SC-BFC) system, screen-printed on both sides of the fabric, designed
to scavenge biochemical energy from the wearer’s sweat and to store it in the SC module for
subsequent uses, Figure 2.17(a-g). Yong et al.>! presented a textile-based power module for
the first time that combines a ferroelectric biomechanical energy harvester and solid-state SC-
based energy storage device, fabricated in a single woven cotton textile layer, Figure 2.17(h-
i). The textile power module was highly flexible, and the fluorinated ethylene propylene (FEP)
based ferroelectret was able to generate electric energy with an instantaneous output voltage of
~10V and power density of ~2.5 pW c¢m 2, with a solid-state SC having capacitance of 5.55

mF cm™.

2.5 Electrochemical performance of textile-based supercapacitor devices

Capacitance/capacity per unit length (F cm™), area (F cm™), or volume (F cm™) are usually
reported to evaluate the performance of a textile-based SC. However, the gravimetric
capacitance of electrode materials does not necessarily represent the full device capacitive
performance. In addition to capacitance, the other two key parameters for evaluating the SC
performance are energy density and power density. Maintaining higher energy and power
density is still a major challenge for such energy storage devices. SCs, in comparison with
lithium-ion batteries, usually exhibit relatively lower energy density but higher power density.
Whereas for LIBs, it is desirable to improve the power density while keeping the high energy
density. The major challenge in achieving high-performance SC textile is to enhance the energy

density while maintaining the high-power density.'®

The capacitance retention of textile-based energy storage devices is another important property
for wearable applications since the replacement of such devices would be difficult during the
product lifetime. In most cases, 10,000 cycles of charge-discharge are employed for the
capacitance retention assessment. For 1D shaped energy storage devices, several
configurations were reported with full capacitance retention up to 10,000 cycles.?> 3
Additionally, Fu et al.*> reported a fibre shaped SC, developed by pen ink, which retains full
capacitance even after 15,000 of charge-discharge cycles. For 2D shaped energy storage

devices, full capacitance retentions were reported for even after longer (20,000-25,000) charge-

discharge cycles.® 37 Wang et al.**® developed a fabric type asymmetric SC using
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electrochemically activated carbon cloth as anode, TIN@MnO: on carbon cloth as cathode and
LiCl solution as electrolyte, which significantly boosted the energy storage capability. The
device showed no capacitive decay even at 70,000 cycles of charge discharge. In another study,
Hu et al.>*° reported a fabric-based SC device made of Cotton/SWNTs, exhibiting extremely
good cycling stability of 98% capacitance retention over a remarkably large cycle number of
130,000 charge discharge cycles. As we previously classified the active materials into four
categories, in this section we will discuss active materials of textile-based SCs. Each subsection
focusses on both 1D and 2D shaped textile SCs. Combining any of the two or more types are
also summarized under hybrid materials section. In addition, we throw light on SCs based on
fibre types, particularly focusing on most widely used natural cotton, manmade polyester and

carbon fibres.

2.5.1 Carbon-based textiles supercapacitors

Among all the active materials, carbonaceous compounds i.e., carbon nanotubes, graphene and
its derivatives have mostly been studied for the fabrication of textile-based SC devices.
Appendix D.1 summarizes the electrochemical performances of carbon-based one-dimensional

fibre/yarn shaped and two-dimensional fabric shaped SCs.

Several research groups reported graphene fibre,**° GO fibre,*®® rGO fibre*®! and modified
rGO*% fibre as SC electrodes. Kou et al. *'° twisted two coaxial fibres composed of
polyelectrolyte-wrapped carbon nanomaterial core-sheath fibre, rGO@CMC, CNT@CMC,
rGO+CNT@CMC, together to form a two-ply SC electrode, and then coated with PVA
electrolyte. In presence of 1 M H>SO4 liquid electrolyte the device exhibited length, areal and
volumetric capacitance of 8.0 mF cm™!, 269 mF cm™, 239 F cm™, respectively. Zhai et al.*%
drop-casted activated carbon on carbon fibre yarn to prepare SC electrode. For the fabrication
of yarn shaped SC, two coated strands were twisted together and finally dipped in PVA-H3PO4
electrolyte. The resultant device exhibited a specific length capacitance of 45.2 mF cm™! at a

scan rate of 2 mV s,

For 2D fabric shaped SC cotton, polyester, poly-cotton, PP and carbon fibre textiles were
investigated. Several research groups®*® 3** coated cotton fabric with SWCNT or MWCNT,
however better performances were obtained while using graphene or its derivatives. For
example, Hu et al.>** coated cotton fabric with SWNT ink by simple dipping and drying method
to obtain SC electrode. In the presence of LiPFs electrolyte, the device exhibited specific

capacitance of 140 Fg! at 20 nA cm™ and an areal capacitance of 0.48 F cm™. The energy
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density was as high as 20 Wh kg! at 10 kW kg! with an outstanding cyclic stability of 98%
after 130,000 charge-discharge cycles. In another study by Li et al.*** the gravimetric
capacitance was enhanced by coating cotton fabric with rGO and using coated fabrics as SC
electrode. The sandwiched shaped SC device combined with raw cotton fabric separator and
H3PO4-PVA gel electrolyte exhibited a gravimetric capacitance of 464 F g at 0.25 Agl and a
higher energy density of 27.05 W h kg™

The highest areal capacitance for conventional textiles SC prepared by carbonaceous
compounds was reported by Jost et al.>®> They screen printed AC on both cotton and polyester
fabric. The fabric SC achieved a high areal capacitance of 430 mF cm™ at 5 mA cm™ and a
gravimetric capacitance of 85-95 F gl at 10 mV s™!. The device also exhibited very good cyclic
stability of 92% after 10,000 charge-discharge cycles. Additionally, they screen printed
activated carbon on carbon fibre fabric and achieved even higher areal capacitance.!® They
achieved gravimetric capacitance of 88 F g! and areal capacitance of 510 mF ¢cm™ for knitted
carbon fibre fabric, and that of 66 Fg'! and 190 mFcm™ for the woven carbon fibre fabric. The
highest areal capacitance for both electrode (3,350 mF ¢cm?2) and SC device (2,700 mF cm™)
was obtained through composite electroactive materials, as reported by Dong et al.*®® CNTs
and graphene (Gn) were coated on activated carbon fibre felt (ACFF) to prepare electrodes.
The asymmetric SC was fabricated by as prepared CNT/ACFF and Gn/ACFF composite textile
electrodes with a non-woven fabric separator, and KOH aqueous electrolyte. The energy and
power densities were reported as 112 pW h cm 2 and 490 pW cm 2, respectively. Furthermore,
several research groups have investigated stainless steel fabric and silver fibre fabric for fabric
based SCs. Yu et al.*®’ prepared two chemically converted graphene (CCG) on stainless steel
fabrics electrode with 1 M H2SO4 to form flexible solid-state symmetrical SC. The areal
capacitance was reported as high as 730.8 mF cm 2 at 2 mA cm™ and 180.4 mF cm ™2 at 1 mA
cm. The energy density was reported 19.2 W h cm™ at 386.2 W cm™. The device was able to
retain the capacitance up to 96.8% after 7,500 charge-discharge cycles and 96.4% after 800

stretching-bending cycles.

2.5.2. Conductive polymer-based textiles supercapacitors

CPs are pseudo-capacitive materials, the bulk of the material undergoes a fast redox reaction
to provide the capacitive response exhibiting superior specific energies to the carbon-based
EDL SCs.*® Appendix D.2 summarizes the conducting polymer-based 1D fibre or yarn-shaped
and 2D fabric-shaped SCs. Only a few works have been reported for fibre or yarn-shaped textile

SCs. For example, Wei et al.>®® directly coated cotton yarns by PPy nanotubes via in-situ
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polymerization of pyrrole in presence of methyl orange. The electrode thus obtained was used
to fabricate an all-solid-state yarn SC, which provided high areal-specific capacitance of 74.0

mF ¢cm 2 and an energy density of 7.5 uWh cm 2.

However, several works>’%3"2 have been reported on 2D fabric-shaped SCs. For instance, Wang

et al.’7"

prepared flexible and stretchable electrodes via in-situ polymerization of conducting
PPy polymers on knitted cotton fabrics. The areal capacitances of symmetric all-solid-state SC
based on those electrodes were found to be 101 and 450 mF cm 2 at SmV s ™! and 1 mA cm 2,
respectively. The capacitance retention of such devices was reported 53% after 5,000 charge-
discharge cycles. In another study by Lv et al.,*”! the electrochemical performances of several
woven and knitted fabrics-based electrodes of cotton, wool, silk, and polyester fibres were
enhanced via an improved in-situ polymerization method. The conjugate length of the PPy
molecule and doping levels were improved to provide a thin and dense conductive polymer
coating on the fabric surface with a sheet resistance <10 Qsq!. The highest specific
capacitance of 4,848 mF cm 2 at 1 mA cm 2 was reported for PPy-coated knitted electrodes of
cotton fibres, with a capacitance retention of 88% after 5,000 cycles, which is 35% higher than
the previously report work. The electrical conductivity of electrodes were also found to be
almost unchanged even after washing in dichloromethane up to 20 laundering cycles.?”! The
same research group further improved the capacitive performance of knitted electrodes of
cotton fibres using an improved chemical polymerization technique.’’? The PPy-coated fabric
electrode showed a superior specific areal capacitance of 5,073 mF cm 2, and the fabric-based
symmetric all-solid-state SC exhibited an enhanced specific areal capacitance of
1,167.9 mF cm 2 at 1 mA cm ™2 which are highest among conductive polymer-based textile SCs
of cotton fibres. Additionally, the same device provided a very high energy density of
102.4 uWh cm 2 at a power density of 0.39 mW c¢m 2 which maintained ~90% capacitance after

2,000 cycles.

Few researchers also investigated polyester fabric-based electrodes for fabricating textiles SCs.
Cardenas-Martinez et al.’”® deposited electro-spun PEDOT: PSS nanofibres on flexible
polyester textiles. The all-solid-state SC exhibited an areal capacitance of 1.8 mF ¢m™ and
gravimetric capacitances of 3.6 Fg! at a discharge current of 5 unA cm 2. However, like cotton
textiles, in-situ polymerization of PPy resulted in better capacitive performances for polyester
fabrics. Such PPy coating on polyester fabrics exhibited an areal capacitance of 1,213 mF cm 2
at 1 mA cm 23! Additionally, an in-situ polymerization of aniline and pyrrole on polyester

(PET) was reported by Xie et al.”™ to produce SC electrodes. The electrode exhibited an areal
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capacitance of 1,046 mF cm™ at 2 mA cm™ when the monomer ration of aniline to pyrrole was
0.75:0.25. The SC device showed areal capacitance of 537 mF cm™, volumetric capacitance of
1.13 F cm™ at 2 mA cm™ with energy and power densities of 0.043 mWhcem™ and 0.005 Wem®
3, respectively. In addition to cotton and polyester, Lv et al.>”! also used protein fibres as SC
substrate. The in-situ polymerization of PPy exhibited an areal capacitance of 1,349 mFcm™ in
case of silk and 1,007 mFcm™ in case of wool gauze fabric at 1 mA cm™. Few other research
groups also investigated carbon fabric as SC substrates. The highest gravimetric capacitance
on carbon cloth was reported by Wang et al.3”> They drop casted PANI on functionalized carbon

cloth, the SC showed a gravimetric capacitance of 319.5 Fg'at 0.2 A g'! with cyclic stability
up to 82% after 1,000 charge-discharge cycle.

2.5.3 Metal-based textiles supercapacitors

Distinguished by particular physical and chemical properties, metal and metal oxide materials
have been a focus of research and exploitation for applications in SCs,*”® Appendix D.3. Carbon
nanotubes were studied mostly as substrate for the fabrication of metal based one dimensional

fibre or yarn shaped SCs. Su et el.*”’

produced high performance asymmetric two-ply yarn SC
from spun CNT yarn (as negative electrode) and CNT@MnO; composite yarn (as positive
electrode) in aqueous electrolyte. This asymmetric architecture resulted in areal capacitance of
12.5 Fg ! with higher energy and power densities compared to the reference symmetric two-
ply yarn SCs, 42.0 Whkg ! at a lower power density of 483.7 Wkg ™!, and 28.02 Whkg ! at a
higher power density of 19,250 W kg '. Co304 was also studied by several research groups for
enhancing the capacitive performance. Abouali et al.*’® employed a facile electrospinning
method with subsequent heat treatments to prepare carbon nanofibres (CNFs) electrodes for
SCs. The electrodes possessed a remarkable capacitance of 586 F g ! at a current density of 1
Ag ! with excellent cyclic stability of 74% upto 2,000 cycles at 2 A g !. Su et al.*” in another
study, further compared the electrochemical performance of CNT yarn electrodeposited with
NiO along with Co30s4. The two-ply SCs formed from CNT@Co0304 composite yarns and

displayed excellent electrochemical properties with high capacitance of 52.6 mF cm 2 and

energy density of 1.10 pWh cm 2.

