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ABSTRACT

The challenges of conventional wearable technology have been overcome to a vast
extent by the rapid strides in flexible technology. However, the integration of the flexible
devices in the textile industry still includes challenges like the heaviness and rigidity of
electronic components, lack of washability, and high operating power. In this thesis,
these challenges have been addressed with the fabrication of textile-based devices
consisting of lightweight, flexible, washable, and bendable materials. Here, graphene-
coated monofilament polypropylene (PP) textile fibres have been presented for their
use as textile-based temperature and humidity sensors. A detailed analysis of the
transient response of temperature and humidity on the resistance of different types of
graphene-coated fibres is presented. These include chemical vapour deposition (CVD)
of graphene and graphene produced from the shear exfoliation of graphite (SEG).
Trilayer graphene (TLG) grown on copper by CVD along with carbon paste as contacts
displays better sensitivity and reliability in response to temperature. These TLG-
sensors show a negative thermal coefficient of resistance (TCR) in the human body
temperature range of 30-45°C. The TLG-coated PP fibres also show better
mechanical stability, washability, and transparency as compared with SEG-coated PP
fibres. The TLG and SEG-based sensors show increase and decrease in conductivity
with the increase in humidity levels, respectively, with TLG exhibiting faster response
and recovery than a commercial humidity sensor. The demonstrated textile-based
sensors can function in operating voltages as low as 0.5 V, suggesting low operating
power applications. The presented results demonstrate flexible and lightweight
temperature and humidity sensors which can be used to continuous monitoring of
temperature and humidity levels and can be seamlessly integrated into most of the
textile-based applications especially clothing or upholstery with no heavy, fragile, or

toxic materials and components involved in the fabrication process.






“l would rather have questions that cannot be
answered than answers which can’t be
questioned”

Richard Feynman
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Chapter 1: Introduction

Chapter 1

INTRODUCTION

1.1 MOTIVATION AND OBJECTIVES

Wearable technology has become an important part of our everyday lives, from the
watches worn on the wrist to the blood pressure monitor on the arm. With the end user
industries of this technology including sports, military, fashion, medical and
entertainment, the cost of production and operation, the environmental impact, comfort
of the user, durability and reliability are the major factors to be considered before
commercialising a certain wearable device. The current challenges of this quickly
emerging field include the lack of flexibility and washability, high cost of production and
operation, fragility and use of toxic materials to manufacture the devices. Over the last
few years, significant improvement in flexible technology, especially e-textile
technology, has paved a way to overcome most of the mentioned challenges.
However, the cost of operation, environmental concerns, and resilience of the

wearable devices remain an important concern in the industries.

The motivation for this thesis began as the investigation into the use of graphene as a
conductive material for the purpose of sensing in textile fibres, a foundation laid by the
work done by Neves et al.»? and Torres Alonso et al.3* towards the production of
graphene-based conductive textile fibres and their application as various sensors. This
began with the literature review of the most studied sensors based on graphene, the
other materials required in fabricating the sensors and the substrates. Graphene is
highly conductive, lightweight, and flexible which are the essential qualities required
for the success of e-textile technology. It was found that there are not many reports for
textile-based temperature and humidity sensors which are based on graphene.
Although graphene oxide (GO)® and reduced graphene oxide (rGO)® have been used
in several reported temperature and humidity sensors, their production requires the
use of toxic chemicals and are not easily scalable without the production of large
amounts of chemical waste. Furthermore, the fabrication of most of these sensors

often requires multiple steps, which would affect the cost-effectiveness of the finished

1
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e-textiles. The reduction of the production steps of textile sensors became the first
objective of the work conducted. This approach required a detailed study of different
types of graphene (produced by various scalable methods) to find out the best type to
be used as the sensing layer in the temperature and humidity sensors.

Although graphene has high electronic mobility and high electrical conductivity for a
single-atom thick material, its conductivity is often not sufficient for large area sensing
applications and might require high operating voltages which are not ideal for wearable
technology especially for the application in close contact to the human skin. Textile
sensors with low operating voltage, thus, became the second objective which was
obtained by purposely producing graphene by chemical vapour deposition (CVD)
process with more than a single layer of graphene. The third objective was to produce
washable and durable e-textiles which has been one of the hindrances for the
successful commercialisation of e-textiles. Most of the reported e-textiles required
heavy, rigid, and fragile electronic components mounted on them which are not
washable, durable aesthetic or comfortable. Neves et al. produced conductive fibres
based on graphene which do not require mounting of separate electrical components,
electrodes, conductive threads, or wires'. This meant that these conductive fibres are
the entire electronic device on their own, entirely removing the need to use rigid
electronics components, making fourth objective to produce sensors which are

lightweight, flexible, and completely integrated within the clothing or the apparel.

1.2 CONTRIBUTIONS

The work carried out in this thesis makes a key improvement towards the development
of textile-based temperature and humidity sensors. In this section the problems
associated with the successful commercialisation of the e-textiles and the author’s

contribution to the potential solutions have been mentioned below:

(1) High _operating voltage requirement: The sensors demonstrated in this thesis

requires very low voltage which would ease their integration into the clothing and
reduce the overall cost of operation.

(2) Complex fabrication process: The demonstrated sensors have a simple device

architecture without using any toxic or rare material or additional complex techniques
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such as soldering or lithography steps, which simplifies the fabrication process as well

as reduces the cost of production of these sensors.

(3) Durability and washability of e-textiles: The graphene-coated textiles fibres were
subjected to a series of resilience tests and exhibited long term washability and

durability.

(4) Use of heavy and rigid electronic components: Due to the lightweight and flexible

nature of graphene-coated textile fibres, the studied textiles are themselves the
sensors without the need of additional electrodes or wiring and can seamlessly be

incorporated in the clothing, linen, or apparels.

1.3 THESIS STRUCTURE
This thesis has been structured in the following manner.

Chapter 2 provides a detailed account of the background and review of literature to the
work undertaken in this thesis. The chapter begins with an overview of wearable
technology and the drawbacks of the current wearable electronic devices, followed by
an overview of flexible electronics and e-textiles as a potential alternative to the
conventional wearable devices, including the fundamental issues and possible
solutions in the integration of electronics in textiles. The next section introduces
graphene, reviews its production by various methods and techniques often used to use
graphene to produce conductive textiles. The chapter ends with a detailed literature
review of the previously reported temperature and humidity sensors along with their

limitations.

Chapter 3 describes all the tools and methodologies employed to produce graphene-
based textile fibres and their further application in the fabrication of textile-based
temperature and humidity sensors. The methods employed for the characterisation of
graphene-coated fibres by spectroscopic, electrical, microscopic, and resilience-

testing have also been mentioned in the chapter.

The next three chapters provide the characterisation and applications of the studied
conductive textile fibres, solely carried out by the author. Each of these chapter begins

with a brief introduction and motivation of the work carried out, followed by the results



Chapter 1: Introduction

obtained from the experimentation and ends with a detailed discussion of the obtain

results.

Chapter 4 includes the bulk of the experimental work carried out in this thesis and
provides a detailed characterisation of different types of graphene and the graphene-

coated textile fibres.

One of the applications of graphene-coated textiles fibres have been demonstrated in
Chapter 5 as textile-based temperature sensors as an alternative to the conventional
rigid temperature sensors available for sensing the temperature of the human body.
The temperature sensing behaviour of the temperature sensors fabrication by using
different types of graphene produced by CVD and shear exfoliation of graphite (SEG)
have been compared. Two different contact materials have also been compared for
their flexibility and durable adhesion to the textile fibres.

Chapter 6 reports another potential application of graphene-coated textile fibres as
textile-humidity sensors. The humidity sensing behaviour of graphene produced by
CVD and SEG has been compared. The chapter emphasis on the simple device
architecture which leads to cost-effective production of these devices in terms of
commercialisation as opposed to the flexible humidity sensors reported in the

literature.

To conclude the thesis, Chapter 7 contextualises and reiterates the findings of this

work along with the future scope.
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Chapter 2

LITERATURE REVIEW

2.1 WEARABLE TECHNOLOGY

Wearable technology is one of the current revolutionary advancements which relates
to devices that are small and light enough to be carried on one’s body as hands-free
gadgets, fixed firmly on the skin or embedded in the clothing to facilitate the everyday
life. This new industrial sector has numerous applications in the field of healthcare,
military, sports, security apparel, consumer electronics, and fashion’. For instance, in
the case of healthcare, the innovations include wearable technology for rehabilitation?,
fall detection®, and activity recognition'®. These wearable devices, or wearables, have
distinctive features such as the hands-free function, portability, comfort and
multifunctionality in addition to immediate and remote services with a greater degree

of accuracy*.

The global market for wearables was valued at 32.63 billion US dollars in 2019 and is
expected to expand from 2020 to 2027 at an compound annual growth rate of 15.9%?2.
The increasing concerns of chronic diseases, including obesity, has driven to the
adoption of wearable products as activity trackers, and other body monitors which can
offer real-time information about the overall health of the user. These include blood
pressure and sugar levels, oxygen levels, quantity and quality of sleep, cholesterol
level, and pulse rate among other required information!?. Wrist bands such as
Samsung Gear S213, FitBit Sense*, chest straps such as Wahoo TICKR X°, eyewear
such as Google Glass'®, and footwear such as LECHAL GPS?” are few examples

which assist the users to understand their sleep cycles, move and eat better.

The adoption of conventional wearable devices for daily use is not without various
barriers such as high cost, rigidity, short battery life, discomfort, heaviness while being
cold to touch. There is a drive now to directing resources towards developing

wearables with flexibility, reasonable cost, and comfort. This target has been supported
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greatly by the emergence of flexible technology which involves the use of flexible

substrates and materials.

The wide variety of applications of flexible technology includes flexible light-emitting
devices!®, flexible memory?®, e-skin® in biomedical technology, sensors?!,
electrodes??, and conformable RFID tags?3. By the simple substitution of rigid materials
for deformable and flexible materials, flexible technology solves some of the
drawbacks of the conventional wearable technology. Flexible devices are relatively
light, and entail the ability to undergo large mechanical deformation, such as twisting,
bending, folding, stretching, and deforming into more complex shapes still maintaining
the high performance of the devices. These properties require materials which can be
used to fabricate devices that offer great flexibility and durability.

One of the common materials used in traditional electronic industry is silicon which is
intrinsically rigid. Therefore, finding materials to substitute silicon is of great
importance. Some of the silicon replacement materials include conductive polymers?4,
and carbon-based materials such as carbon nanotubes (CNTs)?® and graphene?®. The
most investigated flexible substrates for the thin-film deposition are paper and different
types of polymers (e.g., polyimide (PIl), polyethylene terephthalate (PET),
polydimethylsiloxane (PDMS) and polypropylene (PP)). Different architectures have
been studied to improve the bendability and stretchability of flexible devices; some of
them include the planar structure and fibre-based for the fabrication of flexible devices.
One of the examples of the planar structure strategy involves fabricating wrinkled
semiconductor nanoribbons to accommodate applied strains using lithographic
processing and then bonding them to flexible materials PDMS?’. The other designs of
deformable structures include fractal?® and serpentine?® designs. These designs
prevent the strain induced by human body’s motions on the performance of the
electronic devices. The next section focuses on fibre-based architecture that lays a

foundation for the next generation of flexible wearable technology.

2.1.1 E-TEXTILES

E-textiles, or electronic textiles, are textiles with a wide spectrum of electronic

functions. Textiles mainly include fibres, filaments, and yarns (woven, knitted, or non-

6
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woven). These electronic functions are either from the electronic

components/interconnections mounted/woven in or are intrinsic to the textile.

The American Society for Testing and Materials (ASTM) considers a textile fibre as a
‘unit of matter that is characterised by having a length at least 100 times its diameter
or width and which can be spun into a yarn or made into a fabric by interlacing in a
variety of methods, including weaving, knotting, etc.”3. Textile fibres can be
monofilament or multifilament. A monofilament textile fibre is defined by ASTM as ‘a
single filament which can function as a yarn in commercial textile operations, i.e., it
must be strong and flexible enough to be knitted, woven, or braided, etc.’®!. On the
other hand, a multifilament yarn is composed of a bundle of thin but long threads of
infinite length®2. These textile fibres can also differ on shape (tape-shaped, cylindrical,
space contour (rough, smooth, serrated)), feltability, which is the ability of a fibre to mat
together which also assists in spinning or weaving, the amount of static electricity built
on its surface, resilience, pilling (ball-like structure on materials after washing),
abrasion resistance, elasticity, specific gravity, absorbency, lustre (amount of light
reflected from a surface), density and the basic material®3. There are key attributes that
play a significant role in the design of wearable textile devices. The requirements are
that the e-textiles should be mainly soft, durable, stretchable, be twisted or bent,
breathable, washable (maintain integrity), flexible, lightweight, environment friendly,
cost-effective, intrinsically warm, achieve good electrical performance together with the
comfort of the end-users and thus overcome the shortcomings of the conventional

wearable electronic devices.

In recent years, fibres with built-in or add-on electronic functions have presented
possibilities for flexible circuits34, sensors (temperature®, humidity®¢, touch?®, and
strain®’), light-emitting devices?, antennas?®, antistatic functionality3°, electromagnetic
interference shielding®®, energy harvesting devices*'#2, The hierarchical nature of
these fibres from fibre to yarn to fabric, makes them suitable for the fabrication of
wearable electronics*3. Materials such as nano-scale, organic, carbon, inorganic and
polymeric materials have been frequently used and investigated for wearable devices.
Conducting polymers have been considered one of the suitable candidates because
of the intrinsic flexibility and ability to get blended in the fibres to make composite

materials. An example includes poly-(3,4-ethylenedioxythiophene) polystyrene
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sulfonate (PEDOT:PSS)*. PEDOT:PSS has been explored to make electrodes for
flexible and wearable temperature sensors because of the high conductivity and easy
solution processing*®. Conducting polymers have stability issues that have limited their
application in wearable light emitting diodes (LED) and solar cells?*. Carbon-based
materials (OD, 1D & 2D) have been demonstrated as promising materials for flexible
electronics due to their unique properties such as environmental and mechanical
stability, porosity large surface area, electrical conductivity, and high intrinsic carrier
mobility*s. CNTs and graphene have become the most explored for wearable
applications. It has been demonstrated that coating cotton threads with CNTs leads to
smart yarns which can be used as strain sensors?. Nickel*’ and gold-plated Kevlar®
fibores*8, nylon fibre mats coated with tungsten*® are a few examples of metals being
employed in wearable electronics. These fibres, however, are rough and unstable. A
recent report about a novel all-fibre piezoelectric nanogenerator, using a stretchable
silver coated polyamide fabric as fabric electrodes (as compared to thin metal

electrodes) resulted in high durability and good power generation®® .