Among conventional textiles, polyester and silk were studied for two-dimensional fabric
shaped SC. Shahidi et al.*3" deposited Ni nanoparticle on polyester to prepare flexible electrode
for SC application. The device achieved a high areal capacitance of 450 mF cm™ at 7.5 mA cm"
2. Similar to 1D type, carbon fabrics were investigated mostly for the two dimensional fabric

shaped textile SC. Javed et al.*®' hydrothermally grew zinc sulfide (ZnS) nanospheres on a
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flexible carbon textile. The flexible and light weight electrode exhibited a higher capacitance
of 747 F g at a scan rate of 5 mV s™! in the LiCl aqueous electrolyte. The SC device
demonstrated specific capacitance of 540 F g™! and areal capacitance of 56.25 F cm 2 with
excellent cycling stability of 94.6% after 5,000 cycles. The energy density was reported as high
as 51 W h kg! at a power density of 205 W kg!. However, the highest capacitance for the
metal-based textile SC was achieved utilizing the Co3Os. Howli et al.*®? hydrothermally
fabricated Co30O4 nanowires on carbon fabric substrate to form SC electrode. With PVA-KOH
electrolyte the electrode exhibited gravimetric capacitance of 3,290 F g”! at a scan rate of 5 mV
s'! with high energy and power densities of 6.7 Wh kg™! and 5,000 W kg’!, respectively, and

capacitance retention of 95.3% after 5,000 cycles.

2.5.4 2D material-based textile supercapacitor

Very recently several 2D materials are explored for the fabrication of SC electrodes. It is
evident from literature that carbon, and cotton textiles were mainly studied for two-dimensional
fabric shaped SCs, Appendix D.4. Uzun et al.*3 coated cellulose yarns with Ti3C,Tx to produce
conductive yarns. The yarn electrode exhibited linear, areal and volumetric capacitance of
~759.5 mF cm ™!, ~3,965.0 mF cm 2 and ~260.0 mF cm > respectively at 2 mV s~!. With PVA—
H>S04 gel electrolyte, the SC device showed linear, areal and volumetric capacitance of ~306.9
mF cm™!, ~1,865.3 mF cm ™2 and ~142.4 mF cm respectively. Levitt et al.**” coated cotton
yarn with Ti3CoTx (referred as MXene), knitted the yarn three dimensionally and used 1M
H3PO4-PVA gel electrolyte for analyzing the structure performance as SC. The areal
capacitance was reported 519 mF cm™ at 2 mV s™'. They further replaced the electrolyte with
IM H3POj4 electrolyte and the capacitance increased up to 707 mF cm™ at 2 mV s™!. The device
showed >100% capacitance over 10,000 charge-discharge cycles and coulombic efficiency of

~100%.

2.5.5 Hybrid materials

The hybridization of the active materials from one or more subgroups (e.g. carbonaceous
compounds, conducting polymers, metal based and other 2D materials) is one of the attractive
routes to fabricate high performance energy storage textiles, Appendix D.5. Several research
groups have focused on hybridizing carbonaceous compounds with conductive polymers or
metal oxides to prepare one dimensional fibre or yarn shaped SC. For example, several articles
1,384

reported cotton fibre or yarn-based SC devices as hybrid active compounds. Liu et a

reported a fully cable-type SC composed of two PPy-MnO2-CNT-cotton thread electrodes,
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separated by cotton textiles wrapped with 0.5 M Na»SOj4 electrolyte in a transparent silicone
pipeline package shell. The cotton threads were coated with SWCNT, followed by
electrochemical deposition of MnO: nanostructures and PPy film. The resulted electrodes
achieved a high areal capacitance of 1,490 mF cm 2 at a scan rate of 1 mVs™!, which is one of
the highest among cotton fibre-based SC electrodes. The device prepared from such electrode
achieved an energy density of 33 pWh cm 2 at a power density of 0.67 mWcm 2. In another

385 almost similar capacitive performances was obtained by Wang et al. with considerably

study,
higher energy and power densities. They modified cotton yarns with three-dimensional metallic
Ni conductive network and pseudocapacitive Co-Ni layered double hydroxide nanosheet array.
The flexible yarn electrodes achieved areal capacitance of 1,260 mF cm™ (121,571.1 C cm™?)
at a scan rate of 5 mV s!. The SC device was prepared by twisting two as-made yarn together,
and then painted with PVA/KOH gel electrolyte, which provided an areal capacitance of 221

mFcm™2(21,323.2 C cm™) at 0.04 mA cm™. The energy and power densities were reported as

9.3 mWh cm™? and 43.99 mW c¢cm, respectively.

The pseudocapacitive properties of PEDOT:PSS in combination with PPy was utilised to obtain
cotton fibre-based one dimensional SC device. Ma et al.*®® blended short-staple length SSFs
with cotton fibres to spin SSF/cotton blended yarn. PPy was deposited on PEDOT:PSS coated
composite yarn, followed by a coating with PVA-H3PO4 electrolyte. Two pieces of yarns were
placed in parallel and twisted together to produce a solid-state two-ply nanocomposite yarn SC.
The cotton-based SC device exhibited maximum areal capacitance of 1,360 mF ¢cm™ at 0.16
mWh cm? energy density. In another study, Yang et al.’®” reported one of the highest
gravimetric capacitances (~506.6 F g ' at 1 A g ) on cotton-based 1D SC electrode, where PPy
and MXene composite was grown on cotton fibre to prepare fibre-based electrodes. Li et al.*®
obtained the highest volumetric capacitance of 221.9 F cm™ at a current of 50 mA, by
modifying GO nanosheets (NSs) with ultrathin and large area MoS2 NSs followed by reduction
and using PVA-H3POs electrolyte to produce all-solid-state hybrid fibre shaped SC. Such

composite device also retained 100% capacitance even after bending at 30 and 60 degrees.

Unlike cotton fibre or yarn-based SCs, only a very few reports are available on hybridizing
carbonaceous compounds with conductive polymers or metal oxides for producing one
dimensional fibre or yarn-shaped SCs based on synthetic textiles including polyester,*’
polyaniline,*° nylon**! and some elastic**>*** fibres. For example, Zhang et al.>* reported a
high specific capacitance of 278.6 mF cm™ for stretchable textiles (CNTF). The process

involved electrochemical activation of pristine carbon nanotube fibres (OCNTF) and coating
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of PEDOT:PSS, followed by electrochemical deposition of MnO; to form
MnO,@PEDOT:PSS@OCNTF positive electrode and hydrothermal synthesis of MoS> on
CNTF to form MoS> @CNTF negative electrode, with LiClI-PVA gel electrolyte placed on a

stretchable substrate.

Among carbon-based materials, CNT and graphene alone and/or in combination with other
active materials were studied for one dimensional fibre or yarn shaped SCs. Wang et al.>*
reported biscrolled MXene with CNTs, which was used to prepare a freestanding asymmetric
yarn SC prototype via pairing biscrolled RuO» yarns with 3 M H>SOs electrolyte. The areal,
volumetric and gravimetric capacitance of the yarn electrode were reported as high as 3,188
mF cm?, 1,083 F cm™ and 523 F g'!, respectively, at a current density of 2 mA cm 2. The SC
device also exhibited high energy and power densities of 61.6 mWh cm > (168 uWh cm 2 and
8.4 pWh cm™') and 5,428 mW cm > (14.8 mW cm 2 and 741 uW cm™!), respectively, with
outstanding cycle stability of ~90% up to 10,000 charge-discharge cycle. Similarly, He et al.>’
reported electrolyte mediation of hybrid fibre made of rGO and MXene, which were assembled
into fibres via wet spinning with PVA-H>SOj4 electrolyte. Such hybrid fibre provided an areal
and gravimetric capacitance of 550.96 mF cm™ and 110.89 F g, respectively at 20 mV s,
The device also exhibited energy and power densities of 12 pWh cm and 9.85 mWh cm ™ at
power densities of 8.8 mW cm™ and 7.1 W ¢cm>, respectively. Additionally, Zhang et al.**®
reported Ti3C,Tx in combination with PEDOT:PSS to form wet-spun hybrid fibre electrode for
SC applications. Such electrode provided areal, gravimetric and volumetric capacitance of 676
mF cm™, 258 F g'!, 615 F cm™ respectively. The device fabricated with PVA-H>SOs electrolyte
achieved energy density of ~7.13 Wh cm™ and ~8249 mW cm > with excellent stability of
~95% after 10,000 charge-discharge cycles. The device showed outstanding flexibility of 96%
when stretched to 100% strain. Furthermore, Tao et al.>* reported carbon fibres or yarns-based
one dimensional SC with a volumetric capacitance of 69.3 F cm™ at 0.1 A cm™. A hybrid
structure was prepared by depositing PPy on MnO; nanoflakes coated carbon fibre
(CF/MnO2/PPy). Two PPy-MnO;-CFs were fixed on a preservative film substrate and
assembled into a SC by sandwiching with PVA-H3PO4 membrane as a separator and electrolyte
between electrodes. Naderi et al.*?’ drop coated PEDOT:PSS- rGO and deposited MnO, on
carbon fibre to form yarn shaped SC. MnO2/PEDOT:PSS-rGO and PEDOT:PSS-rGO were
used as positive and negative electrodes, respectively, with Na;SO4-CMC as a solid-state
electrolyte. The electrodes exhibited capacitance of 2.92 F cm™ (194 F cm?, 550 mF cm!) at

5 mA cm, which is the highest among such SCs. The energy and power densities were reported
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as 295 pWh ecm? (19 mWh ecm™, 55 pWh em™) and 2,900 pWem™? (190 mW cm™, 545 pWem®
1, respectively. The device was also able to retain 96% of its initial capacitance after 5,000

cycles.

Platinum,”® gold*’! and stainless-steel fibre yarns*>* were also studied as wearable SC substrate.
For example, Huang et al.**? deposited rGO hydrothermally, and MnO> and PPy electrically on
spun stainless steel yarn. The PPy@MnO»@rGO-conductive yarns worked as both active
materials and current collectors. The length and areal capacitances made from this yarn were
reported as 36.6 mF cm™ and 486 mF cm™ in aqueous Na,SOj electrolyte or 31 mF cm™! and
411 mF cm™ in all solid-state PVA/H3POys electrolyte. The capacitance retained up to 92% over
4,950 charge-discharge cycles, and even 80% after 1,000 cycles at 90 bending, 91% after 1,000
cycles knotting, and 103% after 1,000 cycles twisting.

For 2D fabric shaped SCs, conventional textiles such as cotton, polyester, polycotton and
carbon textiles have widely been studied. In such SC devices, carbonaceous compounds are
used in combination with conducting polymers and/or metal oxides for SC fabrication via

various fabrication techniques. Huang et al.*%3

electro-spun carbon nanoweb on nickel-coated
cotton fabrics. The as prepared fabric SC device achieved an areal capacitance of 973.5 mF
cm 2 at 2.5 mA cm 2. A simple dip-drying method was reported by Etana et al.*** for fabricating
cotton textiles- based SC, where GO was deposited by a 'dip and dry' method and chemically
reduced to form rGO/cotton fabric. MnO> nanoparticles were accumulated on rGO/cotton
fabric by in-situ chemical deposition, and then PANI layer was coated. With 1 M H>SOg4
electrolyte solution, the SC provided high gravimetric capacitance of 888 Fg™! and high areal
capacitance of 444 F cm, the highest reported for such SC configuration. In another study by
Li et al.,**” PPy was electrochemically deposited on rGO painted and SnCl,-modified PET
textiles, which provided areal capacitance of 1,117 mF ¢cm™ at a current density of 1 mA ¢cm ™
with 100% retention after 10,000 cycles. The SC device fabricated from such fabric electrodes
and PVA-H,SOs gel electrolyte exhibited an aerial capacitance of 474 mF cm™. Cheng et al.*®
developed strip-shaped composite electrodes, which were prepared via depositing PANI on

aligned CNTs, exhibiting a high volumetric capacitance of 421.7 F cm™,

In addition to polyester fabrics, silk,*”® nylon*"” and stretchable*®® textiles have also been
studied for the fabrication of two dimensional fabric shaped SCs. However, carbon fibre fabric
has widely been used as SC substrate by several research groups.*’#!! For instance, Lv et al.**’

reported a composite SC electrode prepared by depositing aligned CNT/MnO,/CP on carbon
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fabric (CF-ACNT-MnO»-PEDOT). With 1 M Na>SOs4 electrolyte, the composite electrodes
achieved a high areal capacitance of 1,300 mF cm™ at 0.1 mV s'. Though several attempts
were reported for the enhancement of the capacitive performance, the highest areal capacitance
for carbon fabric based SC was reported by Zhu et al.*!° They coated carbon fibres MoO, by
solvothermal method; covered and interconnected with rGO film to form SC electrode. The
areal capacitance of the electrode was reported as high as 8,132 mF cm?at 2mVs !, The
electrode also retained 95% capacitance after 30,000 charge-discharge cycles at 120 mA cm 2
and 77% after 6,000 times folding tests. However, the highest gravimetric capacitance was

1., who hydrothermally prepared NiMnOs nanosheets on a carbon cloth.

reported by Mu et a
With 6M KOH electrolyte, the electrodes reached 2,330 Fg'! at the current density of 1 Ag™.
In addition to these electrochemical properties, other considerable key properties for wearable

applications are summarized in Appendix E.