The incorporation of the above-mentioned materials into the textiles can be done by
various methods such as sewing*!, knitting®!, embroidering®?, weaving®?, braiding®*,
coating® or laminating®®, spinning®®, and printing®’. One of the techniques used for the
fabrication of e-textiles includes the use of conductive inks and has also been reported
for fabricating conductive textiles. These inks must contain a highly conductive material
that can be printed onto a variety of substrates to create conductive patterns. This
leads to preservation of the flexibility of the bare fabric. The porous nature of the textile
facilitates the fabrication process. One such example is screen-printing of silver-based
ultraviolet-curing conductive ink to print circuits on a textile substrate®® (Figure 2.1a
and b). The ink was cured by exposing to ultraviolet light. Conductive threads made up
of metal wires produced by mechanical wire drawing which are then incorporated into
textile yarns. A fabric called PETEX® (Figure 2.1c) is an example of the use of
conductive threads®®. PETEX® consists of woven polyester monofilament fibres and
copper alloy wires with an interconnection created with conductive adhesive and
encapsulation by epoxy resins assists with electrical and mechanical protection®°.
These threads can be electrically insulated by coating individual wire with polyurethane

varnish. Thermoplastic adhesives have been used to attach thin film-based devices to
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the textile fabrics®0. Flexible fabric patches have also been fabricated by depositing
circuits on a fabric patch by sputtering, placing an electronic component such as
integrated circuits on the fabric and then wire-bounding the integrated circuits on the

patterned electrodes®?.

(a) (©)
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Screen mesh S
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Figure 2.1. (a, b) Screen printing process of silver-based ink on textile substrate®. Reprinted
with permission from Elsevier and (c) PETEX consists of woven polyester monofilament

fibres and copper alloy wires®. Reproduced with permission from SAGE Publications.

Despite the significant advancements in e-textile technology, the reported devices do
not fulfil all the application requirements. For conductive threads, this could be due to
the loss of contacts caused by the removal of the conductive material because of the
movement during washing which causes the devices to stop functioning®. The
electronic components and the interconnections are often visible and susceptible of
being stuck or tangle with the surrounding objects, which is inconvenient to the users®3.
Some of the processes used to fix the electronic components, such as LEDs on the
textile fibre, include soldering on a textile substrate (Figure 2.2a) or using a silver
adhesive (Figure 2.2b). In 2017, Tao et al. demonstrated an approach to protect the
conductive threads and the electrical contacts with the flexible printed circuit board by
encapsulating the assembly with a thin film of thermoplastic polyurethane®?
(Figure 2.2c). Most of the experimental wearable textile devices are not ready to be
commercialised because of the lack of washability which reduces their durability and
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reliability. Breathability is another significant concern for e-textiles to maintain the user

comfort, and the use of adhesives or planarisation layers can reduce the

breathability®.

TUTRTRIETTETRORIRIIIL
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Figure 2.2. (a) Soldering of LEDs on textile substrate, (b) LEDs fixed with silver adhesive on

conductive thread, and (c) textile with array of LEDs®?. Reproduced with permission from

MDPI (CC-BY).

To overcome these shortcomings, a more practical strategy to produce conductive e-

textiles was used by Neves et al., by directly coating insulating fibres with a graphene

layer. Only the surface of the textile fibres, made by the extrusion of PP, are coated

with graphene. This is one of the techniques used in this

textile fibres.

2.1.2 POLYPROPYLENE (PP)

Polypropylene was first successfully polymerised in

thesis to produce conductive

195464 whose monomer is

propylene with the chemical formula CsHs. This polymer is often denoted by the

abbreviation, ‘PP’. PP is known to be a thermoplastic

polymer which softens upon

heating and can, therefore, be easily remoulded. It is non-polar and has a partially
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crystalline structure®®®. It is produced with propylene as a raw material which is one of
the gases liberated during crude-oil refining. PP-based textiles have been used in a
variety of applications such as production of lightweight fabrics®®, geotextiles®®,
industrial sacks for packaging (e.g. sacks for fruits and vegetables)®’, and marine
ropes®®. PP textile fibres are usually considered in textile applications where the cost
of the raw materials represents a significant share in the net manufacturing cost. The
low cost of PP when compared to nylon, acrylic fibre, and high-density polyethylene,
is the result of easily obtainable raw materials and easy manufacture®. PP has a
greater resistance towards heat as compared to PE. It has a high heat distortion
temperature, excellent rigidity, electrical insulation, ease of moulding and resistance to
folding. The density of crystalline PP is 0.946 g/cm? and amorphous PP is 0.855 g/cm?.
The Young's modulus of PP is between 1300 and 1800 N/mm?2 255, PP is mostly inert
which allows it to withstand chemical exposure, including acids, alkalis, and many
organic compounds. For this reason, PP fibres are more resistant to staining than
polyester or nylon fibres’®. The low density and specific gravity of PP makes PP
cheaper and lightweight. PP fibres are non-toxic, a poor bacterial host and mildew
resistant, which adds to the advantages while using them in applications involving
humid or wet environments such as bathroom curtains or rugs’:. This is the due to the
quick moisture transport through the PP fabrics as compared to polyester which allows
them to remain dry in a high humid environment, leading to hygienic medical or next-
to-the-skin uses. The PP fibres have been replacing natural fibres such as jute, hemp,
and sisal since mid-1960s as well as reinforcing them due to lower risk of
contamination by foreign textile fibres, damp-resistance, high strength to weight ratio,
and consistent manufacture process®+7273, The PP is not readily transparent as other
plastics but can be made translucent by reducing the turbidity by increasing the fraction
of amorphous phase, to reduce the size of the spherulites or by destroying the

spherulite texture by stretching?®°.

The melting point of PP occurs in a range which makes it essential to perform
differential scanning calorimetry analysis to find out the melting point of a particular PP
sample. The differential scanning calorimetry curves for PP shows an endothermic
peak due to the PP melting around 160 °C. The tacticity of the polymer also has been
observed to have an effect of the melting point of the polymer. PP can be isotactic,

atactic or syndiotactic. A perfect isotactic PP would have a melting point of 170 °C,

11
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while the commercial isotactic PP has the melting point that ranges from 160-166 °C.
The syndiotactic PP has the melting point of 130 °C2%°,

H H H H
— Cc—cCc— ¢ C
H CH, H CH,

Figure 2.3. Chemical structure of Polypropylene

The Fourier transform infrared spectroscopic analysis of PP which gives information
about the interaction between infrared radiation and PP leads to peaks at 808 cm™
which is related to the stretching mode of the C-C bond, peak at 840 cmtis attributed
to the rocking mode of the C-H mode, 996 cm™ peak to the rocking mode of the
functional group of CHs, 1456 cm to the symmetrical bending of the CHz group, 2920

and 2950 cm to the asymmetrical stretching of the CHs group?®?.

2.2 GRAPHITE, GRAPHENE AND GRAPHENE OXIDE
2.2.1 INTRODUCTION, PROPERTIES, AND APPLICATIONS

Graphite is a hexagonally bonded allotrope of carbon in which each carbon atom is
bonded to three others to make a large plane molecule. These planes are stacked
together relatively loosely to make graphite®>°. It is a good conductor of heat and has
highly electronic conductivity, making it very useful in electronic applications such as
electrodes and solar panels. The graphite crystals are highly anisotropic. Graphite is
known as one of the softest substances. Graphite is stable at high temperatures in the

absence of oxidising agents due to the strong carbon-carbon bonds in the planes.

12
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There is a weak binding (Van der Waals bonds) between the planes which allows

graphite to be used in several applications?°9,

Even though it is well known that GO is an infinitely thin sheet of oxidized graphite,
there is no accurate model currently to describe the chemical structure of GO. This
could be due to the amorphous and non-stoichiometric atomic composition and there
are no precise analytical techniques available to well characterise the GO. There have
been several structural models suggested to describe the structure of GO. The most
acceptable configuration is the Lerf-Klinowski model which contains sp? and sp?
hybridized carbon atoms and various substituents such hydroxy, epoxy or carboxylic

groups?62,

Graphene is a two-dimensional layer of sp?-hybridised carbon atoms with a hexagonal
lattice”. It is the building block of carbon nanotubes (‘rolled up’ graphene) and graphite
(graphene sheets stacked and held together by van der Walls forces). Since its
discovery by Novoselov and Geim (Nobel prize in physics in 2010) by what is now
known as the ‘Scotch-tape’ method’>76, graphene, a semimetal, has attracted world-
wide attention owing to its exceptional physical properties, such as excellent
mechanical strength, a large surface area (2630 m?g), high electronic conductivity,
good thermal stability and flexibility which suggests it can bend, twist, compress,
stretch and deform while upholding its performance and reliability’®77. All the atoms, in
graphene, are covalently bonded by three in-plane o-bonds from sp? orbitals and one
1-bond from the 2p orbital perpendicular to the base plane. The graphene edges can
take the form of a zigzag structure or sometimes an armchair structure Even though
the zigzag form exhibits superior stability, in most forms of the synthesized graphene,
both configurations are present at the same time and have different properties which

can be intentionally tuned for applications?62.

The International Organization for Standardization (ISO TS 80004-13:
Nanotechnologies) defines the single-layer graphene (SLG) as ‘Single layer of carbon
atoms with each atom bound to three neighbours in a honeycomb structure, bilayer
graphene as the ‘Two-dimensional material consisting of two well-defined stacked
graphene layers’ and few-layer graphene as the ‘Two-dimensional materials consisting
of three to ten well-defined stacked layer’®. Graphene also has a high optical

transparency of up to 97.7%. A single layer of graphene absorbs about 2.3% of visible
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light at 550 nm and when another layer is added to the first layer, the amount of white
light absorbed also increases by approximately the same value (2.3%)%8. This
property can be applied in the fabrication of graphene-based transparent electronic
devices, important for applications such as transparent electrodes in solar cells'®. The
above-mentioned properties make graphene highly attractive to a wide range of
applications (rigid and flexible), including sensors (temperature®!, gas®?, humidity?®3,
and touch?®), flexible light-emitting diodes®, energy storage devices (graphene
electrodes in solar cells®4), energy harvesting®, and even in the construction industry

for reinforcement of concrete®.

2.2.2 GRAPHENE PRODUCTION

The quality of graphene plays an important role as the presence of impurities®,
structural disorders®, grain boundaries® or wrinkles®® in the graphene layer could
have an adverse effect on its properties. Single-crystalline graphene possessing
minimal to no structural defects, high electronic and thermal conductivity as well as
excellent optical transparency is desired for the best electronic device performance.
Hence, the most appropriate method of production should be selected for the purpose.
There are five methods widely used: (i) liquid-phase exfoliation (LPE)®>; (ii) growth on
transition metals by chemical vapour depostion®:°2; (iii) epitaxial growth on silicon
carbide by thermal decomposition®?; (iv) micromechanical exfoliation of graphite®; (v)
chemical exfoliation (reduction of graphene oxide)®®. The micromechanical exfoliation
technique is a top-down process, was the first discovered technique using a Scotch
tape and has been widely used high-quality graphene flakes’®. Despite being reliable,
quick and easy, the number of exfoliated layers is not always easily controlled along
with the isolation of only small amounts of graphene. The process is also quite labour-
intensive since it requires a flake by flake exfoliation and study the number of layers®®.
Therefore, other above-mentioned methods were developed. Only the first two
methods (CVD and LPE) will be presented and compared next, as they are the ones
used in this thesis. The other methods have been explained and compared by Randviir

et al.?2 and Backes et al.%.97,
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Chemical vapour deposition (CVD)

CVD is a chemical process to produce thin films by exposing a substrate to volatile
precursors which react with the surface of the substrate to decompose and produce a
thin film of desired composition. Usually, the process is accompanied by the formation
by-products (e.g. hydrogen) which are removed by the bulk gas flow®!. There are
different types of CVD processes for graphene growth which can be categorised based
on the chamber pressure (low-pressure CVD or LPCVD, atmospheric pressure CVD
or APCVD), substrate heating mode (hot-wall CVD, cold-wall CVD), or on the energy
source (photo-thermal, plasma-enhanced CVD and thermal CVD). The synthesis of
graphene by CVD, a bottom-up process, has been one of the most widely used
methods to produce graphene. This method is scalable and reliable and enables
producing large-area and high-quality graphene®. The large-scale graphene films
typically are polycrystalline. Hence, efforts have been made to control the domain size,
defects, and number of graphene layers to achieve large domain size, fast growth, and

low growth temperature®..

Among the various catalytic metal substrates used for the graphitic growth by CVD, Cu
and Ni are the most widely used metals for graphene growth due to their stability, good
homogeneity, abundance, and easy availability®:. The CVD growth of graphene on Ni

(Figure 2.4a) substrate has three major steps: (i) decomposition, where the
hydrocarbon gas molecule contacts the heated metal surface and decomposes to a
metal-stable carbon; (ii) surface segregation, where above 800 °C the decomposed
carbon atoms diffuse into the Ni bulk since the solubility of carbon in Ni strongly
depends on the temperature i.e. high temperature leads to high solubility and low
temperature leads to low solubility of carbon in Ni; (iii) precipitation, where the carbon
atoms diffuse out of the Ni bulk to the surface when the Ni substrate is cooled down
rapidly. The growth process of Ni leads to non-uniform few-layer to multilayer
graphene. The preparation of uniform single-layer graphene requires very accurate

cooling rate®°.

In contrast to Ni, the solubility of carbon in Cu is quite low. For the CVD growth of

graphene on Cu (Figure 2.4b), one of the proposed mechanisms suggests that the

graphene layer is formed along the surface of the Cu substrate by the adsorption of

decomposed carbon atoms??. Li et al. observed there is limited diffusion of carbon into
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the bulk Cul®, It was suggested that the instant the substrate is exposed to the carbon
precursor, the nucleation begins, and the number of islands increases with the longer
carbon precursor exposure. The islands continue growing while some coalesce with
the other islands at high temperature to form a single-layer graphene. This causes the
growth process to get terminated, after the first layer of graphene since no catalytic
surface is available, due to the self-limiting nature of the Cu substrate?, However,
Bhaviripudi et al. found that under atmospheric pressure, the mass transport rate of
the carbon source is low, causing precursor saturation and formation of multilayer
graphenel?3104 |t has also been proposed that the graphene grain boundaries provide

nucleation sites for additional layer of graphene®.

Bulk-mediated growth, Ni Surface-mediated growth, Cu

Figure 2.4. Schematic of mechanism behind graphene growth on (a) Ni:(1) hydrocarbon that
chemisorbs on the Ni surface, (2) dissociation through dehydrogenation, (3) diffusion of
carbon atoms into the bulk Ni, (4) cooling step where the carbon atoms diffuse to the surface,
(5) graphene formation and (b) Cu: (1) decomposition, (2) graphene formation. Reprinted

with permission from Elsevier®:.

The critical parameters that require optimisation before the CVD process are the
catalytic substrates, temperature, pressure, precursor material and gas flow. The
dissociation of the carbon precursor is a highly endothermic process requiring
temperatures that can be as high as 1200 °C for methane!%. The decomposition of the
carbon precursor can also be achieved at a lower temperature using plasma
enhancement to provide the necessary energy for the process. Although methane
requires high temperatures, it is still the most widely used carbon precursor for
graphene growth as compared to ethane, benzene, toluene, ethanol (liquid carbon
source) and PMMA (solid carbon source) which required much lower temperatures (as
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low as 300 °C) where the quality of the graphene produced is much lower with more
defects than methane. In addition to the carbon precursors, hydrogen and argon are
the two commonly used gases. Although the role of hydrogen in CVD graphene growth
Is disputed, it plays a crucial part in reducing the native oxides on the surface of the
substrate and reduces the residual oxygen?®” while the argon is used to dilute the
gases'® or control the chamber pressure. For the mass production of graphene, there
have been attempts to find an alternative for hydrogen, which has safety concerns, and
argon, which is expensive. These attempts include pre-treatment of the Cu substrates,

graphene growth in CO2-enriched atmosphere and using nitrogen as the carrier gas'®.