2.6 Scopes of my studies

As previously stated, the aim of this PhD research is the development of scalable, low-cost,
highly functional, and flexible graphene-based energy-storage textiles. In this chapter, I have
summarized the recent developments of textile-based supercapacitors fabricated from various
functional materials along with their structures, fabrication and electrochemical performance.
It 1s evident from the study that most textile supercapacitors documented to date have been
limited to laboratory-scale production and mostly resembling fibres or synthesized on carbon
cloth. Cotton stands as a versatile and widely embraced textile for everyday life. In addition,
the unique and complementary properties of graphene and other 2D materials potentially
enable a range of high-performance supercapacitors. Therefore, the following four studies
report the scalable production of cotton textile-based supercapacitors via screen printing or
pad-dry coating or high precision inkjet printing aiming to produce high-performance energy

textile.
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3. Fully printed and multifunctional graphene-based
wearable e-textiles for personalized healthcare

applications

Graphene-based e-textiles have received significant interests in recent years for wearable
electronics applications, due to graphene’s extremely high specific surface area, high thermal
and electrical conductivity, and excellent mechanical properties.!3* 137412 It could potentially
provide a multi-functional platform for manufacturing next generation highly innovative and
intelligent e-textile garments that can perform as energy generators and storage devices,
sensors, actuators and electrodes for bio-signal detection, all at the same time.'?> 126:413 While
several scalable techniques were reported to produce graphene-based e-textiles, screen-printing
in particular is a versatile, highly scalable and cost-effective technique that has already been
exploited commercially for the fabrication of biosensors and chemical sensors.'® Previous
studies reported screen printing of graphene-based active materials on textile substrates to
fabricate wearable electronics,”> *'* 415 however, such devices are limited in terms of

performance and multifunctionality.

In this study, a strategy was reported that exploits highly conductive, flexible and machine-
washable graphene-based e-textiles capable of capturing bio-signals and storing energy to
develop next-generation multifunctional wearable garments. A simple and scalable screen
printing of graphene-based ink on textiles, and subsequent fine encapsulation of conducive
track, enables highly conductive and machine washable e-textiles. Their high flexibility as well
as their ability to capture movements of different body parts such as index finger, wrist joint,
elbow and knee joint for demonstrating their potential as activity sensors were also

demonstrated. The ink was used to print in-plane electrodes for all-solid-state supercapacitors
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which shows excellent performance in flexible and non-flexible devices. The characterization
of the supercapacitor was carried out in collaboration with Bournemouth University, UK.
Finally, in collaboration with the University of Manchester, UK the printed textiles were used
to capture EEG bio-signals, offering comparable performance to standard commercial Ag/AgCl
electrodes, demonstrating their ability to provide a more comfortable biosensor to current rigid
clinical electrodes. As the major contributor, I wrote the manuscript as first author and

published this study as a research article in iScience.***

3.1 Fully-printed and highly conductive graphene-based e-textiles

A water-based graphene dispersion (100 g/L) was prepared using Microfluidized technique.!!*:
126 The rheology of graphene-based dispersions was modified using carboxymethylcellulose
sodium salt to prepare printable inks and was supplied by Versarien Limited UK. Microcircuit
encapsulant PE773 was purchased from Dupont (USA). 100% cotton fabric (de-sized, scoured,
and bleached which are ready-to-dye fabric) was manufactured at Square Fashions Limited
(Bangladesh), and donated by 2dtronics Limited (UK). The ink viscosity was characterized
using a HAAKE Viscotester iQ Rheometer (ThermoFisher Scientific, UK). Shear stress and
viscosity were determined at different shear rates to assess the printing ink’s flow properties.
The surface topography of the control cotton fabric, graphene-printed fabric, graphene-printed
fabric after washing, graphene printed-encapsulated fabric and graphene-printed and
encapsulated fabric after washing were analysed using a FEI Quanta 650 field emission

scanning electron microscope (SEM).

Figure 3.1a illustrates the concept of fully-printed and multifunctional wearable e-textiles that
monitor vital signs including heart rate, temperature, oxygen saturation level and human
activities, as well as store energy via flexible textiles supercapacitors. Such e-textiles can be
produced via printing highly conductive graphene-based inks using widely used scalable and

high-speed screen-printing technique, Figure 3.1b.

An ideal screen-printing ink is pseudoplastic, which demonstrates shear thinning properties as
its viscosity decreases with the increase of shear rate, allowing the ink to flow from the mesh
when shear is applied, and a rapid recovery once shear is removed to yield a high resolution
trace during the separation.?® Figure 3.1c shows the change of viscosity from ~407.10 cP to
~92.02 cP over a shear rate up to 1000 s™! for microfluidized graphene ink used in this study.
The shear stress also increases up to ~90.49 Pa over the same shear rate, exhibiting the

suitability of the graphene-based ink for screen-printing. Most favourable technological effects
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are obtained when the screen-printing inks possess shear-thinning with slight thixotropy.*'® In
agreement to this, the small, enclosed area of the hysteresis loop (Appendix F, Figure F1) of
the print ink also supports the suitability of the graphene-based ink for screen printing.
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Figure 3.1 Fully-printed and multifunctional wearable e-textiles. a) Schematic diagram of
multifunctional aspect of printed e-textiles b) Schematic diagram of the screen printing process
for preparing graphene-based wearable e-textiles ¢) Rheological properties of the graphene-
based ink, viscosity and shear stress expressed as a function of shear rate d) The change in the
electrical resistance with the number of print layers for graphene-based ink printed cotton
fabric e) The change in electrical resistance of graphene-based ink printed cotton fabric with

curing time and temperature.

A basic hand screen-printing method was used to print graphene-based ink on textiles, and then
printed fabric was dried at 100 °C for 10 minutes using a small table-top thermo fixation oven
(Mini-Thermo, Roaches, UK). Each print cycle consisted of one printing layer (3 passes)
followed by drying process. Samples were repeatedly printed and dried to optimize the number
of print layers (1-10 layers). The electrical resistance of graphene printed textile was measured
by a standard multi-meter. After the first print layer, the electrical resistance of the printed

fabric was found to be <364 Q cm ™!, Figure 3.1d. The electrical resistance reduces significantly
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to ~97 Q cm™! after the second print layer and continues to decrease steadily up to four print
layers to ~49 Q cm! due to the permeation of an increased amount of graphene ink on the
textile surface. After four print layers, the resistance reaches a saturation point and becomes
steady as observed until ten print layers. Therefore, four print layers were used to prepare
graphene-based printed e-textiles for subsequent processes. All the samples were dried at 100

°C for 10 min after each print layer during the print layer optimisation process.

The curing temperature and time were then optimized for graphene printed fabrics using a
range of curing temperature (100 °C—190 °C with 10 °C interval) over a time range (5-15
minutes with 5 minutes interval). Figure 3.1e shows that the electrical resistance of the
graphene printed fabric decreases with the increase of curing temperature. The phenomenon
could be attributed to the increase of contact force between conductive fillers present in the
conductive ink and the shrinkage of the organic binder present in the ink, resulting in a reduced
electrical resistance of the print pattern.*!” It is worth noting that after applying ~180 °C curing
temperature, the cotton fabric turns into a yellow colour, as well as the electrical resistance
increases, possibly due to the degradation of fibre structures, intra-macromolecular cross-
linking and depolymerization.?® Therefore, 170 °C for 5 min was selected as curing conditions

for all graphene-based printed samples produced for subsequent processes.

The effect of curing treatment on fabric properties was further assessed. Tensile strength was
measured for printed and/or coated e-textiles by following BS EN ISO 13934-1. Five
measurements for each specimen (200 mm x 50+0.5 mm) were taken to calculate the average
width and thickness. The samples were held between the caliper's external jaws by two large
metal clips of a Testometric Tensile Tester. With a pretention of 1.0 N force and speed of 20
mm min’!, the tensile strength and elongation at break of the samples were measured using a
load cell of 2000 kgf. The annealed substrate exhibited a change in breaking force of only
2.79% in comparison with the un-treated substrate, which is very negligible (Appendix F, Table
F1, Figure F2).

3.2 Machine-washable and ultra-flexible graphene-based e-textiles

The poor stability of repeated laundry washings is considered to be one of the major challenges
for wide commercial adoption of e-textile products.’*' A good washability is essential for e-
textiles to survive intense mechanical deformations and water invasion of washing cycles used
during their life cycles.>*? The washing stability of our graphene-printed e-textiles was assessed

following a British Standard (BS EN ISO 105 C06 A1S)*!8 to evaluate their performance at 10
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simulated home-laundry washing cycles. For wash stability tests, graphene printed textiles
were encapsulated with a fine layer of a microcircuit encapsulant PE773 using the same screen-
printing method followed by a drying and curing at 150 °C for 1 min. A conductive track was
created with electrically conductive silver paste for measuring the electrical resistance of

graphene printed and encapsulated e-textiles, Appendix F, Figure F6b.
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Figure 3.2 Wash stability and flexibility of printed and encapsulated graphene e-textiles. a)
The change in electrical resistance with the number of washing cycles of graphene-based ink
printed (without encapsulation) and graphene-based ink printed (with encapsulation) cotton
fabric b) Graphical illustration of graphene-based ink pattern and encapsulation layer on

textile substrate c) Scanning electron microscope (SEM) image of control cotton fibre (X2000)
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d) SEM image of graphene-based ink printed (4 layers) cotton fibre (X2000) ) SEM image of
graphene-based ink printed (4 layers) cotton fibre (with encapsulation) after washing (10
washing cycles) (X2000) f) The variation in resistance of the bending sensor in forward
direction g) The variation in resistance of the compression sensor in forward direction h) The

variation in resistance under 30 inward (printed pattern inside) folding—releasing cycles.

The printed e-textiles patterns (with 4 print layers) start to lose electrical conductivity just after
one washing cycle. The electrical resistance of washed e-textiles was found to be 62.5 Q cm™!
(Figure 3.2a) after the first washing cycle, which is double than that of the unwashed sample.
After repeated washing cycles, the electrical conductivity of such e-textiles is reduced
drastically, as the resistance increases significantly to 734.0 Q cm™! after 10 washing cycles,
which is ~10 times higher than the first washing cycle, Figure 3.2a. A significant variation in
the resistance was also observed at various locations of the washed sample’s surface. The
significant increase in the resistance of non-encapsulated samples could be explained by their
more proneness to delamination due to the mechanical forces experienced during washing

cycles, resulting in losses of electrical conductivity.