In terms of pressure, in LPCVD there is fast diffusion of the carbon source to the Cu
surface which causes self-limited growth, leading to 95% single-layer coverage with a
wide range of methane concentrations. In contrast, APCVD allows the growth of a
monolayer at low methane concentration and the growth of multiple domains on a
monolayer at higher methane concentration. The decomposed carbon atoms increase
in quantity while moving downstream along the chamber, which produces thicker
graphene layers deposit on the monolayer to form multilayers®®. It has also been
suggested that it is possible for some carbon atoms to get trapped between the first
layer and the substrate to form adlayers during the catalytic decomposition!1°. The
coverage of the graphene is larger for higher pressures due to the higher partial

pressure of the methane®.

Two types of processes have been widely investigated for the mass production of CVD-
graphene: continuous or roll-to-roll (R2R) and batch-to-batch (B2B) processing. The
B2B process is commonly used in laboratory research and uses flexible catalytic
substrates which are loaded inside a quartz tube (in the case of thermal-CVD) to
produce homogeneous graphene. The substrates could be several thin Cu foils which
are stacked to fit the tube separated by graphite foils as spacers to prevent Cu
adhesion to each other at high temperatures. The graphene growth takes place in a
controlled gas atmosphere, at around 1000 °C. This configuration was used to grow
large-area high quality graphene by using LPCVD!*! and APCVD!??, Although the B2B
process allows high stack density of graphene, the size is still limited and with the
increase of the substrate stack density, simple gas exchange is also a problem. The

R2R process (Figure 2.5), is an automated process for producing functional devices

17



Chapter 2. Literature review

such as solar cell on a roll of flexible substrates. In addition to B2B, R2R is also used
for industrial production. A report by Polsen et al. includes Cu strips wrapped on a pair
of rollers and continuously subjected to the CVD processes (heating, growth, and
cooling) in a concentric tube!!®. The movement of the Cu foil is controlled by a pair of
motors. Deng et al. produced graphene with dimensions of 5 x 5 cm before transferring
the graphene onto a plastic by electrochemical method to reuse the Cu foil, which is

helps with the low-cost productiont4.
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Figure 2.5. Schematic representation of the CVD growth setup of a roll-to-roll system?*3,

Reproduced with permission from Nature Research [CC BY 4.0].

Liquid-phase exfoliation (LPE)

LPE is one of the top-down processes to obtain stable dispersions of single to few-
layer graphene which involves the exfoliation of natural graphite by ultra-sonication or
shear mixing in a suitable solvent!!>, LPE has a high potential for the mass production
of graphene due to the mild operating conditions without requiring vacuum or high
temperature systems. There have been several reports demonstrating different
techniqgues for LPE such as high-shear mixing'®, jet cavitation!!’, and
microfluidisation!*®. Even a kitchen blender has been used along with household
detergents to prepare graphene dispersions!®®. In this thesis, only LPE by high-shear
mixing will be presented. The other LPE methods have been explained in a review

paper by Xu et al.*?,
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There are many devices which can offer high-shear to exfoliate graphene such as
rotor-stator mixert?!, Taylor-Couette flow reactor'?> and rotating blade mixer'®. In
2014, Paton et al. reported the use of L5M mixer Silverson model, a rotor-stator mixer
which generates high-shear in the gap between the rotor and the stator!?. This work
included the use of organic solvents, namely NMP (N-methyl-2-pyrrolidone) and
agueous solutions in the presence of a surfactant, sodium cholate. The high-speed
rotation of the rotor blades exerts a powerful suction and hence drawing the graphite
upwards from the bottom of the vessel into the stator and centrifugal force drives them
towards the edge of the rotor blades and the inner wall where they are subjected to
fragmentation. Further follows hydraulic shear as the materials are forced out of the
perforations in the rotor head into the mixture at high velocity. The graphite is
successfully exfoliated because of the continual rotation of the rotor??!,

The most investigated media includes organic solvents such as NMP%3,
y-butyrolactone®?®, N,N-dimethylformamide!?*, and ortho-dichlorobenzene!?®.The
organic solvents are more effective polar solvents than water which is why using them
leads to better exfoliation rate. Xu et al. performed a detailed study of the liquid-phase
exfoliation of graphene in organic solvents. It was found that the production yield of
graphene sheets dispersed in these organic solvents was 0.8 mg/ml in the case of
NMP, 0.04 mg/ml for 1,3-dimethyl-2-imidazolidinone, 0.5 mg/ml for cyclohexanone,
0.02 mg/ml for benzylamine, and 0.01 mg/ml in the case of propylene carbonate. The
addition of naphthalene to organic solvents has been demonstrated to further increase
the graphene concentration by 2-4 times. The naphthalene acted as a ‘molecular
wedge; to intercalate into the edge of graphene, facilitating the exfoliation of graphite
during sonication, thus improving the production yield of graphene significantly?°6.
NMP is soluble in water, ethanol, acetone and several other organic solvents,
cyclohexane on the other hand is miscible and is soluble in all organic solvents. On the
other hand, polypropylene carbonate is only soluble in water. These organic solvents
are not only expensive but also not volatile and have a high boiling point for example,
the boiling point of NMP is 202-204 °C, cyclohexane requires 155.65 °C, and propylene
carbonate requires 242 °C?%’, which makes it difficult to remove the solvent residues
during subsequent processing. To solve this, the use of solvents with low boiling points,
including acetone (miscible in water with boiling point of 56 °C), isopropanol (miscible

in water with boiling point of 82.6 °C), and chloroform (soluble in water with boiling
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point of 61.15 °C)?*’, was suggested, which lead to a defect-free graphene dispersion.
However, the graphene concentration was still lower when compared to previously
studied organic solvents'?®, Choi et al. demonstrated an exfoliation method using
volatile solvents such as 1-propanol which could be removed easily by air drying*?’.
Other methods have also been reported such as the use of ionic liquids'?®. However,
ionic liquids are quite expensive and difficult to remove in addition to having high
viscosity which would affect the exfoliation process'?°. Recently, more environmentally
friendly, or ‘green’ dispersions such as alkali lignin?®, black tea'3® and ammonia

solution®3! have been used to produce graphene dispersions.

Usually, water has been an ideal medium for dispersion of a material'®2. Understanding
the interaction between graphite and water is critically important to optimize the
exfoliation process. Though by various water contact angle tests and due to the non-
polar nature of the sp? carbon, it is well accepted that graphite is hydrophobic in nature.
However, recent results have shown that the graphitic surfaces are intrinsically mildly
hydrophilic and the adsorbed hydrocarbon contaminants from the ambient air render
the graphite hydrophobic?®®. There were several facile methods to remove
hydrocarbon contaminants from the graphite surface, these methods have not yet been
widely studied to produce graphene by shear exfoliation method. Therefore, due to the
hydrophobic nature of graphite and graphene as well as the high surface tension of
water than the organic solvents, a surfactant is required to better disperse the flakes
in an aqueous medium, to produce high concentration graphene dispersion and to
ensure the graphene does not agglomerate!33. Some of the surfactants reported are
sodium dodecylbenene sulfonate!*® and sodium cholate'?t. The disadvantage of using
surfactants over organic solvents is the tendency of surfactants to get adsorbed onto
the graphene surface. The adsorption process prevents the re-aggregation of
graphene sheets via hydrophilic interactions; they also affect the conductivity of the
graphene!?. Shin et al. suggested an extra processing step by immersing the
graphene-coated substrate in de-ionised water (DIW) for a few hours to remove the
residual surfactant. The surfactant used in that work was sodium cholate®. Another
research effort demonstrated the production of graphene dispersion using just pure
water without the use of surfactants. However, this method requires higher

temperature to exfoliate and stabilise the graphene dispersion*3* .
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One of the advantages of graphene suspensions produced by LPE of graphite is that
they can be easily mass-produced by scaling up the materials and the solvents used.
Several of litres of graphene suspensions can be produced easily with a laboratory
scale exfoliation system, and this can be further increased with an industrial shear
mixer allowing the production of more than 100 L/h. External pressure and temperature

are not required for the processes which adds to the cost-effectiveness of LPE.

2.2.3 GRAPHENE TRANSFER

After the production of graphene, a transfer step to transfer it to another substrate is
required for most applications. A transfer without damages and contaminations is

essential in order maintain the quality of graphene.

In the case of CVD, the graphene layer needs to be (1) completely separated from the
growth substrate and (2) protected from any physical or chemical changes, for the
fabrication and characterisation of the graphene-based devices. CVD transfer usually
relies on dissolving the growth substrate with an appropriate etchant. Graphene can
be transferred with or without a support layer (Figure 2.6). The conventional and
efficient support layer methods are polymer-based (poly(methyl methacrylate) or
PMMA-assisted!®>, PDMS-assisted!%¢, thermal release-tape assisted'3” and natural
polymer-assisted'®®), or non-polymer-based (metal-assisted, small-molecules-
assisted?®, hexane-assisted'* and static-charge-based'#!). A review by Chen et al.
suggests that an efficient graphene carrier must be flexible, sufficiently strong to
protect the graphene from fragmentation by the etchant’s surface tension, and it should
be easy to remove without leaving any residues!*?. PMMA meets the first two
requirements, and therefore PMMA-assisted graphene transfer is widely used due to
process simplicity and reliability. The PMMA-coated graphene is placed at the surface
of a solution consisting of either ammonium persulfate or iron(lll) chloride and de-
ionised water until the metal (Cu or Ni) is etched away. The PMMA-coated graphene
is rinsed with DIW before lifting off with a target substrate, which is then which is then
dried in air, under vacuum, or through baking on a hot plate, to remove any water
residues trapped between the graphene and the substrate. The final step is removal

of PMMA in acetone, in which it is highly soluble. However, PMMA inevitably leaves
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residues behind which can affect the conductivity of the graphene'#3. To solve this
issue, several developments, such as laser treatment!44 and electrolyte cleaning*®,
have been made, but none can fully remove the PMMA residues. Nonetheless, it is
possible to transfer graphene without the use of a support layer, but the surface tension
of the etching solution could tear the graphene. An alternative approach is the
modification of the surface tension of the etchant. Lin et al. reported that by mixing
0.1 M ammonium persulfate with isopropanol (IPA) (10:1) reduces the surface tension
of the etchant!46 and the transfer can be done without the need for a support layer. In
the literature, several other ways of metal etching have been suggested. These can be
divided into acidic etching and alkaline etching processes. The acidic method is used
to etch the copper and includes the use of cupric chloride which accurately etches off
smaller features. However, the maximum etching rate is obtained from a combination
of cupric chloride?®® and HCL. The use of a strong acid and an additional component
makes the process inconvenient. On the other hand, the alkaline process which uses
cupric chloride and hydrogen peroxide is fast but an expensive process?%4. The
parameters for this process must be diligently followed since a longer contact with the
sample can damage the sample. Some other combinations of etchants include sulfuric
acid + hydrogen peroxide, alkaline ammonia, sulfuric acid -chromic acid?®®. Iron
chloride is an etchant commonly used to etch copper. This is due to the easy availability
and quick etching time (less than two hours)??°. Ammonium persulfate is another
etchant that takes more than 8 hours (depending on the concentration used) to etch

same size of copper foil.
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Figure 2.6. Schematic of different routes to transfer CVD graphene onto target substrates
Republished with permission of Royal Society of Chemistry from Materials Horizons,
Advances in transferring chemical vapour deposition graphene: a review, Chen et al. 4,

2017; permission conveyed through Copyright Clearance Center, Inc*2,
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Graphene suspensions are versatile in their method of transfer to a desirable
substrate. They can be used as inks with the conventional coating methods such as
drop-casting of graphene suspension for flexible strain sensor'#’, spray-coating#,
spin-coating of graphene suspension as transparent electrode for organic
photovoltaics#®, and dip and dry for various applications such as anti-corrosion barrier
on aluminium?®®, Vacuum filtration has been used widely for the deposition of
graphene®®® and carbon nanotubes on various substrates®151. The filtration of the
dispersion can be done by using different filter membranes (e.g., Teflon, cellulose) with
the desired pore size. However, controlling the thickness and the transfer efficiency is
challenging. To solve this issue, Shin et al. developed a versatile way to assemble
graphene dispersions. This method is called isopropanol direct transfer (IDT)®, is
reproducible and can be employed to a wide range of rigid and flexible substrates
(Figure 2.7). In this method, the films obtained by filtering graphene dispersions were
transferred from the membrane to the target substrate by adding about 0.5 ml of IPA
on the target substrate, flipping the grapheneffilter in such a way that the graphene is
in contact with the substrate and IPA and heating the assembly from room temperature
to 90 °C. The IPA slowly evaporates which leads to the release of graphene from the
filter membrane. This happens due to the properties of IPA such as high-water
miscibility and low surface tension which makes it easier to wet the graphene sheets
around by water molecules and the release of the graphene away from the filter and
towards the target substrate. Graphene was transferred to a variety of substrates such
as glass, paper, PP textile fibres, Si/SiO2 and PET.
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Figure 2.7. (a) Schematic of shear exfoliation of graphite flakes in water with sodium cholate
by high-speed rotation of shear mixer head, b) Photograph of graphene suspensions with
different concentrations, controlled by shear exfoliation time (10, 30, and 60 min),

(c) Schematics, and (d) photographs of IDT method, graphene transfer on different
substrates: (e) PET, (f) glass, (g) paper, (h) Si/SiO-, and (i) PP fibres®. Reproduced with
permission from WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim [CC BY 4.0].

2.2.4 RAMAN SPECTROSCOPY FOR GRAPHENE CHARACTERISATION

The graphene produced by the methods detailed above needs to be characterised to
assess the quality (number of layers, crystallinity, defects) before the fabrication of
graphene-based devices. This is usually performed after the transfer step. In terms of
imaging, SEM provides a clear surface morphology to identify the areas with different

voids, cracks, wrinkles, and different number of layers. Transmittance studies can be
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done to study the transparency of graphene in addition to obtaining the number of
layers. Raman spectroscopy is one of the widely used techniques to characterise the
quality of graphene such as crystallinity, defects and the number layers, and the details
of its use to characterise graphene are given below.

Raman spectroscopy is a fast and non-invasive characterisation method based on the
scattering by molecules on interaction with a monochromatic light. Among the
numerous forms of light-matter interactions, Raman scattering, by atoms or phonons,
is one of the examples where the wavelength of the light changes matter (i.e., the
energy of the scattered photon is unequal to that of the incident photon)*°2, This effect
has been named after Chandrasekhara Venkata Raman who was the first to publish
experimental observations in 1928153, An extensive knowledge of both classical and
quantum physics is required to fully explain the physics behind the Raman effect.
However, this is beyond the scope of this thesis. For more details, Long'>? and
Malard et al.'>* have written a comprehensive book and review on Raman

spectroscopy, respectively.

In Raman spectroscopy, which is a measurement and quantification of Raman effect,
a laser of a certain wavelength is used to induce Raman scattering within a material
so that a detector collects the scattered light and determine the subsequent Raman
shift. The Raman signatures are unigue to each material which helps in the
characterisation of the material. Raman spectroscopy can be used to indicate the
presence of graphene on a substrate, differentiate graphene based on the number of
layers, and to assess the quality of the graphene produced. The next paragraph gives
a highlight of the standard practices of presenting Raman spectra and using it for

characterising graphene.

It is standard practice to use the change in wavenumber of photons (units of cm™) to
quantify the scattered photon’s energy shift. The x-axis of a Raman spectrum is usually
designated 'Raman shift’ and the y-axis ‘Raman intensity’, which is the count of the
number of photons that hit the detector in the spectrometer. The numerical values of
the Raman spectra are not considered since they greatly depend on the laser (power,
age of the laser) and are given in arbitrary units. Typically, a Raman spectrum of
graphene is measured in the range of 1200-2900 cm™. There are three main distinctive

peaks in the Raman spectrum of a graphene: G-peak corresponds to the primary in-
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plane vibration (1580 cm™) and is present in all forms of carbon; D-peak which is the
disorder induced peak (1350 cm™) which could be missing carbon atoms, grain

boundaries or sp® hybridisation; 2D-peak: an overtone of the D-peak at 2690 cm-1(154-
156)
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Figure 2.8. Comparison of Raman spectra of different number of layers of graphene at

532 nm. Reproduced with permission from SpringerOpen [CC BY 2.0]**°.

These peaks provide information about the number of graphene layers, their
orientations, disorders, strain, and doping. The D-peak is not present if the lattice is
pristine. However, in the CVD grown graphene, the D peak is used to assess the quality
of the graphene produced as it is a measure of the defects present. Low Ip/ls indicates
better electronic properties with minimum defects and/or grain boundaries. The G-peak
can be shifted due to strain or doping in the graphene. The ratio of the intensity of G

and 2D-peaks are considered to extract the number of layers. The higher the number
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of layers get, the more intense the G peak would be. In mechanically exfoliated
graphene samples, the expected lc/l2p = 0.5 for SLG, lc/l2p = 1 for bi-layer and more
than one layer, Ic/lp > 1. The G-peak represents the planar configuration sp? bonded
carbon that constitutes graphene. The G-peak position is independent of the excitation
laser wavelength and is used to determine the graphene layer thickness. As the layer
thickness increases, the peak position shifts to lower energy representing a slight
softening of the bonds as the layer thickness increases. It should be noted that the G-
peak position is sensitive to doping and even minor strain. The 2D band is sometimes
referred to as G’-band. The 2D-peak is also very sensitive to graphene folding. In a
single layer graphene, it is the most pronounced. However, it broadens and reduces in
intensity in a multilayer graphene. When successive layers of graphene are added to
single layer of graphene, the 2D-peak splits into several overlapping modes due to the
added forces. The splitting going from single layer graphene to multilayer graphene
arises from symmetry lowering that takes place when the number of layers is
increased. In the case of SLG, the 2D-peak can be fitted with a single Lorentzian and
there is only one component to the 2D-band. Fitting with more than one Lorentzian
signifies increasing number of layers as the 2D-peak split. To determine whether the
graphene is single-layer or greater than one, full width at half maximum (FWHM) of
2D-peak is also used. It is a second order of the D-band but doesn’t represent the
defects. It is a result of a two-phonon lattice vibrational process, but unlike the D-band,
it does not need to be activated by proximity of a defect. There is a shift to higher
wavenumbers as the number of layer increases. One of the similarities between the D-
and 2D-band is that their shape and position can be significantly different with various

excitation laser wavelengths. 152158,

2.3 PREVIOUS WORK ON GRAPHENE-COATED POLYPROPYLENE FIBRES

As mentioned in section 2.1.1, one of the most effective ways of developing conductive
textiles is coating the PP fibres with graphene. The seminal work by Neves et al.?, that
motivated this thesis, consisted of using tape-shaped thermoplastic monofilament PP
textile fibres with a width of 2.4 mm, thickness of 0.03 mm that could be cut to desired
length. The monolayer graphene was produced by a cold-wall CVD process at low

pressure? and transferred to the bare PP fibres using PMMA-assisted graphene
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transfer and then characterised using different techniques. Single-layer graphene was
also transferred to another monofilament textile fibres made up of polylactic acid (PLA)
with thickness of 0.1 mm in this work. It was demonstrated that an ultraviolet-ozone
(UVO) treatment of the PP and PLA fibres prior to the graphene transfer, can improve
the graphene adhesion. After the UVO treatment, the graphene conformed to the fibre
scaffold without any tears. The sheet resistance was calculated for the graphene-
coated PP and PLA fibres and was between 1 and 12 kQsq. However, the untreated
fibres were found to have better bendability. It was found that the UVO pre-treatment
can cause some damage to the fibres. The same graphene was also transferred to
Si/SiO2 substrate and the sheet resistance was found to be only slightly lower than on
PP, suggesting the transfer process does not have any significant impact on the
electrical properties of graphene.

The above-mentioned research was further carried on by coating various other
polymer textile fibres (two types of PP, two types of PLA, polyethylene, and nylon) with
single-layer graphene! (Figure 2.9a). The PMMA-assisted transfer method was found
to be suitable for coating tape-shaped and cylindrical textile fibres. The graphene-
coated PP fibres were found to lose only 2% of transparency over the wavelength
range of 430-900 nm which agreed with the 2.3% absorbance of monolayer
graphene’’. The Raman spectra indicated the presence of graphene G band at 1585
cm?, as expected. Atomic force microscopy (AFM) and scanning electron microscopy
(SEM) suggested that the cracks seen in the graphene were due to the manipulation
during the transfer process which causes mechanical stress leading to minor changes
in the sheet resistance. The bending tests, to check the mechanical resilience, had no
significant effect on the resistance value even after 1000 bending cycles. The sheet
resistance of the graphene-coated PP fibres was found to be in the order of 1 kQ/sq.
The authors also coated PP fibres with few-layer graphene (FLG) produced by CVD
on a Ni substrate. This type of graphene has been produced using CVD but has higher
conductivity than the single-layer graphene due to the increased number of layers. The
use of FLG was an effort to prove the potential of PMMA-assisted transfer method in
transferring not only single-layer graphene but also all other types of graphene and
other 2D materials on textile fibres. Once again it was found that, though the UVO pre-

treatment increased the conductivity of graphene, it often made the fibres more prone
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to damage. It is still possible to achieve good graphene coverage without the pre-

treatment.
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Figure 2.9. (a) Photo of the fibres in reels, left to right: PP, PE, PLA (left) and of the fibres cut
to ca. 3 cm length, left to right: PP1, PLAL, PP2, PLA2, PE (right). (b) Sheet resistance as a
function of bending radius for samples of each graphene-coated fibre. (c) Distribution of
sheet resistance values for multiple graphene-coated samples of each fibre. (d) Transmit-
tance as a function of wavelength for bare PP2 and PE, and graphene-coated PP2 and PE
fibres. (e) Raman spectra of the bare fibres and graphene-coated fibres. Reproduced with

permission from Nature Research [CC BY 4.0]%.

The PP fibres can also be coated with graphene produced by shear-exfoliation of
graphite in water medium and transferring the graphene on PP using the IDT-method®®.
The average lateral size of the graphene sheets produced by Shin et al. using shear
exfoliation and IDT methods, transferred onto PET, was about ca. 110 nm with an
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average thickness of four layers (=50 % containing one, two, or three layers).
Depending upon the thickness of the graphene layer, which can be easily modified by
varying the amount of filtered suspension, the sheet resistance as low as 152.7 kQ/sq

and the transparency was between roughly 45 % and 80 %.

Torres Alonso et al. used these graphene-coated PP fibres (SLG, FLG & LEG), where
LEG is the graphene produced by liquid-exfoliation of graphite, to fabricate graphene-
enabled functional devices such as textile touch sensors and light-emitting devices

which are compatible with roll-to-roll techniques? (Figure 2.10).
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Figure 2.10. Photo of PP textile fibre rolled in a bobbin, (a, b) schematics of the step-by-step
process of fabrication of touch-sensing devices by conventional lithography and etching
process, (d) SEM pictures of the bent touch sensors with the gap between graphene
electrodes highlighted in green (c, €) Schematic and photo of light emitting devices, and
(f) textile-based touch sensors using graphene produced by different methods®. Reproduced

with permission from Springer Nature [CC BY 4.0].

The touch sensors can be fabricated by either patterning the fibres by UV-lithography
before the transfer of graphene or the other way around. In both the cases, acetone is
used to remove PMMA, or the polymer used in UV-lithography. The capacitive touch
sensors use interdigitated graphene electrodes (feature size ranging from 50 pum to

100 um), produced by lithographic patterning and the measurement of impedance to
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detect finger touch. The impedance drops (ON state) and increases (OFF state) when
the finger is pressed and lifted-off, respectively. Even after 500 touch and bending
cycles, it was observed that the device retained its performance. The light-emitting
devices were fabricated on individual graphene-coated PP fibres with graphene
serving as the bottom electrode. The graphene was covered with commercially
available Cu-doped zinc sulfide as emitter, barium titanate as an insulating layer and
silver as the top electrode. It was observed that the light is emitted from the Cu-doped
zinc sulfide upon excitation with an AC voltage®. The emission peak was around
500 nm and the light intensity depended on the applied voltage.

This thesis focusses mainly on using this platform, graphene-coated PP textile fibres,
to demonstrate two types of devices: temperature sensors and humidity sensors. The
following sections will review different approaches on both fields.

2.4 TEMPERATURE SENSORS

Temperature is an important parameter that plays a crucial role in the health,
aerospace, agricultural, industrial, food, scientific research, and automotive sectors.
Temperature is one of the most measured variables which is expected since most
physical, chemical, mechanical, biological, and electronic systems are affected by
temperature. For instance, the stable body temperature usually ranges between 35-
37 °C, a low core body temperature in humans, below 35 °C leads to hypothermia and
a high core temperature leads to hyperthermial®®. There are several applications
where maintaining a specific temperature is critical, for instance, if a product or an
environment must be kept at a certain temperature, the accuracy and responsiveness
of the temperature sensor is vital. The temperature sensor applications frequently
incorporate instances where the other components in a system may not be able to
function at certain temperatures so the temperature must be monitored within the
system. A temperature sensor is a device that measures and monitors the temperature
of its environment and records it'%°, Temperature sensing can be done either through
a direct contact with the heating source (contact sensors) or indirect contact with the

source (non-contact sensors).
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There is a wide variety of temperature sensors commercially available today, including
thermocouples, thermistors, resistance temperature detectors (RTDs), infrared,
semiconductor, and sensors. The relationship between the electrical conductivity and
temperature is often used in temperature sensing. A linear relation is observed in RTDs
like metals while a non-linear relationship is observed in thermistors, like
semiconductors or ceramics. In temperature sensing, temperature coefficient of
resistance or TCR is considered an essential parameter:

_ Rp—Rg
TCR = —2—— (3.1)

where Ra and Rp are the initial and final resistance, respectively and Ta is the initial
temperature and Tb is the final temperature. A higher TCR means higher sensitivity®Z.
The sensitivity of a temperature sensor is usually defined as the ratio of the change in
resistance to the initial resistance'6?:

Sensitivity = % (3.2)

a

Despite providing with high resolution and accuracy, most of the available temperature
sensors are rigid and share the same drawbacks as the other rigid electronic devices.
The advantages flexible temperature sensors offer have gained tremendous interest
due to their compatibility to curvilinear and irregular surfaces, mechanical robustness,
multi-functionality, and biocompatibility along with comfort'62163, An overview of the
types of flexible temperature sensors along with the sensing materials and fabrication
has been shown in Figure 2.11. The most investigated materials for flexible
temperature sensors include carbon-based materials and inks; metals, including metal-
based inks; conductive polymer-based materials. Some of the flexible substrates used
in the literature for temperature sensors include P11, PDMS5, PET%5, papert®” and
textiles'®®, These flexible temperature sensors can be fabricated using printing
technology (e.g., inkjet*®, screen'®® and gravure!’®), coating and deposition techniques
(e.g., spin-coating, spray-coating, dip-coating, doctor-blading, magnetron sputtering,

and drop-casting)!®® and using textiles as substrates.
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Figure 2.11. Schematics of types and methods to deposit sensing materials onto the

substrates for temperature sensors. Reprinted with permission from Elsevier®.

Printing technology, especially inkjet printing, has been used widely to produce printed
temperature sensors. Courbat et al. designed a sensor by inkjet printing with silver
nanoparticles printed structures on paper!’t, while Dankoco et al. used organic silver
ink on Kapton tape!’?. In a different study, graphene/PEDOT:PSS was printed on a
skin-conformable polyurethane plaster using inkjet printing. Li et al. showed that
conductive copper and nickel lines could be easily printed on the paper using the inkjet
technology'’3. Paper-based temperature sensor has produced by dip-coating the
paper substrate with PEDOT:PSS based aqueous solution. This sensor exhibited
sensitivity in the range of 30-42 °C and is body-attachable. However, the structural
integrity of the paper can be compromised by moisture which affects the sensor’s
performance and limits the application!’4. Ni-microparticles filled PE and polyethylene
oxide composites have been developed recently by Jeon et al. to measure body
temperature in the range of 35-40 °C'7>. Multiple reports suggest the use of carbon-

based materials for temperatures sensing. Shih et al. demonstrated a graphite-based
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temperature sensor array dispersed in the PDMS matrix with Pl films'’6. Polansky et
al. reported an embroidered temperature sensor for the temperature range from 40 to
120 °C, which would be used as a warning system for the heat stress and thermal
imbalance for fire-fighters'’”. This sensor is made up of a hybrid thread, composed of
strands containing polyester fibres and stainless steel microwire which are
embroidered into the textile (Figure 2.12). Bae et al. developed an e-skin based
temperature sensor by spray coating rGO on parylene substrate. Though the sensor
exhibited linear and fast response against temperature, the e-skin would have to be
patched on the skin'’®. Neella et al. developed a rGO temperature sensor by vacuum
filtration method on cellulose filter'”®. Yang et al. demonstrated a temperature sensor

using graphene nanowalls with PDMS65,

Figure 2.12. Embroidered temperature sensor. Reprinted with permission from Elsevier’’.

Textile-based temperature sensors have been receiving a lot of attention since they
can be incorporated in garments to measure body temperature, are suitable for
continuous monitoring and can also be used to measure the ambient temperature (e.g.,
temperature sensing curtains). Hughes-Riley et al. fabricated a garment that can
sense skin temperature by yarn encapsulation technology!®. A sensing fabric has
been developed by knitting the sensing metal wire along with the textile!®l. Textile

thermocouples have also been developed from graphite nonwoven and silver thread,
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but the fabricated thermocouples have lower sensitivity and accuracy than the
conventional metallic thermocouples®. Another textile-based temperature sensor is
the development of the conducting cotton fabric with CNTs. The multi-wall CNTs were
used to obtain a viscous paste which was then applied on the cotton fabric using knife-
over-roll technique'®. Hilal et al. developed a graphene/Ni based textile sensor with
high reproducibility, fast response, and recovery times'®. Luoda et al. studied the
effect of covering the temperature sensor with a yarn-based protective layer. It was
found that the sensitivity of the sensor was reduced up to 14 % as compared to the
uncovered sensor®, which suggests better encapsulation method is required to ensure
effective sensing. Table 1 shows the reported flexible temperature sensors, the

materials and method used to fabricate them along with the TCR values?®.