The wash stability of wearable e-textiles can be improved via a number of methods including
a textiles surface pre-treatment with Bovine Serum Albumin (BSA), or by a post-treatment for
instance embedding with polydimethylsiloxane (PDMS), polyurethane (PU) sealing, a screen-
printed PU top layer, and transferred mould and hot melt encapsulation to seal conductive track
on the textile surface.?® In this study, a translucent, thin, and stretchable PU-based encapsulant
was used to protect graphene-printed wearable e-textiles. Such encapsulation material adheres
with textile materials, keeping the printed graphene layer attached to textiles but covered and
protected, Figure 3.2b. The wash stability performance of graphene-printed textiles after
encapsulation was then evaluated, where a slight linear increment in electrical resistance was
observed after each washing cycle, Figure 3.2a. The encapsulated graphene-printed e-textiles
show =1.5 times higher resistance (35.2 Q cm™') after the first washing cycle in comparison to
the unwashed sample. The resistance increases to 118.0 Q cm™! after 10 washing cycles, which
is only about 3.5 times higher resistance in comparison to the first wash cycle. Figure 3.2¢c
shows smooth and featureless the scanning electron microscope (SEM) of untreated cotton
fibres, which was covered with randomly oriented graphene-based flakes after printing highly
concentrated graphene inks, Figure 3.2d. Additionally, unlike graphene oxide (GO), reduced
graphene oxide (rGO) or other functionalised graphene derivatives, graphene flakes in

microfluidized graphene inks do not create chemical bonding with cellulosic fibres, as they are
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mainly dominated carbon in their structure without any oxygen containing functional groups.?
When subject to mechanical action during washing cycles, such randomly oriented flakes of
printed e-textiles are removed, Appendix F, Figure Foc. Therefore, the electrical resistance of
graphene-printed e-textiles decreases significantly after each washing cycle. However, the
encapsulated printed fabric surface exhibits more resistance to delamination due to the
protection of the graphene printed pattern with thin PU layer, Appendix F, Figure F6d. Thus,
the wash stability of graphene-printed e-textiles improved substantially via fine encapsulation
with a PU layer without any negative effect on the hand feel as well as flexibility of the

conductive e-textiles.

The flexibility of printed, encapsulated and washed graphene-printed e-textiles was also

evaluated, Figure 3.2f, g. By following previously reported methods?> 126

various cord lengths
were used to measure the change of resistance of washed and unwashed fabric (10 cmx1 cm
strip) during bending (concave down) and compression (concave upward), Figure S7.
Graphene-printed (4layers) and encapsulated cotton fabrics were tested both before and after
10 washing cycles. A Win Test tensile tester (Testometric, UK) was used to control the cord
length both in forward and reverse directions for both bending and compression tests. The
change in their electrical resistances per 10 cm length due to bending, compression (both in
forward and backward direction) was measured. The cord length, which was measured by the
grip distance of the sample ends during the experiment (Appendix F, Figure F7), was changed
(1090 mm) when the fabrics were bent and compressed both in forward and backward
directions. Figure 3.2f, g exhibits repeatable responses in the change of resistance (AR/Ro)
during bending and compression in forward direction (and backward directions Appendix F,
Figure F8, F9 respectively). However, the encapsulated samples show excellent repeatability
in comparison with the unencapsulated samples for both before and after washing operations.
Additionally, the printed samples were subjected to ten repeated folding—release cycles in both
inward and outward direction. The variation of resistances was found almost stable for both
unwashed and washed samples subjected to 30 inward (Figure 3.2h) and outward (Appendix
F, Figure F10) folding—releasing operations. Printed graphene as well as the top encapsulation
layer over printed graphene, when create a strong adhesion, should resist any physical damage
of the conductive track. If the adhesion is not sufficient enough to hold the material on
substrates, may impart cracks upon bending, losing the peel of any functional materials
resulting in reduced conductivity.*!° It is worth noting that no visible changes in appearance or

shape or creasing were observed due to those mechanical actions (bending, compression and
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folding cycles), demonstrating excellent flexibility and bendability of encapsulated and

washable graphene-based wearable e-textiles.

3.3 Activity monitoring wearables of graphene-based e-textiles
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Figure 3.3 Printed graphene e-textiles as activity monitoring sensors. a) Schematic diagram
showing the application of graphene-based ink printed textiles as activity monitoring sensors
at different body parts. The motion detection represented by the change of resistance as a
function of time during b) finger joint bending c¢) wrist joint bending d) elbow joint bending

and e) knee joint bending by the graphene-based ink printed textiles.

Wearable sensors for monitoring individuals as well as patients’ health conditions via gathering
physiological and movement data, have received significant attention now-a-days due to their
continuous and non-invasive nature.*» #*% 42! The printed patterns on textiles, when placed on
several body parts, act as sensors for collecting and monitoring several physiological
information. The collected information from various sensors can then be transferred to a remote
data management system wirelessly, providing the opportunity for remote monitoring of
physiological parameters of adult patients, children, or people who are elderly. The strain type
sensors, composed of conductive network of active materials, serve as resistor under applied
voltage, the mechanism of which is known as piezoresistivity. During stretch / compression,
the electrical resistance of the conductive track changes as function of the applied mechanical
strain, that originates from the geometrical changes such as length and/or cross-sectional area,

intrinsic resistive response of active materials, tunneling effect, and/or disconnection
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mechanism. The resistance recovers to its initial values in a reversible manner after releasing
from the applied strain. The deformation state, thus, can be readily measured by recording the
changes in the electrical resistance of the resistive-type strain sensors.**> Graphene printed
conductive, washable and flexible e-textiles were attached on different body parts such as index
finger, wrist joint, elbow and knee joint (Appendix F, Figure F13) to demonstrate their potential
as activity sensors, Figure 3.3a. The change of the resistances with the movement of such body
parts were measured (Figure 3.3b-e). It is noteworthy here; the similar printed patterns were
utilized as piezoresistive sensors at different body parts. Though patterns were similar, the
sensors placed at different body parts such as finger, wrist, elbow, and knee joints were exposed
to different stress due to physical movements for different body parts. These produced different
strains on the sensors, therefore the resulted repeatable responses were different for different
body parts. Repeatable responses of the change of resistances were observed in all the cases
over time with outstanding capability of capturing various mechanical actions. This is in
agreement with previous study where similar repeatable response, and excellent capability of
sensitivity measurements were achieved for both unwashed and washed (10 times) skin-
mounted strain sensors.?® Such sensors could be used to monitor physical activities such as
walking, eating, running, brushing etc of patients or people who are elderly on daily basis and
send to their family members or carers to inform about their health status to help them to live
independent safely.*>> %24 This approach is also effective to study patient’s behavioural changes

and recovery processes while still living at their homes.

3.4 Sleep monitoring via electroencephalography recordings (EEG)

The effectiveness of the printed graphene-based textile electrodes to record
electrophysiological information, specifically the electroencephalogram (EEG) was also
demonstrated. An EEG is a non-invasive method of recording brain activity, undertaken by
placing electrodes on the scalp and forehead of a person, and used in a number of areas from
sleep studies to epilepsy diagnosis.*>> To verify the ability of our material to capture EEG
information, a phantom head model was created using gelatine in a 1:4 ratio by mass of gelatine
to water, creating a replication of the ionic conductors present in the human body, as previously
reported.*?® The phantom consists of two rigid sintered silver/silver chloride (Ag/AgCl) EEG
electrodes embedded inside, enabling pre-recorded EEG signals to be played-back; replicating
signals present inside the human head and giving a ‘known’ signal to record, allowing
verification. A pre-recorded EEG data from the Physionet Sleep-EDF Database,**” 4?8 a dataset

consisting of expert-scored PSG sleep study recordings, to generate signals in the phantom was
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used. A 20-minute excerpt (03:03:00 — 03:23:00) from participant SC4001 using the Fpz-Oz
channel was played back in the phantom using a current source (DS4 Biphasic Stimulus
Isolator, Digitimer), set to £10 pA, in turn connected to a digital-to-analogue voltage source
(NI USB-6363, National Instruments, USA). Using silver-loaded conductive thread (Electro
Fashion, Kitronik, UK) connections to two of the conductive areas on the textiles were sewn
in and in turn connected to an electrophysiological amplifier (Actiwave EEG/ECG 4 channel,
CamNtech), sampling at 1024 Hz and 10 bits. The textile electrodes were compared against
commercially available gold-standard rigid EEG electrodes (Ag/AgCl disc electrodes and
Abralyt HiCl conductive gel) commonly used in EEG studies. Frequency-domain comparisons
between electrode types were made by calculating the power spectral density (PSD) using the
welch method with 30 s long windows, 50% overlaps and 2! FFT points. Time-domain
comparisons were made after filtering with an eight-order zero-phase notch filter with fi. and
fu set to 47.5 Hz and 52.5 Hz respectively, and then filtered with a fourth-order zero-phase low-
pass filter with fi, = 50 Hz. The 2D correlation coefficient between the filtered data collected

from both types of graphene electrodes was calculated against the commercial rigid electrodes.

Here, the graphene-based e-textiles was used as electrodes for sleep monitoring, Figure 3.4a.
Sleep studies which take Polysomnographic recordings (PSG), consisting principally of EEG
recordings and other bio-signals are recordings taken overnight during sleep, Figure 3.4b. The
PSG data is scored into different sleep stages by a trained expert to identify sleep disorders.***
430 To demonstrate the feasibility of using the e-textiles for EEG recordings, the EEG part of a
PSG was stimulated using two electrodes and a gelatine head phantom,*! Figure 3.4a. This
setup simulates one EEG electrode placed on the central forehead (referred to as Fpz in the
international 10-20 standard), and a reference electrode placed elsewhere (here we utilise the
Cz location, which is in the centre of the scalp). This reference electrode could also be
positioned in an alternative hairless location, such as behind the ear, but here Cz location was

used to allow standardisation with other data sets.

Prior to any pre-processing or filtering of data, the frequency domain of the EEG recordings
was examined by comparing the power spectral density (PSD) of the signals collected from the
electrodes. This allows identification of the level of 50 Hz noise picked up by the electrodes, a
common source of noise in electrophysiological recordings. This 50 Hz pickup is caused by
the electrical mains (which oscillates at 50 Hz in the UK) coupling with the electrodes and
measurement equipment. In Figure 3.4c the PSD is shown, and it is seen that over the frequency

band of interest for sleep studies (0.3 — 30 Hz),**? all electrode types follow each other very
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closely. At 50 Hz, the commercial Ag/AgCl electrodes have around 12.2 dBpV Hz! of power
contribution, and the graphene-based electrodes have a slightly higher contribution, around

16.4 dBuV Hz! and 17.2 dBpV Hz! for the 1 layer and 4-layer electrodes respectively.
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Figure 3.4 Printed graphene e-textiles for EEG applications. a) Experimental setup showing
signal source (DAQ), current stimulator (Digitimer DS4), gelatine phantom, graphene-based
electrodes, and conductive thread connection to EEG Amplifier. b) Data collected using the
textile graphene-based electrodes against commercial Ag/AgCl electrodes from data from Fpz-
Oz data in the SC4001 record from Physionet. (left) A section of the record in deepest stage of
sleep (stage 4), indicated by the presence of slow oscillations in the record. (right) A lighter
stage of sleep (stage 2), indicated by smaller amplitude higher frequency oscillations. ¢) Power
spectral density of recorded signal from graphene textiles electrodes against commercial
Ag/AgCl electrodes, highlighting the typical frequency band of interest in EEG studies shaded
in green. The 50 Hz component and its contribution for each of the electrode types are shaded
in red. Also shown are higher frequency harmonics and intermodulation components from 50

and 60 Hz noise shaded in dark blue.
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It is also seen that higher frequency noise above 50 Hz in all electrodes, consist of harmonics
and intermodulation components of 50 Hz and 60 Hz noise. These components arise from the
50 Hz noise that is coupled to the electrodes during our experiment and the 60 Hz noise that is
present in the original EEG dataset used, (60 Hz is the mains line frequency in the US where
the original dataset was collected). In this work, not only are the differences in noise between
the graphene-based textiles electrodes and rigid Ag/AgCl electrodes minimal, but these noise
do also not overlap with the EEG frequency bands of interest, so these power line contributions

can be filtered out.

The correlation coefficient between the filtered data collected from both types of graphene-
based electrodes over the 20-minute record is high at over 0.998, indicating a very strong
similarity between the performance of our electrodes and the rigid Ag/AgCl electrodes. Figure
3.4b shows two 15 s segments of the EEG record data, at two distinct points. In the left figure,
data is displayed from the participant when they are in the deepest stage of sleep (stage 4),
indicated by the large-amplitude slow-wave oscillations. The right figure shows the data from
the participant around 10 minutes later where they are in a lighter stage of sleep (stage 2),
indicated by the higher frequency and smaller amplitude oscillations. Both features can clearly
be seen both in the data collected by the graphene-based electrodes and by the rigid Ag/AgCl
electrodes indicating similar levels of performance between all electrode types. The results
indicate these e-textiles could be utilised for EEG recordings which overcomes the limitations

of conventional rigid Ag/AgCl electrodes.

3.5 Supercapacitor device fabrication and electrochemical characterization

A solid-state symmetrical supercapacitor pattern was also printed on the textile using the same
screen-printing technique. The printed device has 5 branches on both the cathode and the anode
sides; each branch is 2 mm in width and 33 mm in length (Appendix F, Figure F14). The
distance between each branch on the cathode and the neighbour branch from the anode is 2
mm. The supercapacitor device was prepared by following previously reported method.?> The
printed graphene textile electrodes were used as the current collector. However, copper sheets
were glued to the end of every electrode to ensure good electrical contact with the measuring
workstation. The printed electrodes were coated with a hydrogel-polymer electrolyte, poly
(vinyl alcohol) (PVA) doped with H2SO4. The HoSO4 PVA gel electrolyte was prepared as
follows: 1 g of H2SO4 was added into 10 ml of deionized water, and then 1 g of PVA (molecular
weight: 89 000-98 000, Sigma-Aldrich) was added. The whole mixture was then heated to 85

°C under stirring until the solution became clear. The electrolyte was drop-casted and left to
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dry overnight under ambient conditions to ensure that the electrolyte completely wetted the
electrode and to allow for evaporation of any excess water. Two electrode system was
employed for the characterization of the textile supercapacitors. The electrochemical
measurements were carried out in an Ivium CompactStat. The electrochemical performances
of the printed devices were investigated by cyclic voltammetry (CV), and galvanostatic
charge/discharge tests. The electrochemical measurements were performed on an Iviumstat
Electrochemical Interface. The CV and galvanostatic charge—discharge measures were
conducted in the potential range of 0 to 1.0 V at different scan rates and current densities. For
measuring the CV at different bending angles, the device was attached to a flexible
polyethylene terephthalate film. The ability to collect and store energy in the form of electrical

charge, per unit area, namely areal capacitance (F cm2) was calculated as per the following

formula:
A .
Ca ~Teav Equation 11
_iAt .
Ca =— Equaltion 12

Energy density was calculated as per the formula:
E-= %CV2 Equation 13

The following formula was used for the calculation of power density
E

P== Equation 14

t

[Where, I= current density, V= voltage window, i=discharging current, Av=discharge voltage,
At= discharge time, A= integrated area of the CV curve, s= scan rate (mV s™)].

As can be seen in Figure 3.5a, the CV curves show almost a rectangular shape at all tested scan
rates, indicating ideal double-layer capacitance. The lack of any redox peak in the tested
electrochemical windows suggests that graphene-based ink is of very good purity, and
completely cover the cotton fibres. To calculate the areal capacitance, the charge-discharge
profile was recorded at current densities ranging from 0.05 to 0.5 mA cm (Figure 3.5b). In
agreement with the CV results, the charge-discharge profiles exhibit an ideal double-layer
behaviour with a triangular shape and equal time for charge and discharge. Also, there are no
visible plateaus or bends in the profiles that might be attributed to a redox reaction. The lack
of any IR (I = current and R = inner resistance) drops at the beginning of the discharge curve
suggests good conductivity and low charge barriers at the electrodes. The maximum calculated

areal capacitance of the symmetrical printed supercapacitor was 3.2 mF cm?, which is
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comparable with many reports existing in literature (Appendix F, Table F2). Even when the
current density increased by 10 times to 0.5 mA cm™, an aerial capacitance of 2.6 could be
maintained, equivalent to capacitance retention of 81.3% (Figure 3.5¢). The electrochemical
stability of the supercapacitor was investigated based on long-term charge-discharge curves at
a current density of 0.1 mA cm™. The devices lost only 5% of their initial capacitance after
10000 cycles, indicating excellent stability (Figure 3.5d). Without using any current collector
or conductive agents, the printed supercapacitor could deliver a high areal energy density of

0.28 mWh cm™ at the power density of 3 mW cm™.
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Figure 3.5 Characterization of graphene-based ink printed textile supercapacitor. a) CV
curves at multiple scan rates, b) Charge-discharge curves at various current densities, ¢) The
change of the areal capacitance with the current density, d) The cyclic stability of the printed
supercapacitor measured at 0.1 mA cm™, e) CV of the printed supercapacitor at different
bending angles, f) Charge-discharge profile for the supercapacitor with no strain and under

strain.

For the supercapacitor to be a part of an integrated device/system on a smart textile, it is
important to evaluate the performance of the printed device under various loading and strains
in multiple directions. The performance of the printed supercapacitor using a bending test at
various angles were assessed. The CV curves were recorded at different bending angles (Figure

3.5¢e), which show minor changes of the original unbent curve, suggesting good mechanical
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stability under bending. Figure 3.5f shows the charge-discharge curves of the supercapacitors
with no strain and under the biaxial strain of 0.1 and 0.2 strains at a constant current density of
0.1 mA cm™. Interestingly, the charge-discharge profiles of the supercapacitor under strain
exhibit some bending toward the end of the discharge. This might be due to a partial exposure
of the substrate cotton fibres to the supercapacitor electrolyte. It is known that the cotton fibres
surface is rich with oxygen functional groups, which might introduce some faradic reaction.
Obviously, the contribution of such redox reactions is limited due to the limited exposure of
the fibre. There is a noticeable potential IR drop at the beginning of the discharge curve when
subjected the electrodes to strain, which increases by increasing the strain. It was assumed that
the increase of the electrode resistivity is related to the loss of the graphene flakes under strain,
which demonstrates the possibility of using printed graphene electrodes as strain and

piezoelectric sensors.

5.4 Summary

A fully-printed, highly conductive, flexible and machine washable e-textiles platform was
reported that can monitor physiological conditions including bio-signals as well as can store
energy. The printed conductive textiles show outstanding flexibility as well as wash stability
even after 10 home laundry washing cycles. Additionally, the potential of skin-mounted
wearable sensors and sleep monitoring applications of such a printed e-textiles were
demonstrated. Furthermore, an in-plane flexible solid-state supercapacitor device was also
fabricated from the printed e-textiles, able to provide an aerial capacitance of ~3.2 mF ¢cm™
with outstanding stability up to 10,000 cycles. These findings could potentially lead to a truly

multifunctional wearable garment for personalised healthcare applications.
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4. Scalable production of 2D material heterostructure
textiles for high performance wearable

supercapacitors

In the previous study, a graphene-based multifunctional e-textiles including their energy
storage via exploiting highly versatile screen-printing technique was demonstrated. The

isolation of graphene in 2004,%*

unveiled a diverse range of graphene-like 2D materials with
exceptional mechanical, thermal, and electrical properties.'’®> 137 413 Transition metal
dichalcogenides (TMDs) have attracted significant attention due to their unique physical
properties such as magnetism, charge-density-wave order, superconductivity, and potential

applications in high-performance electronic devices.**

Electrochemical capacitors store electrical energy either in the electrochemical double layer
(EDL) formed by electrolyte ions on the electrode surface or through redox reactions involving
the electrode material's surface regions, known as pseudo-capacitance.*’> 43¢ However,
materials that possess both of these properties are rare but crucial for robust and efficient
devices.*” To address this, the fabrication of 2D material-based heterostructures combining
EDLC and pseudocapacitive materials becomes essential as it increases the surface area and
enhances the active electrochemical sites in the superior heterostructure. This unique
architecture enables energy storage through near-surface ion adsorption and additional
contribution from fast reversible faradic reactions, leading to high energy and power density.’*
438 These heterostructures, formed by stacking 2D materials with complementary properties,
exhibit unique and enhanced properties that are not found in individual materials. By carefully

arranging the layers, it is possible to manipulate interlayer interactions and band structures,
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resulting in the creation of diverse tailor-made heterostructures with specific and tailored
properties.***> 440 Therefore, 2D material heterostructures offer a versatile approach to enhance

energy storage performance.

TMDs exhibit improved energy storage capabilities compared to traditional electrode materials
and other 2D materials like graphene, thanks to their layered structures with sufficient
interlayer space.**! Among the various TMD materials, 2D MoS: exhibit good capacitive
properties,**? due to the tuneable band gap and a large number of active sites with extraordinary
physical and chemical properties.**> Despite their favourable properties, MoS, have
limitations, including restacking, unsatisfactory electrical conductivity, inflexibility, and poor
interface quality in electronic and electrochemical devices. To overcome these challenges,
researchers have explored a wide variety of MoS»z-based heterostructures. Although graphene-
MoS: heterostructures have been reported for other applications including non-volatile

444

memory cells,*** superlattice configuration,** fiber laser,**® and supercapacitor electrode on

448

nickel**” or graphite**® substrate; their utilization in textile-based wearable supercapacitors

remains unexplored.

In this study, a scalable production method for two prominent 2D materials: graphene and MoS»
by leveraging the unique advantages of a microfluidization technique was reported, along with
their subsequent deposition hierarchically in various configurations using a highly scalable and
ultrafast pad-dry method (Figure 4.1a). Graphene and MoS, were formulated through
microfluidization technique and characterized them in support with University of Manchester.
The number of layers of graphene coating for graphene-based and number of MoS: coating
layers for MoSz-based textiles supercapacitors were optimized. The supercapacitor
performance fabricated from the MoS:-graphene bi-layer coated electrodes and graphene-
MoS»-graphene tri-layer coated textile electrodes (Appendix G, Table G1) were then explored.
I prepared the several heterostructure based e-textiles, analysed their flexibility, and studied
their performance through fabricating several symmetric textile supercapacitors (Figure 4.1b).
Though graphene-based supercapacitors work as EDL capacitors (Figure 4.1c) and MoS;-
based supercapacitors work as pseudocapacitor (Figure 4.1d), the heterostructure based textile
supercapacitor work as hybrid capacitor, Figure 4.le. 1 demonstrate the potential to
significantly enhance the energy storage performance of heterostructure based wearable textile
supercapacitors while ensuring scalability in manufacturing. I designed the experimental plan,
conducted all the laboratory works and analysed the results. As I was the major contributor, I

wrote the manuscript from these results and published in ACS Nano.**
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Figure 4.1 System overview of the 2D materials heterostructure textile for supercapacitor
applications a. Scalable pad-dry method for coating of graphene and/or MoS, materials for
textiles b. Schematic of the supercapacitor structure based on heterostructure textiles electrode
c. Graphene based electrical double layer (EDL) supercapacitor d. MoS;-based
pseudocapacitor and e. Graphene-MoS;-graphene heterostructure based hybrid

supercapacitor.

4.1 Scalable production of 2D materials via microfluidization technique

Microfluidization is characterized by a homogenization technique; a high pressure (up to 207
MPa)*? is applied to a fluid, which force the liquid to pass through a microchannel (diameter,
d < 100 pm). This technique offers advantage of applying high y> 10° s™! to the whole
dispersion,*! unlike just locally such in case of sonication and shear-mixing. It is also a simple
and environmental friendly technique with 100% exfoliation yield.*? Previous studies reported
microfluidization technique for a range of purpose such as the production of polymer

0

nanosuspensions,*® liposome nanoparticles,** aspirin nanoemulsions,** oil-in-water

nanoemulsions,*>

and for deagglomeration and dispersion of carbon nanotubes.** In this
study, microfluidization technique was used to exfoliate graphene and MoS; in a scalable
quantity following previously reported methods.** 7 Natural flake graphite (average lateral
size ~ 50 um) and MoS> were purchased from Sigma Aldrich, UK. Sodium deoxycholate

(SDC) powder was purchased from Sigma Aldrich, UK and used as received. Briefly, 50 g
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graphite powder and 10 g SDC were added into a glass bottle and mixed with 500 ml deionised
(DI) water. The mixture was then sonicated for 30 minutes using an ultrasound bath to allow
homogenous dispersion and added into an input reservoir of a Microfluidizer (M-110P
Microfluidizer, Microfluidics Corp, USA). The dispersion was slowly passed through ‘Z-type’
microfluidic channels of ~200 um and ~87 pum diameter with diamond construction at high
pressure (~200 MPa). This allows the exfoliation of graphite to few-layer graphene at 100 ml
min ! flow under high shear rate [~10%s!'] with 100% exfoliation yield. The exfoliated
dispersion was then passed through a cooling channel surrounded by cold water (~25 °C) to
prevent over-heating of the dispersion and collected. This process was repeated 20 times to
produce graphene flakes. MoS> was also produced following the same method. The obtained

dispersion was used as conductive ink for textile coating.

Figure 4.2a shows the average lateral size of exfoliated graphene flakes is ~1.45 um and the
MoS; flakes is 1.25 um. Figure 4.2b shows Raman spectra of exfoliated graphene flakes after
20 cycles, a typical spectra for liquid-phase exfoliated graphene, with characteristics D peak at
~1350 cm™!, G peak at ~1582 cm™! and an asymmetric 2D-band at ~2730 cm™ 1% %7 Figure
4.2c shows Raman spectra of exfoliated MoS; flakes. Similar to graphene, single-layer and
few-layer MoS: has distinctive signatures in its Raman spectrum. It contains two prominent
peaks: an in-plane (Ez¢) mode located around 386 cm™ and an out-of-plane (A1) mode which
is located at 404 cm™!. The in-plane mode corresponds to the Sulphur atoms vibrating in one
direction and the Molybdenum atom in the other, while the out-of-plane mode is a mode of just
the Sulphur atoms vibrating out-of-plane. The difference of these two modes (~18 cm™) can be

used as a reliable identification for monolayer MoSo.