Material Method Measurement range [C) TCR (%/°C)
Graphite- PDMS matrix with polyimide (PI) films Automatic dispensing 30-110 42
PEDOT: PSS-poly(ethylene-phthalate) (PEN) Dispensing system 25-50 077
Graphene nanowalls (GNPs)-PDMS Polymer-assisted transfer method 25-120 0214
Cul-Si-adhesive Drop castingf doctor blade 25-80 410
GO[PEDOT: PSS Drop casting 25-100 1.09
Graphene- P{VDF-TrFE)) Casting —20-300 25
PEDOT: PSS/rGO-aerogel Freeze drying 30-50 169
GO Vacuum filtration —40-80 0.245
MWCNT/GNP Vacuum filtration 30-100 0.138
MWCNT/PVDF Printing/ dip coating 20-120 0.13
Organic silver ink/Kapton Inkjet printing 20-60 0223
Silver NF/Paper Inkjet printing —20-60 0.11
Graphene-PEDOT: PSS/PU Inkjet printing 35-45 0.06
rGO) Aluminumm Spin coating 30-100 0.801
FGO-PEDOT: PSS/ PU Spin eoating 30-80 134
GO/ PET Air spray coating 30-100 0.6345
GO Parlylene Spray coating 22-70 0.83
Silver nanowire/ Pl Spray coating 25-60 0.332
PEDOT: PSS-CNT| Flexible substrate Mask printing 2248 0.61
PEDOT: PSS/ FGO-PVDF Mask printing/ bar coating 10-30 0.395
CNT/ PET Screen/ gravure printing —40-100 0.4
FGJCNT/PDMS Screen printing 40-80 28
SWCNT/SEBS Photolithography 16-55 1435
Ti-AufParylens Photolithography 30-100 0.481
Graphene-Mickel| PET Magnetron sputtering 25-100 0.83
Hybrid thread (PES - Steel microwire) Embroidery 40-120 0.10

Table 1. Some of the reported flexible temperature sensors: materials, methods, and

performances. Reprinted with permission from Elsevier'®3.

There are several temperature sensors available commercially. Some of these are
TMP35/TMP36/TMP37 sensors made by Analog Devices?®!. These devices provide a
voltage output that is linearly proportional to the temperature in degree Celsius (°C)
and require a supply voltage in the range of 2.7-5.5 V. Another type of commercial

sensors includes LM94021 and LM94022 which provide temperature sensors solutions
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for low-voltage systems. These are CMOS integrated-circuit temperature sensors that
operate at a supply voltage of 1.5 V and as high as 5.5 V?*?, These sensors, though
operate at low voltage, are rigid, can’t conform to curved surfaces and are not
washable or bendable. This thesis aims to develop sensors which can address these

issues.

2.5 HUMIDITY SENSORS

Humidity is the amount of water vapour present in a gas (pure or mixture) and
commonly measured in the units of relative humidity (RH). Relative humidity is the ratio
of the partial pressure of water vapour present in a gas, at a certain temperature, to
the saturation vapour pressure of the gas. It is a function of temperature and often
expressed as a percentage. Humidity sensors can be categorised into relative humidity
sensors or absolute humidity sensors based on the measurement units. Although there
are various problems when the RH is high. For example, the occupants of a room with
high RH can feel warmer or colder, electronic components in a humid environment get
damaged quickly in addition to health issues caused by the mould and mildew growth
in a high humid environment. On the other hand, when RH is low occupants of a room
can face issues associated with dry and itchy eyes, especially for the users of contact
lenses, and spread of pathogens®. A low RH can also lead to potential issues such
as causing various materials to dry out quickly. Timber, for example, is prone to cracks,
deformation and shrinkage when stored in low humidity environment!8. Therefore,
humidity monitoring and corresponding reduction or increase in humidity levels is

essential and for the purpose of monitoring, humidity sensors are used widely.

Humidity sensors have gained applications in industrial processing healthcare,
environmental control, agriculture, pharmaceuticals, sterilisers, incubators and storage
units with cardboard and paper'®’. To manufacture highly intricate electronic devices,
it is essential to constantly monitor moisture levels in the air. Most of the humidity
sensors are relative sensors and are based on ceramic (e.g. aluminium oxide!88),
semiconductor (e.g. perovskite compounds®), polymer (e.g. poly(propargyl

benzoate)!®?), and carbon materials (e.g. rGO%, GO®, CNTs'®2 and graphene®3).
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Rapid developments in flexible humidity sensors have widened the scope of flexible
electronics for the applications in multiple sectors and has led to efforts towards the
development of a humidity sensor with high sensitivity, selectivity, stability in addition
to quick recovery'®s. Most of these reported flexible humidity sensors utilise
PET!95196.,197.198 = nolyimidel®®2°, PDMS, cellulose?®?, and paper?®? as flexible
substrates. Various materials have also been explored to act as a sensing layer for the
flexible humidity sensors. Some of these materials are nanostructured ceramics and
metal oxides (titanium dioxide nanoparticles, molybdenum trioxide nanosheets?°3),
carbon materials (CNTs?%4, GO?%, carbon nanocoils?®®, graphene!®3); polymers
(PEDOT:PSS'®, PTFE??"), and nanocellulose (cellulose nanofibres/carbon

nanotubes)?°8,

The humidity sensing materials are susceptible to the adsorption or desorption of water
molecules causing changes in their resistance or capacitance?°®. Due to this, humidity
sensors have been widely categorised into two categories based on the mechanisms:
resistive type or capacitive type?%®. However, a variety of properties such as
impedance, mass and surface acoustic wave has also been monitored to detect the
humidity. Interestingly, these advancements have been playing a significant role in
promoting progress in wearable industry especially e-textiles for healthcare
monitoring?®®. In 2019, Torres Alonso et al. demonstrated humidity sensors based on
graphene suspensions as electrodes and GO as the humidity sensing layer, patterned
using lithographic techniques, on silicon wafers and PET sheets (Figure 2.13)*. The
authors demonstrated carbon contacts as a replacement to the conventional contact
metallic materials such as gold and silver. The performance of these sensors was

found to be comparable to commercially available humidity sensors.
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Figure 2.13. a) Photograph of a Si/SiO, wafer with multiple graphene/GO-based humidity

sensors. b) Humidity response to human blowing. Sensors built on PET substrate: c) with

Cr/Au contacts, (d) with carbon paste contacts and (e) Device response before (left), and
after (right) 2000 bending cycles [CC BY 4.0]*.

Some of the previously demonstrated textile-based humidity sensors include graphene
oxide deposited on aluminium silicate textile?19, multifilament PLA/CNTs yarn?!1, thin
polyimide sheets integrated into textiles while using cellulose acetate butyrate as
sensing material®'2. Several fibres such as rGO, silk, and spider fibres have also been
employed to construct wearable humidity devices?!®. Recently, a multi-stimulus
sensing device has been demonstrated by layer-by-layer graphene deposition and
supercontraction of spidroin fibres?4. Novel methods have also been adopted such as
embroidery of a capacitive interdigitated structure using a conductive yarn on a cotton
substrate®? for moisture sensing and use of inkjet technology to directly print the

sensors on textile fabric215.

Due to their many intrinsic qualities such as low driven power, simple operation, cost-
effective fabrication and miniaturisation, resistive humidity sensors remain one of the

widely investigated type of humidity sensor?*3. Studies suggest that pristine graphene,
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though show high sensitivity suffer from low selectivity and slow recovery?'3. Reduced
graphene-oxide based humidity sensors provides an effective way of fabricating
resistive sensors but reduces the available functional groups on the surface further
decreasing the sensing range and sensitivity. Although some of these issues have
been addressed by incorporating different materials such as polymers?'® or metal?!’
into GO or rGO film, they may suffer from problems such as irreproducibility and short-

term stability.

The commercially available humidity sensors such as the HIH-5030/5031 Series Low
Voltage integrated circuit Humidity Sensors which requires a supply voltage of 2.7-
5.5V?3, HDC302x 1.5% RH Digital Relative Humidity Sensor is an integrated
capacitive relative humidity and temperature sensor which provides high accuracy
measurements over a supply range of 1.62-5.5 V. The HDC302x measures relative
humidity through variations in the capacitance of a polymer dielectric?>*. These
sensors, just as the commercial temperature sensors are not flexible or washable and

can’t be seamlessly integrated to clothing or to any textile-based applications.
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Chapter 3

EXPERIMENTAL METHODOLOGY

3.1 INTRODUCTION

This chapter presents the experimental tools and techniques used in this thesis. This

includes the production, transfer, and characterisation of graphene.

3.2 TEXTILE FIBRES

Textile fibres (PP) have been used as flexible substrates in this thesis. PP textile fibres
were produced by Centexbel using a monofilament extrusion line, rolled onto a bobbin
ready to be cut to the desired length. These monofilament PP fibres are tape-shaped,
0.03 mm thick and 2.4 mm wide (Figure 3.1). The PP fibres were placed in an
ultrasonic bath inside a beaker with acetone for 20 minutes and then in isopropanol for
another 20 minutes to clean them prior to the usage. The fibres were then stored in a

clean and airtight container.

2.4 mm

PP

Figure 3.1. Tape-shaped polypropylene (PP) textile fibres. The inset is the sketch of PP
rolled in a bobbin (sketch by Hugo Joulie).
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3.3 GRAPHENE PRODUCTION

In this thesis, two routes of graphene production have been used. These are chemical
vapour deposition (CVD), a bottom-up process, and shear exfoliation of graphite
(SEG), a top-down process.

3.3.1 CHEMICAL VAPOUR DEPOSITION

Several types of CVD-graphene have been used in this thesis. Single-layer graphene
(SLG) was produced at low-pressure using two different systems, a cold-wall and a
hot-wall system. The cold-wall system used was a Moorfield nanoCVD 8G (Figure 3.2),

in which the sample is locally heated on a resistive heating stage.

Figure 3.2. Moorfield nanoCVD 8G for growing SLG. The inset shows the coil of the resistive

heating stage.

The hot-wall system is based on a quartz tube inside an MTI furnace OTF1200X-III
(Figure 3.3d) with three zones which are kept at the same temperature. The sample is
placed in the middle of the tube on a quartz substrate holder (Figure 3.3a) to ensure a
constant temperature. The gas flows are controlled using mass flow controllers (Figure
3.3b) which are connected to the left-end of the tube. On the right-end, the gas will
either flow to a vacuum pump, and then exhausted safely, or diverted through a bubbler
(Figure 3.3c) before going to the exhaust system. This allows hot-wall CVD processes

at low or atmospheric pressure, respectively.
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Figure 3.3. (a) Hot-wall CVD (MTI furnace) with the lid open. The Cu foils are placed at the

centre of the tube inside quartz boats. (b) Schematics of gas lines the MTI furnace.

The MTI furnace was also used to develop trilayer graphene (TLG) using high-pressure
within the growth chamber to force more layers of graphene to be grown on the copper
substrate. Another type of commercially available few-layer graphene (FLG) was also
used for comparison. As detailed in section 2.2.2, CVD growth of graphene usually
comprises of the following steps: (1) heating, where the growth temperature is reached
at a fixed rate, with or without the presence of Hz; (2) annealing, where H2 cleans the
metal from native oxides, also making the surface smoother; (3) growth, where the
carbon source, CHgs, is introduced; and (iv) cool down, with or without CH4, down to
room temperature also at a controlled rate.
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Single-Layer Graphene

SLG by cold-wall CVD: As previously reported?, a 0.025 mm-thick 99.999 % copper

foil (1x2cm) by Puratronic®, Alfa Aesar, was annealed at 1035 °C for 10 minutes under
H2 (2 sccm) and CHa4 (35 scecm) for 5 minutes. Then the chamber was rapidly cooled to

room temperature which takes about 10 minutes with a large Ar flow (50 sccm).

SLG by hot-wall CVD: A 0.025 mm-thick 99.999 % copper foil (Puratronic®, Alfa

Aesar) was horizontally placed on the quartz substrate holder in the central isothermal

growth zone of the furnace during the entire process. The system was evacuated and
flushed with Ar (300 sccm) to ensure the removal of any residual oxygen and moisture.
At low pressure (2x10-3torr) , the temperature was ramped up to 1035 °C (= 33 °C/min)
under 100 sccm of Hz and annealed under pure Hz at that temperature for 30 minutes.
Graphene was grown by adding 10 sccm of CH4 to the mixture for 1 minute, and rapidly

cooled down by opening the lid of the furnace.

Trilayer Graphene

TLG was grown using the MTI furnace at atmospheric pressure. The vacuum pump
was then switched off and after the evacuation of the system, Ar was introduced at
300 sccm for 6 minutes to increase the pressure and the gas flow was diverted to the
bubbler. The temperature was then ramped up to 1000 °C (= 33 °C/min) under
230 sccm of Ar and 70 sccm Hz, and the system was kept at that temperature and gas
flow for 30 min for annealing. The Ar flow was then replaced by methane (0.1 % CHa
in Ar) also at 230 sccm for the next 60 minutes. After the growth, the furnace was
allowed to cool down to room temperature at a rate of = 16 °C/min, maintaining the
CHa/H2 flow.

Few-Layer graphene

FLG grown on Ni-sputtered SiO2/Si (1 x1cm) was purchased from Graphene
Supermarket with film thickness varying from one to seven layers with an average of
four and described as patchwork by the manufacturer, where each patch has a different

thickness?18,
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3.3.2 SHEAR EXFOLIATION OF GRAPHITE

Liquid-phase exfoliation of graphite can be done using shear forces in a liquid medium,
such as water. However, due to the hydrophobic nature of graphite and graphene, a
surfactant is required to better disperse the flakes in an aqueous medium and to ensure
the graphene does not agglomerate back to graphite flakes. The high-speed rotation
of the rotor blades exerts a powerful suction and hence drawing the graphite upwards
from the bottom of the vessel into the stator and centrifugal force drives them towards
the edge of the rotor blades and the inner wall where they are subjected to
fragmentation. Further follows hydraulic shear as the materials are forced out of the

perforations in the rotor head into the mixture at high velocity?*°.

SEG was produced by dispersing 12 g (15 mg/ml) of graphite flakes (Sigma-Aldrich,
+100 mesh) in 800 ml de-ionised water (DIW) with 4 g (5 mg/ml) of sodium cholate as
a surfactant. The mixture was stirred using a shear mixer (L5M Silverson Machines
Ltd.), with a rotor size of 4.5 cm diameter at 4500 rpm over a period of two hours, as
described previously®. The suspension was then allowed to rest overnight to allow the
unexfoliated graphite to settle at the bottom of the container. The suspension was
decanted into centrifuge tubes and the unexfoliated graphite was discarded. The
decanted suspension was centrifuged (Thermo Scientific Heraeus Multifuge X1) for
100 minutes at 1500 rpm. The pellet was discarded, and the supernatant was
collected. 20 ml of this SEG suspension was added to 60 ml of DIW and vacuum
filtered through a polytetrafluoroethylene (PTFE) membrane with a pore size of 200 nm
and 47 mm diameter (Millipore) to produce SEG.
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(f)

Figure 3.5. (a) L5M Silverson Machines Ltd. shear mixer; (b) exfoliated + unexfoliated
graphene suspension; (c) centrifuged suspension; (d) decanted suspension, (e) vacuum

filtered using PTFE membrane (sketch by Hugo Joulie); and (f) SEG on the membrane.

3.3.3 GRAPHENE OXIDE (GO)

1 ml of the commercially purchased GO from Graphenea??°, with a concentration of
4 g/L was dispersed in 60 ml of DIW and filtered through the PTFE membrane using
the vacuum filtration method described in section 3.3.2.