X-ray photoelectron spectroscopy (XPS) measurements were performed to investigate the
chemical composition and phase state of the as-prepared graphene and MoS» flakes. For XPS
analysis, the exfoliated graphene and MoS: flakes without any surfactant were drop-casted onto
a PEL paper and attached onto a carbon tape. Figure 4.2d shows the high resolution C1s spectra
which reveals peaks for graphene flakes, dominated by C—C/C=C in aromatic rings (~284.6
eV). The high-resolution XPS spectra of the exfoliated MoS; acquired in the chalcogen binding
energy region (226232 eV)*® and exhibits two obvious peaks at ~227 eV and ~230.5 eV,
correspond to the Mo 3ds; and Mo 3ds), respectively, indicating the characteristic of Mo*"
state in MoS2,*° Figure 4.2e. The peaks of S 2ps/2 and S 2pi/» were located at ~164.0 eV and
~165.1 eV with a spin-orbit splitting of 1.1 eV, revealing the So— in M0S,,*% 4! Figure 4.2f.
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Figure 4.2. Characterization of microfluidized 2D materials a. The size distribution of
graphene and MoS; flakes b. Raman spectra of graphene flakes c. Raman spectra of MoS>
flakes d. High resolution XPS spectra of graphene flakes. High-resolution XPS spectra of e.
Mo 3d and S 2s and f. S 2p of as-prepared MoS; flakes.

4.2 Scalable fabrication of highly flexible graphene-MoS; heterostructure for e-
textiles

In the textile industry, pad-dry method is widely employed for applying functional finishes to
textiles, such as anti-microbial, water repellency, wrinkle resistance, and moisture management
finishes. This method offers a remarkably high production speed, capable of processing ~150m
fabrics with functional finishes in just 1 minute. In this study, a laboratory-scale laboratory
scale padder BVHP 2 Bowl (Roaches, UK) was utilized, demonstrating its potential for large-
scale production of e-textiles was used for coating. The padding roller was set at a speed of Im
min" with a pressure of 0.74 bar. To simulate the industrial process, a 100% cotton control
fabric (de-sized, scoured, and bleached which are ready-to-dye fabric) collected from Square
Fashions Limited (Bangladesh), was passed, which had undergone desizing, scouring, and
bleaching processes to remove impurities and colors, through a padding bath containing a 100
g L' graphene dispersion. The mangle’s nip rollers were used to remove excess 2 dispersion

from the fabric's surface, ensuring a uniform treatment. The padded fabrics were subsequently
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dried at 100 °C for 5 min at 100°C for 5 minutes in a Type 350 Special Roaches laboratory
dryer (UK) to eliminate water/solvent and fix the graphene onto the textiles and were studied
for e-textiles application. Textile fabrics were padded one dip and one nip through graphene
dispersions to a wet pick-up of ~80% on the weight of the fabric (0.w.f.). The wet pick-up%

was calculated using following formula:

. coated fabric weight—untreated dry fabric weight
Pick — up% =
ick up % untreated dry fabric weight

x 100 Equation 15
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Figure 4.3. Characterization of the 2DM heterostructure based textiles. The change in the
electrical resistance of a. Graphene coated, b. MoS,-Graphene bi-layer coated and c.
Graphene-MoS,-Graphene tri-layer coated textiles. Surface morphology of the 2DM coated
textiles: Scanning electron microscope (SEM) image of the d. Graphene 1 coated textiles, G1
(x 1000) e. Graphene 10 coated textiles, G10 (x 1000) f. 4 MoS2-5 graphene coated textiles,
MA4G5 (x 1000) and g) 4 Graphene-3 MoS»-4 graphene coated textiles, G4M3G4 (x 1000) and
h. The variation in resistance of MoSz-graphene bi-layer coated and graphene-MoS;-graphene

tri-layer coated textiles during bending and compression.

Several coated samples were prepared using multiple (1—10) padding passes to establish any

improvement in the electrical conductivity of the coated fabrics. Figure 4.3a shows the changes
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of electrical resistance per unit length of the graphene-coated fabric with the number of coating
layers. Following the application of a single coating layer with graphene dispersion, the
resistance of the fabric measured 4426.5 Q cm™'. Notably, the resistance underwent a significant
reduction of ~89% after the second coating layer, reaching ~ 493.5 Q cm’!. Furthermore, the
resistance continued to decrease with each additional coating layer, reaching ~71.33 Q cm’!
after six layers. We continued the coating process up to ten layers, resulting in a minimum
resistance of ~ 49.62 Q cm™!. This observed phenomenon can be attributed to absorption and
adsorption mechanisms. Initially, the graphene dispersion is absorbed into the textile fibers,
leading to a significant reduction in the resistance during the first few coating cycles. As
saturation is reached, the dispersion predominantly adsorbs onto the surface of the textiles,
forming a continuous conductive film by establishing improved connections between graphene
flakes. The surface topography was analysed using a FEI Quanta 650 field emission scanning
electron microscope (SEM). As evidenced from the scanning electron microscope (SEM)
images, in comparison to the uncoated textiles, (Appendix G, Figure Gla), greater amount of
graphene flakes deposited on the fiber surface during coating (Figure 4.3d,e) and their
restacking through van der Waals forces exerted by the squeeze rollers reduce the resistance of

the fabric consequently.

The similar process was repeated for the other 2D material, i.e., MoS2 of same concentration.
10 textile samples were coated with MoS> from 1 to 10 successive MoS; layers. Both the
graphene coated and MoS: coated textiles were utilized as control electrodes for further studies.
The SEM images of the MoS:-coated textiles also exhibit the similar phenomena (Appendix
G, Figure Glb,c). It is worth noting that, being a semiconductor, MoS2-coated textiles do not
show any conductivity at initial coating layers. After 8~9 coating layers, the textiles exhibited

a very high resistance of ~0.8-0.9 GQ ¢cm’!, i.e., very poor conductivity.

After preparing graphene- and MoS; coated textiles, the aim was to produce heterostructures
based on these two 2D materials. For bi-layered structures, the textiles were first coated with
MoS: (one to five coating layers), followed by graphene coating (one to five layers). This
resulted in 25 configurations (Appendix G, Table G1). Figure 4.3b illustrates the changes in
the resistance for the bi-layered textiles with varying coating layers in each configuration. The
single MoS,-single graphene coated textile (M1G1) exhibited a resistance of ~1401 Q cm™. As
the number of graphene coatings on top of the MoS: layer increased, the sheet resistance
continued to decrease. At the second graphene coating (M1G2), the resistance reached ~483.1

Q cm’!, which further reduced to ~203.43 Q cm! after five graphene coatings (M1GS5). This
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phenomenon can be attributed to the increased deposition of conductive material (Figure 4.3f)
on the MoS»-coated textiles with each additional graphene layer. We also varied the number of
MoS:; base coating layers. It was observed that the sheet resistance decreased by ~80% (from
around 1401 to 274.9 Q cm™') between the M1G1 and M5G1 layered textiles. Ultimately, the
configuration with the lowest sheet resistance was achieved with M5GS5 layered textiles,

measuring ~110.75 Q cm™!, which was around 60% lower than the M5G1 layered textiles.

To explore the impact of heterostructures on textiles, a tri-layered configurations for achieving
conductive e-textiles were also attempted. Initially, the textiles were coated with graphene
using the pad-dry method. Subsequently, MoS» was applied onto the graphene-coated textiles,
followed by an additional graphene layer deposition using the same method. This resulted in
another 25 configurations (Appendix G, Table G1). Figure 4.3¢ illustrates the changes in sheet
resistance for the tri-layered textiles with varying coating layers in each configuration. The
single graphene-single MoS:-single graphene (G1M1G1) layered textiles exhibited a resistance
of ~789.8 Q cm’'. Increasing the number of MoS: and graphene layers contributed to a
reduction in the resistance. As the number of MoS: layers increased between two single
graphene layers (G1-M(x)-G1 configuration), the resistance progressively decreased. For the
G1MS5GI layer, the resistance measured was approximately ~226.85 Q cm™, which was
~71.27% of the initial GIM 1G] layer. Increasing the graphene layers also led to a reduction in
the resistance. The GSM 1G5 layer exhibited a resistance of ~126 Q cm™!, corresponding to an
~84% reduction compared to the initial GIM1G1 layer. Furthermore, increasing all coating
layers, including the initial graphene, intermediate MoS2, and final graphene layers,
significantly reduced the resistance. The configuration with the lowest resistance was achieved
with G5M5GS5, measuring ~74 Q cm’!, representing an ~90.6% reduction compared to the
initial GIM1G1 layer. Notably, the tri-layered structure demonstrated significantly lower
resistance compared to the bi-layered structures due to overall more deposition of active

materials (Figure 4.3g).

The flexibility of the several coated e-textiles were also evaluated. The change in their electrical
resistances per 12 cm length during bending, compression and folding were measured. The
cord length, which was measured by the grip distance of the sample ends during the experiment,
was changed (10-120 mm) when the fabrics were bent and compressed. Similar to the graphene
coated textiles (Appendix G, Figure G2a-left), no significant change in the resistance (AR/Ro)
were observed during bending and compression of the heterostructure coated textiles (Figure

4.3h). Even during folding—releasing operations, the changes in the resistance of the coated

Page 103 of 209



textiles were found negligible, proving the outstanding flexibility of our heterostructure based
textiles (Appendix G, Figure G2a-right). It is worth noting that no visible changes in
appearance or shape or creasing were observed due to those mechanical actions (bending,

compression, and folding cycles), of the heterostructure-based wearable e-textiles (Appendix
G, Figure G2b-e).

4.3 Electrochemical characterization of heterostructure-based textile
supercapacitors
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Figure 4.4. MoS>-Graphene bi-layer coated textile supercapacitor a. Change of areal
capacitance with increase of coating layers b. Cyclic voltammetry curves of the G5M4 coated
textile supercapacitor at various scan rates c. Charge-discharge profile of the G5M4 coated
textile supercapacitor at different current densities d. Electrical impedance spectroscopy of the
device at high frequency range (inset shows the response of the supercapacitor device at low
frequency range) e. Capacitance retention of the G5M4 coated textile supercapacitor device
up to 1000 cycles, inset shows the CV curves at 1st, 100th, 500th and 1000th cycles and f. cyclic
test of the supercapacitor (from 990th to 1000th cycles).

Initially, multiple graphene layers coated textiles were utilized as electrodes to fabricate

graphene based symmetric textile supercapacitor. A thorough analysis of the cyclic
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voltammetry (CV), galvanostatic charge-discharge (GCD) and electrical impedance
spectroscopy (EIS) was carried out for the highest capacitance showing capacitor (Appendix
G4). The supercapacitor with a single graphene coating (G1 electrodes) exhibited an areal
capacitance of ~7.74 mF cm™ at a scan rate of 1 mV s™'. The highest areal capacitance of ~80.19
mF cm™ at a scan rate of 1 mV s™' was achieved with the textile supercapacitor fabricated using
10 graphene coating layered (G10). Similarly, MoS,-based symmetric textile supercapacitors
were also fabricated (Appendix GS5). The highest areal capacitance with bare MoS, was
achieved with 10 coating layers (M10) at ~ 7.1 mF cm™ and a scan rate of 1 mV s™'. To enhance
the capacitance performance of our textile supercapacitors, a combination of heterostructures
were explored by depositing both graphene and MoS: onto textile electrodes. Textiles were
initially coated with MoS; at different layer configurations (Mx, where x is the number of
coating layers from 1 to 5), followed by graphene coating at different layer configurations (Gx,
where x is the number of coating layers from 1 to 5). These bi-layered configurations of MoS:
and graphene (Mx-Gx) coated textiles were used as electrodes for the supercapacitors and
exhibited the characteristics of a hybrid supercapacitor (ultracapacitor), combining the

principles of double-layer capacitance and pseudocapacitance.

A total of 25 samples were fabricated to investigate the effect of bi-layered configurations on
the areal capacitance of the textile supercapacitors. Figure 4.4a demonstrates the change of
areal capacitance at different layer configuration. The highest areal capacitance of ~36.49 mF
cm™ was achieved when textiles were coated with a single layer of MoS. followed by five
layers of graphene (M1G5 configuration) at a scan rate of 1 mVs™\. However, increasing the
number of MoS; layers under a single graphene layer led to a decrease in the areal capacitance.
The lowest value of ~8.735 mF ¢cm™ was obtained when textiles were coated with five layers
of MoS> under a single graphene layer (M5G1 configuration). Similarly, increasing the number
of graphene layers while keeping a single MoS> layer also resulted in increased capacitance,
up to ~31.435 mF cm™ for the M1G2 configuration. Among the 25 configurations, the highest
areal capacitance of ~63.73 mF cm™ was achieved when textiles were coated with four layers
of MoS; covered by five layers of graphene (M4G5 configuration). Interestingly, further
increasing the number of MoS; layers under the graphene layers led to a dramatic reduction in
the areal capacitance to ~19.16 mF cm™. This could be attributed to the excessive amount of
graphene interfering with the conductivity of the MoS, flakes. There exists an optimum
quantity of both graphene and MoS: for achieving ideal hybrid capacitance behaviour. It is to

note that, the areal capacitance of MoSz-graphene bi-layered electrode based symmetric textile
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capacitor was almost similar with the graphene electrode based symmetric textile
supercapacitor, exhibiting 71.62 mF cm™ at 9 coating layers, reaching to 80.18 mFcm™ after
10th coating layer (Appendix G, Figure G3a). However, textile supercapacitor composed of
only MoS»-electrodes exhibited a highest areal capacitance of only 7.1 mFem™ after 10 coating

layers (Appendix G, Figure G4a).

Several electrochemical tests (CV, GCD and EIS) were carried out of the best-performing
supercapacitor based on M4GS5 electrodes. The CV curves exhibited near-rectangular shapes at
all tested scan rates, indicating ideal capacitance behaviour, Figure 4.4b. Though for only
graphene- and only MoS»-based supercapacitors, the current density reaches to 1.736 mA cm”
2 (Appendix G, Figure G3b), and 1.08 mAcm™ (Appendix G, Figure G4b) respectively, for the
bi-layered structure, the current density reaches to a maximum of 1.186 mA cm™ only. The
charge-discharge profiles (Figure 4.4c) showed no plateaus or bends, confirming the absence
of redox reactions. The slight potential drop observed at the beginning of the discharge curve
was due to the device's ESR, but it did not significantly affect the conductivity or charge barrier
of the electrodes. It is to note that, at a current density of 0.2 mA ¢cm™, the charge-discharge
took nearly 206 seconds for graphene-based supercapacitor (Appendix G, Figure G3c) and
nearly 8.5 seconds for MoS;-based supercapacitor (Appendix G, Figure G4c). The MoS»-
graphene bi-layered electrode-based textile supercapacitor on contrary took nearly 13 seconds
at the same current density. The EIS results (Figure 4.4d) demonstrated an ESR of ~81.63 Q at
a lower frequency range (1 kHz), which reduced to ~36.89 Q at a higher frequency range (50
kHz). The graphene and MoS> exhibited an ESR of 37.01 and 29.44 Q at a lower frequency
range (1 kHz) and 26.78 Q at a higher frequency range (50 kHz), (Appendix G, Figure G3d
and G4d). The Nyquist plot exhibited a 45-degree bend at the low-frequency range, indicating

the ideal behaviour of a capacitor.

The electrochemical stability of the supercapacitor was also evaluated by examining its long-
term charge-discharge behaviour at a current density of 1 mA cm 2. Remarkably, even after
1,000 cycles, the device retained its initial capacitance, demonstrating exceptional stability
(Figure 4.4e). The inset in the figure illustrates the CV profile of the supercapacitor up to 1,000
cycles, showing no deviations. To further illustrate this stability, Figure 4.4f displays the
charge-discharge curves specifically from the 990th to the 1,000th cycle of the GCD tests. The
M4GS supercapacitor, without the use of any current collector, exhibited an impressive areal
energy density of 35.405 pWh cm 2 (~44.55 pWh cm 2 for graphene, ~3.944 pWh cm 2 for
MoS>) and power density of 8,497.333 uW cm 2 (~581.05 pW cm 2 for graphene and ~3550
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uW cm 2 for MoS»). Additionally, it achieved specific energy density of 9.317 Wh kg™ (~12.73
Wh kg! for graphene and 1.578 Wh kg! for MoS;) and power density of 2,236.14 W kg-!,
(~166.01 W kg for graphene and 1420 W kg for MoS,). The exceptionally high-power

density show promise for our textile supercapacitor for next generation wearable applications.
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Figure 4.5. Graphene-MoS2-Graphene tri-layer coated textile supercapacitor a. Change of
areal capacitance with increase of coating layers b. Cyclic voltammetry curves of the G4AM3G4
coated textile supercapacitor at various scan rates c. Charge-discharge profile of the G4AM3G4
coated textile supercapacitor at different current densities d. Electrical impedance
spectroscopy of the device at high frequency range (inset shows the response of the
supercapacitor device at low frequency range) e. Capacitance retention of the G4M3G4 coated
textile supercapacitor device up to 1000 cycles, inset shows the CV curves at 1st, 100th, 500th

and 1000th cycles and f. cyclic test of the supercapacitor (from 990th to 1000th cycles).

To achieve higher capacitance performance of our textile supercapacitor, we introduced another
initial graphene layer on the previous bi-layer configuration resulting in a tri-layered
heterostructure component configuration. Initially, textiles were coated with graphene at
different layer configurations (Gx, where x is the number of coating layer, 1 to 5). These textiles
were then coated with several MoS; layers at varying configurations (Mx, where x is the number

of coating layer, 1 to 5). Finally, the graphene-MoS> coated textiles were further coated with
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graphene at different layer configurations (Gx, where x is the number of coating layer, 1 to 5).
Textiles coated with several tri-layered configuration of 2D materials (Gx-Mx-Gx) were then
utilized as supercapacitor electrodes. Similar to our bi-layered structure, the graphene-MoS;-
graphene tri-layered electrodes exhibited a hybrid capacitance behavior when fabricated into a

supercapacitor.

Figure 4.5a demonstrates the change in the areal capacitance of the textile supercapacitors
fabricated with graphene-MoS>-graphene tri-layers in various configurations. Like the bi-
layered structure, we fabricated a total of 25 coated samples to evaluate the effect of tri-layered
textile electrodes for supercapacitor applications. As observed, supercapacitors fabricated with
electrodes containing a single layer of graphene, followed by a single layer of MoS> and a final
single layer of graphene (i.e., GIM1G1) exhibited an areal capacitance of ~31.48 mF cm™ at a
scan rate of 1 mVs™!. Similar to the bi-layered textile SCs, increasing the number of graphene
layers enhanced the areal capacitance, reaching values of ~53.58 mF cm™ and ~58.16 mF cm”
2 at the same scan rate for G4M 1G4 and G5M1GS5 configurations, respectively. Interestingly,
increasing the number of MoS; layers between the top and bottom graphene layers further
improved the supercapacitor's areal capacitance. With one MoS; layer in between top 4-layer
and bottom 4-layer graphene the capacitance was 53.58 mF cm™ which increased to 65.21 mF
cm™ with increasing another layer of MoS,. The G4M3G4 configuration achieved the highest
value of ~105.08 mF ¢cm™ at a scan rate of 1 mVs™'. However, further increases in the number
of MoS; layers reduced the capacitance to ~91.37 mF cm? (G4M4G4) and ~65.205 mF cm™
(G4M5G4) at the same scan rate. This phenomenon could be attributed to the fact that, the
addition of a layer of MoS: contributes to fill the voids on the graphene surface, providing
additional active sites for charge storage (pseudocapacitance in case of MoS») and improving
the overall capacitance. After a certain limit, the excess amount of MoS: start to interfere the
overall charge storage of the structure. Since MoS: is a semi-conductor material, the presence
of excess amount might have obstructed the capacitive behaviour of the EDL graphene material

as well as the overall heterostructure.

A similar trend was observed for the G5 configuration of tri-layered structures. The
supercapacitor with a GSM1GS5 electrode exhibited an areal capacitance of ~58.16 mF cm™ at
a scan rate of 1 mV s, which increased to ~93.4 mF cm™ at the same scan rate. However,
further increases in the number of MoS: layers reduced the capacitance to 53.58 mF cm™. This
phenomenon can be attributed to the amount of active material loaded with each coating layer.

For example, the total number of coating layers was 3 for GIM1G1 (~31.48 mF cm™), 11 for
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G5M1G5 (58.16 mF cm™), 11 for G4M3G4 (105.08 mF cm™), and 14 for G5M4GS5 (93.4 mF
cm?). Textiles can absorb active material up to a certain limit, and beyond saturation, additional
coating hinders performance rather than adding functionality. When considering the 11-layered
structures (GSM1G5 and G4M3G4), it is evident that despite the reduced amount of highly
conductive graphene, the introduction of a semiconductor material within a certain limit
increases the capacitance of the fabricated supercapacitor by ~80.69%. The effect of MoS>
presence in the supercapacitor is also evident in electrodes fabricated with G4AM1G4 and
G4M3G4 structures. The addition of 2 MoS: coating layers between the G4-Mx-G4

configuration contributes to an enhancement of ~96.14% in areal capacitance.

A comprehensive analysis of the electrochemical performance (CV, GCD and EIS) of the
highest-performing supercapacitor configuration (G4M3G4) was carried out. The CV curves
exhibited nearly rectangular shapes at all scan rates (Figure 4.5b), indicating ideal capacitance
behaviour. As previously discussed, in comparison to the other configurations, the current
density reaches to a maximum of 3.13 mA cm™. The absence of redox peaks within the tested
electrochemical windows suggests complete coverage of cotton fibers by the graphene-based
ink. The charge-discharge profile (Figure 4.5c) of the G4M3G4 supercapacitor showed no
visible plateaus or bends associated with redox reactions. The minor potential drop observed
initially can be attributed to the energy consumption of the device's equivalent series resistance
(ESR), which still ensures good conductivity and low charge barrier of the electrodes. It should
be noted that the charge-discharge time was extended up to 332 seconds compared to other
heterostructure supercapacitors at the same current density of 0.2 mA cm™. The EIS analysis
revealed a low equivalent series resistance (ESR) of ~61.47 Q at a lower frequency range (1
kHz) that reduced to ~42.87 Q at a higher frequency range (50 kHz), as indicated by the Nyquist
plot (Figure 4.5d). The proximity of the vertical lines to the imaginary axis suggests that the
supercapacitor behaviour closely resembles that of an ideal capacitor. The electrochemical
stability of the supercapacitor was also evaluated through long-term charge-discharge curves
at a current density of 1 mA cm 2. Remarkably, the device maintained its initial capacitance
even after 1,000 cycles, demonstrating excellent stability (Figure 4.5¢). The inset depicts the
CV profile of the supercapacitor up to 1000 cycles, showing no deviation. Furthermore, Figure
4.5f presents the charge-discharge curves of the 990th to 1000th cycle in the GCD tests. The
G4M3G4 supercapacitor, achieved the highest areal energy density of 58.37 pWh cm™
(~35.405 uWh cm 2 for M4G5 bi-layered supercapacitor, ~44.55 pWh cm 2 for graphene and
~3.944 uWh cm 2 for MoS, supercapacitor). However, the power density was 1604.27 mW
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cm 2 (though highest was for M4GS5 bi-layered supercapacitor 8,497.333 uW cm 2, ~581.05
uW cm? for graphene and ~3550 uW cm 2 for MoS; supercapacitor). The specific energy
density was achieved 14.59 Wh kg™! whereas 9.317 Wh kg™! for M4G5 bi-layered, ~12.73 Wh
kg! for graphene and 1.578 Wh kg™! for MoS; supercapacitor. The power density was reported
as 401.06 W kg!, (2,236.14 W kg™! for M4G5 bi-layer ~166.01 W kg™! for graphene and 1,420
Wkg! for MoS; supercapacitor). The exceptionally high energy and power densities show

promise for our textile supercapacitor for next generation wearable applications.

a b c
30
—a— Graphene s —a— Graphene Flat
- —a—MoS, - —9—MoS, —— 90 Bend
‘\"E 120 —&— MoS,-Graphene bi-layer :’ —&— MoS,-Graphene bi-layer & 5
o ~—a&— Graphene-MoS,-Graphene tri-layer ~ —a— Graphene-MoS,-Graphene tri-layer £
w 820 <
C 5 S
o 80 = =
o 2] >
c @ £
o] o ® 0
= 3 c
8 510 S
@ 40 5 e
[$) [ )
_ £ s
8 K B B
& © O-5
. 0 e i O 0 Bending angle 90° E‘:e
0 200 400 0 200 400 -1.2 -0.8 -04 00 04 08 12
Scan rate (mV's™) Scan rate (mV s™) Voltage (V)
d e f
10°* 10°
—a— Graphene —a— Graphene
. —a— MoS, —a—MoS, 104
< 10° —&— MoS,-Graphene bi-layer & 102 —a— MoS,-Graphene bi-layer &
g —a— Graphene-MoS,-Graphene tri-layer xm —&— Graphene-MoS,-Graphene tri-layer g °
Ref. 466
< 2 = £ 103
; 10 2 ; : ; 10 °
2 =10 e ORef. 360 Ref. 464
2 > °
.%- 10" / = = 5 Ref. 238
5 GC) 0 2 10 Graphene-MoS,-Graphene tri-layer
8 0 < 10 % o Qtnigwork)
> 10 3 > G'EFWW S,-Graphene bi-layer
o = &) this work) *
® ¥ [0) 5 1 01 (this work)
C 41 S 0 =
w10 w 0
@ MoS, (this work)
L]
5 Ref. 465
10 101 ‘02 103 ' -10° 10°
10° 10 10°10° 10 10° 10 102 10° 10" 10°  10° 10" 10°
Power density (WW cm™) Power density (W Kg™") Power density (W cm™)

Figure 4.6. Performance of the 2DM heterostructure based textile supercapacitors. a. Areal
capacitance of 4 as-fabricated textile supercapacitors at different scan rate. b. Gravimetric
capacitance of 4 as-fabricated textile supercapacitors at different scan rate c. Comparison of
the capacitance performance 4 as-fabricated textile supercapacitors with others in literature
d. Ragone plot showing comparison of 4 as-fabricated supercapacitor performance (in terms
of areal energy and power density) e. Ragone plot showing comparison of 4 as-fabricated
supercapacitor performance (in terms of specific energy and power density) and f. Ragone plot

showing comparison of 4 as-fabricated supercapacitor performance with others in literature.