3.4 GRAPHENE TRANSFER

Depending on the type of graphene, different transfer methods have been employed.
PMMA [poly(methyl methacrylate)]-assisted transfer was used to transfer CVD-grown
graphene and isopropanol-assisted direct transfer (IDT) to transfer SEG.
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3.4.1 CVD GRAPHENE TRANSFER

The CVD graphene samples were spin-coated with A6 950K PMMA (ca. 400 nm). This
was to support the graphene during the subsequent copper-etching.

Transfer of Single-Layer Graphene and Trilayer Graphene

Since graphene grows on both sides of the copper foil, after PMMA was used to coat
the graphene one side, the flip side was subjected to a reactive ion etching process
(RIE) to remove any graphene at the surface. The JLS RIE 80 reactive ion etcher uses
argon plasma (chamber pressure: 30 mTorr; Ar flow rate: 30 sccm; RF Power: 10 W;
gas stabilisation time: 30 s; process time: 50 s, pump out: 20 s) to etch away the
graphene while the PMMA protects the graphene on the unexposed side. The samples
were then placed at the surface of a 1 M aqueous iron (lll) chloride (FeCls) for an hour,
with the PMMA side up. The FeCls solution etches the Cu leaving only the PMMA-
supported graphene floating on the surface of the solution (Figure 3.6).
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Graphene/Cu :
% FLGI/NI/Si

PMMA/Graphene/Cu
PMMA/FLG/NI/SI

l:|

I1-(1-
- -

GRAPHENE (TLG
or SLG)
Cu
Ni
FLG
Si/SiO,
FeCl,

PMMA/Graphene PMMA/FLG

Figure 3.6. Schematic illustration of the chemical etching of the metal substrate for CVD
graphene transfer, highlighting the differences between the etching of copper (SLG and TLG,
right-hand side) and nickel (FLG, right-hand side) substrates.

A clean glass slide at an angle of ca. 120° was used to collect the PMMA-supported
graphene samples from the surface and transfer them to clean DIW, repeating this
process five times to ensure all FeCls residues are eliminated. The PP fibres were
immobilised on a glass slide using Kapton tape, and this glass slide was used to collect
the floating PMMA-supported graphene. The assembly was first dried in air dried in air
until the PMMA layer has completely dried and then placed in a desiccator under
vacuum. The PMMA was removed by placing the samples in warm acetone bath
(70 °C) for 30 minutes to dissolve it and allowed to air dry (Figure 3.7).
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Figure 3.7. Schematic illustration of the washing and PMMA removal steps in CVD graphene

transfer.

Transfer of Few-layer Graphene

The method described in 3.3.1 was adapted to the heavier FLG samples because
these do not float at the surface of the etchant. For this purpose, a thicker layer of
PMMA (800 nm) was spun on the samples, and the corners were carefully scratched
with a scalpel, exposing the Ni layer underneath. The samples were then placed in a
beaker, to which the FeCls etchant solution was added slowly with a dropper until the
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edges of the sample are covered with the shallow FeCls solution. The samples were
left overnight, and as the Ni was being etched, the PMMA-coated graphene was
released and floated to the surface of the solution while the Si wafer stayed at the
bottom of the glassware (Figure 3.6). It should be noted that in some cases, the
graphene was not released completely. To rectify this issue, the graphene was
carefully separated from the wafer with the scalpel. Like SLG and TLG, PMMA-coated
FLG was then washed, transferred onto the PP fibres and the PMMA was removed.

3.4.2 TRANSFER OF GRAPHENE FROM SHEAR EXFOLIATION OF GRAPHITE

The SEG was transferred onto the bare PP fibres using a solvent-assisted transfer,
IDT method, a transfer method developed by Shin et al.8. This method was previously
demonstrated on PET and was modified for the transfer of SEG on PP fibres. In this
method, the substrate was coated with 0.5 ml of IPA and the Teflon filter with SEG was
placed facing down on the PP fibres such that the SEG is in contact with them. The
PP fibres were then heated to 85 °C. This leads to the evaporation of IPA which causes
separation of Teflon filter from the graphene layer and drives the graphene onto the
PP fibres. The SEG coated PP fibres were air-dried overnight. The samples were also
soaked in water for two hours to remove any surfactant residue from the initial
exfoliation and air dried again to obtain the SEG on PP fibres (Figure 3.8). Although
this step is not required to obtain conductive SEG, it has been proven to improve the
conductivity of the SEG samples by removing any sodium cholate residues from the

initial exfoliation®®.
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Figure 3.8. IDT transfer method for SEG on PP fibres.

3.4.2 TRANSFER OF GRAPHENE OXIDE

The GO-coated PTFE membrane was placed directly onto the SEG-coated PP fibres
and dry-blown on the back of the membrane using a nitrogen-gun, releasing the GO

onto the substrate. The samples were then allowed to air dry.

3.5 PATTERNING OF GRAPHENE

The interdigitated electrode geometry is widely accepted for sensors as it enables a
large contact area between the electrodes within a limited area, and is therefore often
used to improve the sensitivity of a sensor*. These structures, previously demonstrated
by Torres Alonso et al. on PP fibres3, were attempted in this thesis to produce
graphene (SEG) patterns on PP fibres using an optical lithography process (figure 3.9).
The PP fibres were first immobilised on a glass slide using double-sided Kapton tape
to ensure complete adhesion of fibres to the glass slide, the lack of which can cause

some of the materials spun on them to get trapped between the fibres and the glass
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slide during the spin-coating process, preventing an efficient patterning.
Polymethylglutaramide (PGMI) SF6 from MicroChem Corp, was spin-coated on the PP
fibres at 4000 rpm and baked at 180 °C for 6 minutes, achieving a thickness of
ca. 250 nm, followed by a layer of photoresist (PR) S1813 with a thickness of
ca. 1.4 um, spin-coated at 4000 rpm and baked at 120 °C for 1 minute. The samples
were then loaded into a laser writer (Durham Magnetoptics Ltd.), exposed to a UV
source along a digital input pattern mask to create a pattern and developed in a
developer (tetramethylammonium hydroxide). The developer dissolves not only the
areas where the PR has been exposed but also the PMGI layer which is underneath
the PR. The development process takes about 45 seconds. The PR was then removed
by immersing the sample in acetone whereas the patterned PMGI remain. The
graphene is then transferred onto the pre-patterned surface using the transfer methods
explained in 3.4. Finally, the PMGI is dissolved in N-methyl-2-pyrrolidone under mild

ultrasonication, leaving the PP fibres with graphene patterns.
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Figure 3.9. Schematics of interdigitated pattern.
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3.6 CHARACTERIZATION TECHNIQUES

All the different types of graphene were characterised using various techniques. Table

4.1 summarises all the samples prepared.

Types of Nl:?ii:: Production Carbon Substrate for Target Transfer
Graphene 9 Iagers method precursor | graphene growth substrate method
SLG 1 CVD Methane gas Copper foil Si/SiO, and PP PM.MA-
assisted
TLG average of 3 CVD  |Methane gas|  Copperfoil | Si/Sio,andpp| ~MMA-
layers assisted
SEG average of 4 | High .sh.ear Graphite D!spgrsed in de- Si/SIO, and PP | IPA-assisted
layers exfoliation flakes ionised water
average of 4 Nickel PMMA-
FLG | g CcvVD Methane gas| (commercially PP .
ayers assisted
purchased)
Chemical - Commercially PTFE-
co ! exfoliation Graphite purchased powder PP assisted

Table 4.1. Summary of all the different types of graphene studied in this thesis

3.6.1 RAMAN SPECTROSCOPY

Raman spectroscopy was used to ascertain the presence of graphene on PP fibres,
differentiate graphene based on the number of layers, to assess the quality of the
graphene produced, and to study the effect of temperature on the Raman signatures

of graphene coated fibres.

Raman measurements were performed with a WITec Alpha 300R (confocal Raman
system) spectrometer equipped with a thermoelectrically cooled CCD detector
(—-60 °C) used with a 532 nm laser excitation source backscattered light collection with
a 50x Zeiss objective (EC EPIPLAN NA 0.7) and a spot size of 388 nm. The
spectrometer gratings used were 1800 g/mm. WITec Project Plus was used to analyse
the data. Different types of graphene were transferred onto several substrates using
the transfer methods explained in section 3.4. The spectra were normalised to the Si-
peak at 520 nm for an accurate comparison between difference Raman scans. These

measurements were performed by Dr. Ellen Green (University of Exeter).

Temperature-dependent Raman measurements were performed to study the effect of

temperature on the Raman signatures of the different graphene coated PP fibres at a
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heating rate of 5°C/min, and measurements were taken every 5 °C using the
Renishaw Raman system by Dr. Jessica Wade in Prof. Ji-Seon Kim’s research lab at
Imperial College of London. A long working-distance 50x objective was employed, and

514 nm argon ion laser was set at 10—50 % power in nitrogen to avoid sample damage.

3.6.2 ELECTRICAL CHARACTERISATION

Electrical measurements of graphene-coated PP fibres were performed by using the
standard and most used two-probe method. This method employed two metallic
probes (tungsten), a source-meter (Keithley 2400) and either carbon paste or silver ink
to draw the contacts to facilitate the measurements. Both silver and carbon contact
material were purchased from DuPont. A small amount of carbon paste/silver ink was
applied on two ends of the graphene section in a way that the contacts are 1 cm apart.
They were cured on a hotplate (Thermo Scientific, Super Nuova) at a temperature of
80 °C until the contacts have dried. A probe setup as shown in Figure 3.10 has been
custom designed as such that the probes would be 1 cm apart. This setup was built by
Dr. Peter Armitage (University of Exeter). This ensured comparable electrical
measurements. The body of the setup was constructed with acrylic along with
adjustable screws to hold the probes and for simple removal. The measurements were
performed at an imposed voltage ranging from 0.5 V to 1 V throughout this thesis. The
graphene-coated temperature (chapter 5) and humidity (chapter 6) sensors were also
electrically characterised using the same custom-built 2-probe setup. The temperature
and humidity sensing responses of the graphene-based sensors were compared with
the response of a commercial temperature and humidity sensors against time. The
Keithley 2400 source measure unit was used to power the commercial humidity sensor
(Honeywell HIH-4000-003) and temperature (Texas Instruments LM35CaZ/NOPB)

sensorsat5 V.

The two-probe resistance measurement formula as shown in equation 3.1 includes the
resistance value obtained from the source meter using the two probes. This value is
R2p. The Rzp also includes contact resistance (Rc) which is the resistance contributed
to the total resistance of a sample that can be attributed to the contacting interfaces of

electrical leads and connections as opposed to the intrinsic graphene resistance (Rg).
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Since two probes are used, the contact resistance is doubled. Although for the devices
used in this thesis (chapter 4 and 5), only the change in resistance ratio has been used

without the need to consider the contact resistance from the probes.

Rzp = RG + ZRC (31)

where, R; = %L, L being the channel length, W the channel width, and p the graphene
resistivity.

The Rc was estimated by a method commonly used for graphene devices, based on
measuring the Rzp in devices with different contact lengths, LP®! and LPe'2 | while
keeping constant channel width (WPev1 = WPev2) |n this case, the contact resistance is

given by the following relation?3!:

Devi LDevl

Ryy  —P6cGpept)
__ 4D wDevi
R; = . (3.2)
where:
R2Dp3v1 _Rszevz

pG = LDevl LDevZ (33)

wDevl yDev2

Figure 3.10. Custom-built two-probe setup for electrical measurements. The body of the

setup is made up of acrylic and the tungsten probes are placed 1 cm apart.
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3.6.3 RESILIENCE TESTS

Washability and the bendability (mechanical resilience) of the graphene-coated fibres
were studied by subjecting the conductive fibres through a series of washing tests and
bending tests. The change in resistance was monitored by measuring the resistance

before and after the bending or washing cycles.
Washing tests

To emulate the washing machine, graphene coated fibres were placed in a glass
beaker with a solution consisting of commercially available laundry detergents/fabric
softener with tap water and a magnetic stirrer for 60 minutes. Several parameters such
as temperature (30, 40 and 50 °C), spin speed (400, 800, 1000 rpm), and laundry

detergents (regular and for sensitive fabrics) were varied.
Bending tests

The bending tests consisted of repeated bending of the graphene coated fibres up to
1000 bending cycles using a cylindrical tube with a fixed bending radius of 5 mm. The
fibres were bent and flattened again as shown in figure 3.11a. This was one bending

cycle. These cycles are repeated and change in resistance is calculated.

|d|xtx

tube with
radius of
5 mm Bent Flattened
(b)
)

£

Figure 3.11. Resilience tests: (a) Bending test method (left) and demonstration of bendability

of PP fibres (right); (b) washing tests with magnetic stirring.
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3.6.4 ATOMIC FORCE MICROSCOPY

AFM is a high-resolution scanning probe microscopy which can be used to study the
topology and properties of the surfaces. Here, the different types of graphene-coated
fibres were subjected to AFM studies using a Bruker Innova AFM in the tapping mode
to study the graphene coverage at the surface. The tapping mode is gentle and will not
adhere or stick to the surface of the samples. This mode operates by alternately placing
the vertically oscillating sharp tip (attached at the end of a cantilever) in contact with
the sample surface where it lightly taps and then lifting the tip off the sample to avoid
dragging the tip across the surface. Topography, amplitude, and phase maps were
generated for PP coated with the different types of graphene. The graphene-coated
PP fibres were fixed on an AFM sample mounting steel disks using double sided
Kapton tape since it is crucial to have a flat sample to obtain high quality images. The
software used to analyse the AFM data was Gwyddion??t, and WSxM from Nanotec???
was used to obtain the height profiles. The size of the AFM tip was about 10 um. The
tapping mode parameters were varied during the measurements to obtain better
quality images and depended on the sample used. The tapping mode settings used,
in general, were as follows: scan rate-0.5 Hz; setpoint-4.00 V; scan size-50 um;
rotation-90°, X and Y-offset- 0.0 um; samples-256, feedback-4.2 V; and drive-0.83 V.

3.6.5 SCANNING ELECTRON MICROSCOPY (SEM)

To inspect the surface morphology of the conducting samples, SEM can be used to
obtain high-resolution images. When a focussed beam of high-energy electrons is
scanned in a raster pattern across the surface of the sample, various types of signals
are produced at the surface of the sample. A detector collects these signals to reveal
information about the texture, crystallinity, and chemical composition of the materials

in the sample.

A TESCAN VEGAS scanning electron microscope was used to perform topological
studies of the graphene-coated substrates surface (graphene coverage, tears, cracks,
or folds). The samples were cut to an appropriate size (length: 0.5 cm) and mounted

securely on circular aluminium sample holders called stubs with the use of carbon tape
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(Agar Scientific). The samples were sputtered with a thin film of gold prior to the SEM
study.

3.6.6 TRANSMITTANCE STUDIES

Transmittance is defined as the fraction of the incident light of a specific wavelength
that passes through the medium without interfering with it23. In spectroscopy,
transmittance studies are used to characterise the optical or physical properties of
different materials. This technique has been used previously to obtain relevant
information about the transparency of graphene samples and calculate the number of
graphene layers?**, The measurements were performed by Mr. Conor Murphy
(University of Exeter) using a custom-built UV-Vis microspectrometer??°, The graphene
was transferred to a glass slide and inserted in the spectrometer to obtain the

transmission spectra.

Transmittance data were also used to ascertain the number of layers in TLG by using
a method described by Zhu et al.??4 in 2014, with the following non-linear negative

exponential function of the form:
T=(1+113ar>)2 (3.4)

where N is the number of graphene layers, 1.13 is the estimation of the correction

coefficient, and a is the fine structure constant, defined as:

a=ehi~—— (3.5)
c 137

The relation provides a good description of the transmittance of light through multilayer

graphene in the visible range.

58



Chapter 3. Experimental methodology

3.7 TEXTILE HUMIDITY SENSOR: FABRICATION AND SENSING TESTS

The sensor consists of: (1) PP textile fibre as the flexible substrate; (2) graphene as
the humidity-sensing layer; and (3) carbon paste as the contact material. PP fibres
were coated with two types of graphene, TLG and SEG using the transfer techniques

mentioned in section 3.4.

To study the response of the textile humidity sensors to humidity, two types of tests
were performed. The samples were subjected to human blowing tests and continuous
measurements. The blowing test includes the gentle human blowing process on the
samples at random intervals to study the change in conductance with respect to the
humidity as shown in figure 3.10a.

Continuous RH measurements were performed by placing the devices and the two-
probe setup in a home-built humidity chamber made of a plastic box with tight lid and
a drilled hole for the electrical connections, and with a commercial domestic air

humidifier providing increasing humidity levels (figure 3.10b).

For both human blowing and continuous tests, the graphene sensor and commercial
sensor were placed next to each other to obtain comparable data. The custom-built
two-probe setup was placed on the graphene sensor which was connected to the
source meter as explained in section 3.6.2. The supply voltage used was setto 1 V.
The Keithley 2400 source measure unit was also used to power the commercial
humidity sensor (Honeywell HIH-4000-003) with an operating voltage of 5 V. The
conductance was calculated from the resistance data obtained from the

measurements.
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Figure 3.10 Humidity sensing tests: (a) human blowing tests; (b) continuous measurement
inside a home-built humidity chamber consisting of :a plastic box and a lid; a commercial

humidifier; probe setup; and humidity sensor.

60



Chapter 4. Characterisation of Graphene-coated fibres

Chapter 4

CHARACTERISATION OF GRAPHENE-COATED FIBRES

4.1 INTRODUCTION

In this chapter, different types of graphene have been characterised using the different
techniques mentioned in section 3.6. The production and transfer of these different
types of graphene have been explained in detail in sections 3.3 and 3.4.

4.2 CHARACTERISATION OF GRAPHENE
4.2.1 SINGLE-LAYER GRAPHENE (SLG)

SLG was produced by two different CVD methods: cold-wall CVD (nhanoCVD), and hot-
wall CVD (MTI furnace), as detailed in section 3.1.1. The SLG production by cold-wall
CVD has been shown to be more efficient, have faster heating and cooling rates,
shorter growth time and less gas consumption than the hot-wall CVD??5. Figure 4.1a
shows the Raman spectrum of SLG produced in the nanoCVD cold-wall system,
showing the characteristic D-peak at 1345 cm™, G-peak at 1589 cm* and 2D-peak at
2684 cmL. The peak positions are comparable to those shown previously for this type
SLG when used to coat textile fibres'2. The intensity ratio, Ic/lzp, was found to be
ca. 0.58, FWHMz2p of ca. 33.7, and a single Lorentzian fit, suggesting a single layer of
graphene according to the graphene characterisation guidelines by NPL*%7. Although
the nanoCVD produced high quality SLG, which was also demonstrated by
Neves et al.?, due to technical difficulties related with non-uniform temperature in the
cold-wall stage, the use of nanoCVD was discontinued and an alternative method of
producing SLG had to be developed. The MTI furnace was then used to produce SLG
on Cu foils at low pressure. Although this process takes considerably longer than the
nano-CVD one, it had the advantage of producing multiple samples in a single run. It
has been suggested that low pressure allows fast diffusion and high mass flow rate of
precursor gas which prevents the saturation of decomposed carbon atoms leading to

the self-limited SLG growth on Cu substrate??’. Figure 4.1b shows the Raman
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spectrum of SLG produced by the MTI furnace showing D-peak at 1347 cm™, G-peak
at 1588 cm ! and 2D-peak at 2680 cm* which are like the peak positions obtained for
SLG produced by nanoCVD along with the single Lorentzian fit. The intensity ratio,
Ic/lp was found to be ca. 0.59 and FWHM:2p of ca. 26.4, suggesting a single layer of
graphene. It should be noted that the SLG produced by MTI has a larger D-peak than
expected for a high quality SLG. Further optimisation of the growth processes would
lower the defect peak.. The presence of a large D-peak could be due to the of large
number of defects such as carboxyl and hydroxyl groups that have been associated
with the use of PMMA to transfer the graphene. The Raman spectroscopy can be used
to characterise the edges and the grain boundaries of graphene. The presence of a
strong D-peak could mean there are armchair edges present in this type of graphene
since only they are capable of elastically scattering charge carriers which can give rise
to the D-peak. An increased D-peak could also represent the nucleation centre in
graphene as well as the grain boundaries which are formed where two separate seed

points grow together?®’.
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Figure 4.1. Raman spectra of: (a) SLG on Si/SiO- produced using nanoCVD (top) and 2D-
peak with the Lorentzian fitting (bottom), (b) SLG produced using MTI-furnace (top) and 2D-
peak with the Lorentzian fitting (bottom).

4.2.2 TRILAYER GRAPHENE (TLG)

TLG is a purposely developed CVD-graphene which has an average of three layers of
graphene. The methodology to produce TLG has been mentioned in section 3.3.1.
Figure 4.2a shows the representative Raman spectrum of TLG on Si/SiO2 with the Si
peak at 520.7 cm?, the graphene D peak at 1351 cm™, G peak at 1592 cm* and 2D-
peak at 2680 cm. By the guidelines published by the National Physical Laboratory
(NPL), UK, Raman spectroscopy can only be used to indicate the number of layers in
CVD graphene. The indicators of SLG are a FWHM3zp < 35 cmt along with lg/lop < 1157,
In principle, this ratio can provide a discrete estimate of the number of layers. However,

it has been found that the 2D-peak depends strongly not only on the number of layers
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but on the carrier density, which depends on the impurities present in the graphene

samplet®’.

The NPL guide further suggests that the above-mentioned indicators can also be
affected by strain and doping in the graphene. Therefore, on its own, the relative
intensity ratio is not a reliable metric for the estimation of graphene layers. A more
convenient approach was developed by Koh et al., also based on Raman
spectroscopy, which involves estimation of the number of layers of graphene by
comparing the intensity of G peak of the graphene on Si/SiO2 and the distinct Si-peak
(Ic/1s)??8. Following this method, the average number of graphene layers in TLG
samples was found to be three, corresponding to an lg/lsi ratio of ca. 0.28. The same
method was also employed to an area of 30 x 30 um? to produce a Raman map of the
TLG (Figure 4.2b), which shows the distribution in terms of the number of graphene
layers, ranging from one to four layers by using the WITec Project Plus software. In a
Raman map, every pixel consists of a Raman spectrum which are produced by
obtaining Raman spectrum at various consecutive positions on a sample. To visualise
this in a single image, values are generated that represent the chemical information of
each measurement point. These values were then plotted in a Raman map using a
MATLAB program.
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Figure 4.2. Raman spectroscopy for TLG on Si/SiO-: (a) single spectrum highlighting the
characteristic graphene Raman signatures, (b) Raman map with an area of 30 x 30 pm?
showing the distribution of graphene layers. Reproduced with permission from ACS

publications®®®. Reproduced with permission from ACS publications.
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Three different TLG samples were subjected to the optical transmittance study by
transferring them to glass. Figure 4.3 shows the experimental data (transmittance vs
wavelength). The number of layers was extracted at 550 nm since the transmittance is
free of stacking sequence at that wavelength?®. As mentioned in section 2.2.1, a single
layer of graphene absorbs about 2.3% of visible light at 550 nm and the addition of
another layer leads to increase in the absorption by approximately the same
percentage. This agrees with the percentage of transmittance (89.1-93.3%) and the
average of the calculated number of layers of graphene (ca. 3) in TLG at 550 nm, as
shown in Figure 4.3 inset table, which is why the developed graphene was named as
TLG.
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Figure 4.3. Transmittance of TLG on glass in: (a) sample 1; (b) sample 2; (c) sample 3. (d)
Table with the number of layers calculated at the transmittance taken at 550 nm.
Reproduced with permission from ACS publications?*°. Reproduced with permission from

ACS publications
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This type of graphene was developed to be more conductive than SLG. The number
of layers was expected to be more than one layer but fewer than the commercially
available FLG, grown on Ni, that has an average of 4 layers, but a wider range from 1
to 7 layers. Several mechanisms have been suggested in the literature for the
formation of more than one layer of graphene on Cu substrates which could have
contributed to the growth of TLG. As described in section 2.2.2, the graphene growth
on Cu substrate is usually self-limiting which leads a growth of a single layer of
graphene at low-pressure. However, at atmospheric pressure, in the CVD-reactor tube,
where the mass flow rate is slower than in the low-pressure CVD, saturation of carbon
atoms occurs which leads to formation of multiple domains and deposition of
decomposed carbon atoms to form thicker layers over the monolayeri®. In 2012,
Kalbac et al. suggested that the grain boundaries in the single-layer graphene provide
nucleation sites to decomposed carbon atoms to form another layer of graphene!°,
Another possible mechanism was suggested by Jun Li et al. in 2016, which suggests
that during the catalytic decomposition, some of the carbon atoms get trapped between
the first layer and the substrate to form adlayers which leads to be formation of multiple

layers of graphene?®”.

In the Raman spectrum of TLG, the D-peak is smaller than the SLG which suggests a
low-defect graphene. Like SLG, the presence of D-peak could be due to PMMA
processing which leaves behind residues. With the increase in the number of layers in
graphene, stacking is also considered which could have gaps, adding to the defects.
The other types of defects could be a carbon atom missing in some hexagonal lattice
site, forming a vacancy at this site or extra atoms might also be left between layers of
the TLG. These carbon atoms can form interlayer bonds with the atoms in the two
sandwiching layers?®’. It should be noted that the growth temperature of TLG is lower
than the SLG. This is because the formation of bilayer or few-layer graphene is highly
preferred at relatively low temperatures (900-1000 °C). Xing et al. did a kinetic study
of graphene growth where the effect of temperature on growth rate and film thickness
was studied. The low temperature phenomenon can be explained as follows: The
decomposition of methane leads to supersaturation of active carbon species at the Cu
surface, which then reaches a critical point and graphene nucleation (Cnuc) occurs
followed by a drop in the growth level(Cgrowth). The difference (dC) between the Cnuc

and Cgowth IS the amount of carbon consumed during the nucleation. At low
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temperatures, both Cnuc and Cgrowth drop, but the difference dC increases compared to

that of high temperatures. This contributes to multi-layer nucleation?°,

4.2.3 FEW-LAYER GRAPHENE (FLG)

As mentioned in section 3.3.1, FLG is the graphene grown on Ni-sputtered SiO2/Si and
has a distribution of one to seven layers with an average of four layers of graphene
and was purchased from Graphene Supermarket?'8. The manufacturers of the FLG
suggest that Raman spectra of FLG would dramatically change depending upon the
spot of study since with Ni as a catalyst, it is difficult to produce graphene with uniform

layering and thickness?18,

Figure 4.4 shows the Raman spectrum (at a random spot) of FLG on Si/SiO2 which
has an intensity ratio of Ic/lop of ca. 4, suggesting a multilayer graphene. The positions
of the characteristic Raman peaks are as follow: D at 1357 cm™, G at 1580 cm™ and

2D at 2697 cm1.
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Figure 4.4. Raman spectrum of FLG on Si/SiO».

4.2.4 GRAPHENE FROM SHEAR-EXFOILATION OF GRAPHITE (SEG)

SEG was produced using graphite flakes as carbon source by high-shear exfoliation
process, as mentioned in section 3.3.2, and was transferred on to Si/SiO2 and PP fibres
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using IDT method explained in 3.4.2. The only modification to the previously reported
transfer process was that the temperature used for the evaporation of IPA was 85 °C
instead of 90 °C as suggested by Shin et al.8. Figure 4.5 shows the SEG-coated PP
fibres transferred using the IDT method at 90 °C and 85 °C. Although at 90 °C the
graphene was still transferred, there were gaps and holes in the transferred graphene.
This was not the case at 85 °C which could be due to the slightly lower temperature

preventing the rapid evaporation of IPA leading to a relatively better graphene transfer.

(a)

Figure 4.5. (a) Optical image of SEG on PP transferred at (a) 90 °C showing partial graphene
transfer with gap in the graphene, (b) 85 °C showing SEG with no gaps.

Figure 4.6 shows the Raman spectrum of SEG on Si/SiO2. The positions of the
characteristic Raman peaks for SEG were found to be D at 1343 cm™; G-peak at
1588 cm!; and 2D-peak at 2682 cm™. The obtained SEG sheets have the average
lateral size of ca.110 nm and an average of four layers with more than =50 %
containing one, two and three layers with a transparency between 45 to 70 % with an
Ic/l2p intensity ratio of ca. 4, suggesting a multilayer graphene®®. The spectrum also
shows a large defect peak as compared to the graphene produced by CVD, which was
expected since SEG films comprise separate graphene flakes that overlap during the
filtration process, increasing the presence of edges. The concentration of the obtained
SEG suspensions were found to vary with the shear exfoliation time and was
=~16.45 pg/ml. This concentration was found in line with the previously reported
concentration at shear exfoliation time of 60 minutes®®. This concentration is lower than
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the graphene yield obtained when organic solvents are used as a solvent instead of
water. However, using water as a solvent adds to the simplicity, eco-friendliness, and

cost-effectiveness of the process, especially during the mass production of SEG.
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Figure 4.6. Raman spectrum of SEG on Si/SiO,,

4.3 GRAPHENE- COATED PP FIBRES

The different types of graphene mentioned in the previous subsections were
transferred to clean PP fibres with the transfer methods described in section 3.4.
Raman spectroscopy was used to confirm the presence of different types of graphene
in the graphene-coated PP fibres. Figure 4.7 shows PP coated (left to right) with SLG,
TLG, FLG and SEG with decrease in transparency. Figure 4.9 shows the Raman
spectra of bare PP fibre, SLG-coated PP, TLG-coated PP, FLG-coated PP and SEG-
coated PP fibre. The dashed lines indicate the expected positions for D, G, and 2D
peaks. As can be seen in Figure 4.8a, the D peak (ca. 1350 cm™ for SLG), is close to
one of the PP peaks, is very small in the case of SLG and not distinguishable from the
PP peak. The 2D peak in the case of all graphene-coated PP fibres is almost
indistinguishable from the peaks of the PP fibres nearby because of the partial overlap

with the PP peaks.
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Figure 4.7. Optical image of PP coated (left to right) with SLG, TLG, FLG and SEG.
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Figure 4.8. Raman spectra of: (a) PP bare fibre; (b) PP + SLG; (c) PP + TLG; (d) PP + FLG;

and (e) PP + SEG. The dashed lines show the expected position of the D, G, and 2D-peaks

in SLG. Reproduced with permission from ACS publications?*°. Reproduced with permission
from ACS publications
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4.4 ATOMIC FORCE MICROSCOPY (AFM)

The nanoscale graphene coverage at the surface of the PP fibre with SLG (MTI), TLG
and SEG was evaluated with topography, amplitude, and phase AFM maps of
5 x5 um. Figure 4.9 shows the AFM maps of uncoated PP fibres with the extrusion

lines.