Figure 4.6 presents the performance analysis of our fabricated supercapacitors. Areal and
gravimetric capacitance, as a function of scan rate, are depicted in Figure 4.6a and Figure 4.6b,
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respectively. It can be observed that higher scan rates result in lower capacitance, possibly due
to insufficient time for electrolytes to adsorb and desorb on the electrode surface.*®? At lower
scan rates, electrolyte ion diffusion becomes more efficient, reaching both the external surface
and inner active sites of the electrode material.*®® In Figure 4.6¢, the CV curves of the device
are shown when it is both flat and bent at a 90° angle, demonstrating the device's stable
electrochemical performance even under bending conditions. The Ragone plot in Figure 4.6d
and Figure 4.6e showcases the energy and power densities of our fabricated supercapacitors.
Notably, our graphene-MoSz-graphene tri-layered textiles exhibit impressive energy and power
densities of ~58.38 pWh cm ™2 and 1604.27 pW cm 2, respectively. These values are either
superior or comparable to those reported in previous studies (Figure 4.6f) on graphene-based

wearable supercapacitors,?12: 238, 360, 464-470

4.4 Small scale integration of textile supercapacitors
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Figure 4.7. Small scale integration of 2DM heterostructure based textile supercapacitor. a.
Schematic of 3 supercapacitor cells in series (top) and parallel (bottom) connection. b. 3 as-
fabricated textile supercapacitor cells connected in series (left) and parallel (right) connection.
c. CV profile of 1 supercapacitor cell versus 3 supercapacitor cells connected in series (at scan
rate 500 mV s) d. GCD curve of 1 supercapacitor cell versus 3 supercapacitor cells connected
in series (at current density 0.2 mA cm?) e. CV profile of 1 supercapacitor cell versus 3

supercapacitor cells connected in parallel (at scan rate 500 mV s?) f. GCD curve of 1

Page 111 of 209



supercapacitor cell versus 3 supercapacitor cells connected in parallel (at current density 0.2

mA cm) and g. 3 supercapacitor cells connected in series powering LEDs.

In practical applications, a single supercapacitor often does not provide sufficient voltage and
current to power circuits effectively.*’! Therefore, multiple supercapacitors are commonly
connected in series and/or in parallel (Figure 4.7a) to form a “bank” with a specific voltage
and capacitance.*’? Figure 4.7b shows the small-scale connection of 3 supercapacitors in series
(left) and parallel (right). The conductive current collector threads were employed as
connection wires for the supercapacitors. Figure 4.7c shows the CV profiles and Figure 4.7d
shows the GCD curves of the three series-connected textile supercapacitors. It is evident that
the series-connection increases the voltage window from 1 to 3 V, with a reduction in
capacitance to approximately one-third of a single device. On the other hand, Figure 4.7¢
displays the CV profiles, and Figure 4.7f presents the GCD curves for the three parallel-
connected textile supercapacitors. In contrast to the series connection, the parallel connection
exhibits nearly three times higher capacitance compared to a single device while maintaining
the same operating voltage window. Furthermore, the parallelly connected supercapacitors
were capable of powering different coloured LEDs with varying voltage requirements, as
depicted in Figure 4.7g. This highlights the capability of our textile-based flexible

supercapacitors to meet the increasing energy needs of wearable electronics in the future.> *7*

474

4.5 Summary

In this study, the scalable production of very promising two of the 2D materials, namely
graphene and MoS», through microfluidization technique was reported. Considering the design
flexibility of 2D materials for tuning their electronic properties, graphene and MoS;
heterostructures for wearable electronic textile-based for supercapacitor fabrication were also
reported. The highest areal capacitance was obtained from the supercapacitor fabricated from
the graphene-MoS»-graphene tri-layered textile electrodes. Though the energy density was
highest for tri-layered electrode-based supercapacitor, highest power density was achieved for
the MoS>-graphene bi-layered electrode-based supercapacitor. 3 of the as-fabricated
supercapacitors, when integrated, were able to power up an LED. Industrially most-known and
highly scalable coating method was exploited for the fabrication of textile supercapacitors,
which demonstrates the potential of the reported fabrication for the large-scale production of

wearable e-textile supercapacitors.

Page 112 of 209






Page 114 of 209



(Image and Article redacted for copyright reasons)

Page 115 of 209




(Image and Article redacted for copyright reasons)

w H
03
(
~
~
x
Q
=
)
S
S




Page 117 of 209



Page 118 of 209



(Image and Article redacted for copyright reasons)

~
03
(
~
~
)
Q
=
)
S
S




Page 120 of 209



Page 121 of 209



Page 122 of 209



(Image and Article redacted for copyright reasons)

A
0

(N

~
N
oy
Q

=
)
S
S




Page 124 of 209



(Image and Article redacted for copyright reasons)

A
0

(N

~
N
9
Q

=
)
S
S




(Image and Article redacted for copyright reasons)

Page 126 of 209




Page 127 of 209



(Image and Article redacted for copyright reasons)

A
0

(N

~
N
I
Q

=
)
S
S




] I N . Il I N

Page 129 of 209



TR

i------

-_.i-_.-__.i-_.

TR

I I t_. I

nnunmn

Page 130 of 209






Page 132 of 209



(Image and Article redacted for copyright reasons)

A
0

(N

~
Iy
bo
Q

=
)
S
S




Page 134 of 209



Page 135 of 209



(Image and Article redacted for copyright reasons)

Page 136 of 209




Page 137 of 209



(Image and Article redacted for copyright reasons)

A
0

(N

~
“
&
Q

=
)
S
S




(Image and Article redacted for copyright reasons)

A
0

(N

~
oy
°
Q

=
)
S
S




Page 140 of 209



(Image and Article redacted for copyright reasons)

A
0

(N

~
Ny
~
Q

=
)
S
S




Page 142 of 209



Page 143 of 209



(Image and Article redacted for copyright reasons)

A
0

(N

~
N
N
Q

=
)
S
S




Page 145 of 209



(Image and Article redacted for copyright reasons)

A
0

(N

~
N
x
Q

=
)
S
S




(Image and Article redacted for copyright reasons)

A
0

(N

~
Ny
~
Q

=
)
S
S




Page 148 of 209



7. Summary and future recommendations

As outlined in the Chapter 1, the aim of this PhD study was to develop scalable, low-cost,
highly functional and flexible graphene-based energy storage textiles for powering a
personalized wearable e-textile garment. Overall, the study focuses on exfoliation, preparation
and application of graphene and other 2D materials namely MoS> and hBN for textile-based
supercapacitor applications. An extensive overview of textile-based supercapacitors, their
structures, manufacturing and performance is reported in Chapter 2. The following chapters
then report the studies carried out in this PhD in order to achieve high performance textile-
based supercapacitors. This final chapter presents the summary of the major findings from these
studies and finally, recommendations are made for further research in the field of textile-based

supercapacitors.

7.1 Summary of findings

As discussed in Chapter 1, the current drive to move away from metal-based e-textiles
technology has facilitated the emerge of graphene and other 2D materials for their outstanding
physical, mechanical and electrical properties.?” ?*2” However, the major challenge with this
technology is the ability to produce colloidally stable conductive inks in a scalable quantity. In
the following studies of this PhD thesis, I have used/formulated graphene and/or other 2D
materials MoS; and hBN to be applied to textiles for the fabrication of supercapacitor

electrodes (Research objective 1).

Chapter 2 reveals that there are a range of fabrication techniques employable for textile
supercapacitors; such as hydrothermal deposition,*”® drop casting,’” electrochemical

deposition,*® electrochemical activation,**> hydrothermal activation,*! in-situ synthesis*® etc.

Page 149 of 209



Nevertheless, while they are all appropriate for laboratory trials, they are not suitable for large-
scale production in industrial settings. Screen printing and coating are the two most common
industrially known fabrication methods for realizing functional textiles.

Therefore, in Chapter 3, a commercial graphene-based ink was used on a rough and flexible
textile substrate via highly scalable screen printing process (Research objective 2), followed
by a fine encapsulation to produce highly conductive machine-washable e-textiles platform.
With an optimized print condition, the resistance was as low as ~30 Q cm’, i.e. highly
conductive graphene based e-textiles was achieved. The flexibility and washability of the
screen-printed e-textiles were assessed. The screen-printed textile was then employed as a
piezoresistive sensor for activity monitoring, as an EEG electrode as well as electrode for
supercapacitor application. CV and GCD and long-term cyclic stability tests were assessed for
the characterization of textile supercapacitor (Research objective 3). With reliable performance
for activity monitoring as well as monitoring brain signals (Research objective 4), the screen-
printed textile supercapacitor exhibited an areal capacitance of 3.2 mF cm™ at a scan rate of 1
mV s with an energy density of 200 uWh cm 2.

In Chapter 4, highly scalable microfluidization technique was reported to exfoliate high quality
few layer two-dimensional (2D) materials (graphene and MoS: flakes) from bulk graphite and
MoS:>. The average lateral size of exfoliated graphene flakes was ~1.45 pm and of the MoS:
1.25 um. The Raman spectrum of exfoliated graphene flakes exhibited typical spectrum for
liquid-phase exfoliated graphene, with characteristics D peak at ~1350 cm™!, G peak at ~1582
cm ! and an asymmetric 2D-band at ~2730 cm!.**> %7 Similar to graphene, MoS: exhibited
distinctive signatures in its Raman spectrum containing two prominent peaks: E2g, ~386 cm’!
and Alg located at ~404 cm’'. XPS measurements were performed to investigate their
chemical composition and phase state; the high resolution Cls spectra reveals peaks for
graphene flakes, dominated by C—C/C=C in aromatic rings (~284.6 e¢V). The high-resolution
XPS spectra of the exfoliated MoS» exhibited two obvious peaks at ~227 eV and ~230.5 eV,
correspond to the Mo 3d5/2 and Mo 3d3/2, respectively. The peaks of S 2p3/2 and S 2p1/2
were located at ~164.0 eV and ~165.1 eV with a spin-orbit splitting of 1.1 eV, revealing the
So— in M0S,.#841 A simple but highly scalable pad-dry-cure technique was employed to
fabricate graphene, MoS» and their heterostructure based textiles (Research objective 2). The
flexibility of the e-textiles prepared from various heterostructures were studied. With the
prepared microfluidized graphene dispersion, the resistance of textiles was obtained as low as

~49 Q cm!. The graphene-coated textile was then used as supercapacitor electrode; exhibiting
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of 31.03% compared to the bare graphene-based supercapacitor. In addition to CV, GCD, EIS
and long-term cyclic stability tests were carried out for the characterization of the
heterostructure based textile supercapacitors (Research objective 3). The energy density and
power density achieved was ~58.377 uWh cm ™2 and ~1604.274 uW cm 2 with a cyclic stability
of ~100% even after 1000 cycles. Three supercapacitors integrated together was able to power

an LED bulb (Research objective 4).
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