Topography Phase Amplitude

5%5 um
PP +SLG PP

PP +TLG

PP +SEG

Figure 4.9. Tapping mode AFM of graphene-coated PP with Topography (left), Phase
(middle) & Amplitude (right) maps of (top to bottom), PP bare fibres, SLG(MTI)-coated PP,
TLG-coated PP, and SEG-coated PP.
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The height profiles of the different types of graphene were obtained perpendicular to
the fibre length and the extrusion axis as shown by the blue lines in the topography

maps in Figure 4.9, to make sure the height profiles are comparable (Figure 4.10).

The surface of PP have been studied in detail by Torres Alonso et al. who assessed
the micro-roughness of the PP fibre using profilometry along the direction of the
extrusion of the fibre in the manufacturing line® and Neves et al. in 2017. The height
profile of PP fibres (Figure 4.10a) shows well-pronounced extrusion lines as expected.
However, it should be noted that even though the extrusion lines along the fibre length
are always present, how well-pronounced they are is dependent on the spot of
investigation or the sample. The transverse lines used at different spots would yield
different height profiles. The topography maps of PP coated with SLG and TLG (Figure
4.10) shows visible extrusion lines, suggesting conformation of the graphene to the
extrusion lines on surface of the PP fibres and good adhesion of graphene on PP. This
has been previously reported for SLG-coated PP by Neves et al. using AFM studies
and surface maps obtained through an optical non-contact method'?%’. Figure 4.10b
and c shows the height profile of SLG and TLG, respectively, suggesting these types
of graphene are relatively thin and homogenous when compared with SEG where the
extrusion lines are masked by the graphene that is not only thicker, but also
inhomogeneous which could explain the pronounced change in height as can be seen
in Figure 4.10d.

It should be noted that the data presented in this section has been obtained from a
single sample and spot. Further investigation needs to be undertaken with several

samples to make sure the data is representative.
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Figure 4.10. AFM height profiles of (a) PP (b) SLG, (c) TLG, and (d) SEG

The AFM phase maps are capable of sensing stiffness variations and can be used to
distinguish between the parts of the fibre surface which are covered and not covered
with graphene. The graphene is stiffer than the PP fibre suggesting the stiffer areas
are covered with graphene and the rest are not covered, which is distinctly visible in
the phase image. The lack of such visible difference in rigidity suggested a uniform
coverage of graphene and no discontinuities without any holes or tears can be seen in
Figure 4.10 for SLG and TLG-coated PP fibres. The PMMA residues from the transfer
process can also be seen as elevated drops on all the AFM maps as shown
previously!. Although, TLG has a distribution of one to four layers of graphene, the
extrusion lines are still visible unlike in SEG which consists of thick and overlapping
graphene flakes with the top surface covered with loose flakes as shown in figure 4.9.
It is possible that the some of the layers conform to the extrusion lines of the PP well

and what is visible on the AFM maps are just loose flakes on the top.
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4.5 ELECTRICAL CHARACTERISATION

The sensing devices presented in chapters 4 and 5 require the measurement of the
resistance of the graphene-coated PP fibres upon different stimuli. Since the width of
the fibres is constant, maintaining a constant length would ensure that each resistance
measurement is directly comparable and therefore it will not be necessary to normalise
and calculate the sheet resistance for each measurement in each sample. Several
techniques were tested to ensure the aspect ratio of sample area is the same for each
measurement. One of the techniques involved inserting the two probes into a cork,
1 cm apart, as shown in Figure 4.11c. However, due to the porous and soft nature of
the cork, the position of the probes changed easily rendering the results unreliable
since it was difficult to maintain the necessary gap between the probes. To solve this,
a two-probe setup with an acrylic body where the probes could be inserted and
removed easily while being apart at a fixed distance of 1 cm with screws to keep the
probes in place and for easy removal was built (Figure 4.11d). It was found that contact
materials, such as carbon paste and silver inks, protected the graphene from the
damage (scratches) caused by the probes during repeated use on the same sample

in addition to maintaining good electrical contact during the electrical measurements.

4.11. Photographs of the preliminary two-probe setup: (a) cork as the body of the setup; (b)
front-view of the two-probe setup; (c) side-view of the setup with the graphene-coated fibres.
Photographs of the custom-built two-probe setup: (d) setup with acrylic body with tungsten

probes; (e) setup being used with the graphene-coated fibres.
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The Rc for TLG-coated PP with no contact material, silver and carbon contacts was
found to be 1204.72, 1356.26 and 1808.48 Q, respectively. Therefore, the calculated
sheet resistance for TLG-coated PP was 1101.7, 1028.5 and 811.8 Q/sq for no contact
material, silver, and carbon contacts, respectively. Using the same methodology, the
calculated sheet resistance for SLG-coated PP was found to be 1096 Q/sq and for
FLG-coated PP is 580 Q/sq which is in agreement with the previously reported results
of 600 Q/sq for FLG on PP and 1000 Q/sq for SLG on PP!. These values are higher
than those reported in the literature of the order of a few hundreds of Q/sq and those
of the same type of FLG transferred on glass, 200 -300 Q/sq?*°. The sheet resistance
of SEG was found to be higher at 3120 Q/sq. This could be since the SEG is different
than the graphene produced by CVD process, with overlapping flakes and percolating
network in addition to the sodium cholate residues (an insulting material) from the
shear exfoliation production process which causes the increase in the sheet resistance
of the SEG. As suggested previously, the sheet resistance of SEG can be lowered by

the water treatment®>.

4.6 RESILIENCE TESTS

The commercialisation of e-textiles requires them to be washable and durable, as
mentioned in section 2.1.1. For this, the resilience of graphene-coated PP fibres was
tested by subjecting them to a series of washing and bending tests, as described in
section 3.6.3. The values of resistance were normalised to the initial resistance (before
the washing and bending tests) at room temperature (RT) to better understand how it
changed afterwards. The two types of graphene tested were TLG and SEG to compare
the effect of resilience tests on graphene produced by different methods. A similar
study has already been published where SLG produced by the nanoCVD (cold-wall)

was subjected to bending tests and were found to be resilient to bending cycles.

It was observed that TLG samples performed better than SEG samples in the washing
(Figure 4.12) and bending tests (Figure 4.13).

76



Chapter 4. Characterisation of Graphene-coated fibres

(@ os
07L ® CVDG  400rpm
’ A SEG Non-bio detergent
0.6F
J05f
o 0.4+
“oaf
0.2+
A
0.1F A
0.0+ ¢ . L)
30 40 50
Temperature (°C)
() .24
® CVDG 400 rpm
020F A& SEG Bio detergent
Q;D 0.15 N
14
<1 0.10
A
0.05} R
] L] e
000}, . J
30 40 50
Temperature (°C)
(9) 9241
0.24 ® TLG 400 rpm
020+ 4 SEG fabric softener
0.16} 4 A
o
14
& 012}
<]
0.08
A
0.04}
000 e ° °
30 40 50

Temperature (°C)

(b) o5

0.7}
06}
205+

-

o 0.4r
031
0.2r
0.1+
0.0r

(€)g.24

0.20

of 0.15

<010}

0.05¢

(h)g 24
020}
> 0.6}
& 0.2}
<]
0.08}
0.04}
0.00f

(€) 08
® CVDG 800 rpm 07 ® CVDG 1000 rpm
A SEG Non-bio detergent 06l A SEG Non-bio detergent
N !
o
x 05}
@ 04f A
“osl
F'y
02t a
0.1f
) [ ] 0.0} ] [ .
30 40 50 30 40 50
Temperature (°C) Temperature (°C)
(.24
e CVDG 800 rpm e CVDG 1000 rpm
A SEG Bio detergent 020} & sEG Bio detergent
0.6+
(14
o 012}
<]
A 0.081
. A 0.04r A A
o ° ‘ ooof ¢ ° ‘
30 40 50 30 40 50
Temperature (°C) Temperature (°C)
(1) .24
® TLG 800 rpm e TLG 1000 rpm
A SEG fabric softener 020+ 4~ SEG fabric softener
016+
x
@ 012+
<
0.08 - A
A A
0.04
] A L]
® e , 000 @ , by
30 40 50 30 40 50

Temperature (°C)

Temperature (°C)

Figure 4.12. Change in resistance of TLG- and SEG - coated PP fibres against washing

temperature with varying stirring speeds and different detergents: non-bio at (a) 400, (b) 800

and (c) 1000 rpm; bio detergent at (d) 400, (e) 800 and (f) 1000 rpm; and fabric softener at
(9) 400, (h) 700, and (i) 1000 rpm. Reproduced with permission from ACS publications®*,

In the washing tests, the TLG samples did not show significant change in resistance
when the stirring speeds, type of detergents, washing temperatures were varied.
Subjecting them to 1000 bending cycles did not result in a significant change in
resistance, either. SEG samples, on the other hand, exhibited an increase in resistance
in most of the washing tests. This could be since SEG is made up of overlapping

graphene flakes which do not adhere well as to the PP substrate or among themselves,
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as the CVD graphene layers do, which causes the top flakes to get washed off easily.
This was not the case with CVD-graphene where the layers are more continuous,
uniform and have a very good adhesion to the PP substrate, which probably is

responsible for their robustness.

It was observed that, although, the SEG is resistant to bending stress initially, the SEG-
coated fibres are affected by it after several bending cycles. This might be because of
the possible detachment or displacement of graphene flakes from the PP fibre surface
during rigorous bending. It should be noted that new CVD/SEG samples were used to
perform the experiments for each of the studied stirring speeds and detergents/fabric
softener in the washing tests. Depending on the application of these graphene-coated
textile fibres, an encapsulating polymer could be applied to protect the active part of
the device from abrasion, prevent direct contact of graphene with the skin and the
environment, and to ensure the mechanical properties do not change significantly while
not interfering with the function of the device itself. The observed changes with bending
can be minimised by locating these graphene-coated fibres in appropriate areas where

their movement is minimal.
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Figure 4.13. Sensitivity of an SEG- and TLG-coated PP fibres as a function of the number of

bending cycles.

78



Chapter 4. Characterisation of Graphene-coated fibres

4.7 SUMMARY

This chapter focussed on the characterisation of different graphene, especially, the
purposely developed TLG using transmittances and Raman spectroscopic analysis to
estimate the number of graphene layers in TLG. Raman characterisation of the
different types of graphene was done by transferring them to Si/SiO2 and PP fibres
with the Raman signatures found at the expected positions. Although AFM provides
information about the coverage and continuity of graphene, it was not a suitable
characterisation method for soft materials like PP fibres. The evolution of a custom-
built 2-probe setup has been mentioned which was used to perform electrical
characterisation of the samples at a fixed channel length of 1 cm to have the
measurements comparable. The sheet resistance of all types of graphene produced
by CVD was calculated and found to be in the order of 1 kQ/sq for SLG as previously
reported, 585 Q/sq for FLG which is comparable to the reported values on PP,
811.8 Q/sq for TLG when carbon paste which is lower than the sheet resistance of TLG
when silver ink (in the order of 1 kQ/sq) is used as a contact material, evidencing that
carbon paste provides a better electrical contact than silver ink. Resilience tests were
performed to study the washability and bendability of TLG and SEG-coated PP fibres.
It was found that CVD-graphene is more robust and washable than SEG because of
the graphene uniformity and continuity as opposed to the SEG which has overlapping
and loose graphene flakes as the top layers which gets displaced and detached from

the PP fibre during the resilience tests.
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Chapter 5

BODY WEARABLE TEMPERATURE SENSORS

5.1 INTRODUCTION

This chapter provides a detailed study of textile temperature sensors, using graphene
as the sensing layer. The motivation behind this work was to fabricate textile-based
temperature sensors which can be easily integrated in clothing to sense human body
temperature. The stable body temperature usually ranges between 35-37 °C. A low
core body temperature in humans, below 35 °C leads to hypothermia and a high core
temperature leads to hyperthermia'>®. Therefore, body temperature monitoring has
always been essential in the healthcare sector. Conventionally, the body temperature
can be measured by temperature detectors either by direct contact with the skin, such
as in the case of commercial digital thermometers and adhesive liquid crystal
thermometers?®?, or indirectly by using infrared temperature sensors. Some of the
recent developments in the measurement of body temperature include pacifier
thermometers for infants?®® and tympanic (ear-based) thermometers?®*. These
temperature sensors measure a range of temperatures with varying accuracy and
sensitivity. However, most of them, especially the direct contact sensors, which are
preferred for high-precision sensing, need to be positioned in an enclosed environment
such as prosthetic areas or inside the clothing while being in direct contact with the

skin, which could be uncomfortable and not ideal for children23>,

Although flexible temperature sensors provide great deal of flexibility due to their ability
to conform to uneven surfaces, establishing comfort for prolonged usage is provided
better by the textile platform for sensing temperature in a seamless manner without
causing any issues like a skin irritation. In addition to the other drawbacks, conventional
temperature sensors cannot always be used for continuous temperature monitoring.
Integration of textile-based temperature sensors in the clothing enables the patients to
monitor their body temperature continuously either on their own (data being sent
wirelessly to their mobile phones) or remotely by their health providers without the need
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to leave the comfort of their residence. Hence, there is a need to fabricate textile-based
temperature sensors which are lightweight, biocompatible, flexible, can be fully

integrated in the garment or linen and offers continuous temperature monitoring.

In this chapter, different types of graphene are presented for their use as temperature
sensors with polypropylene fibres as the substrate, and their sensing behaviours have
been compared. The results discussed herein have been published in ACS Applied
Materials and Interfaces??°.

5.2 FABRICATION AND MEASUREMENT METHOLODY

The general architecture for the textile temperature sensor consists of: (1) PP textile
fibre as the flexible substrate; (2) graphene as the temperature-sensing layer; and (3)
carbon paste or silver ink as the contact material (Figure 5.1). Different types of
graphene (SLG, TLG, FLG and SEG) were employed as the temperature sensing
layer. The fabrication and transfer of these different types of graphene on PP fibres is
described in sections 3.3 and 3.4, respectively. Multiple devices consisting of different
types of graphene were subjected to temperature-dependent electrical resistance
measurements by the two-probe method (section 3.6.2) using a hot plate at 1 V and
an incremental step of 1 °C from 30 to 70 °C. As mentioned in section 3.6.2, the probes
were placed at a set channel length of 1 cm to have the measurements at different

temperatures comparable.

Graphene
Carbon
paste

Heat

Figure 5.1. Schematic depiction of graphene-coated PP fibres with carbon paste (left) and

silver ink (right) as contact materials.
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5.3 RESULTS AND DISCUSSION

PP has a melting point from 161-167 °C23¢ and begins to appreciably soften at
90 °C?%. It was observed that exposing the graphene-coated PP fibres to temperatures
higher than 100 °C led to mechanical deformation in the fibres, especially when they
were subjected to temperature-dependent resistance measurements and complete
damage above 130 °C (Figure 5.2). Although temperature sensing at temperatures
higher than 70 °C was probed, due to the tendency of PP fibres to get damaged at
such temperatures, the temperature sensing measurements was limited from room to
70 °C.

Figure 5.2. PP fibre damaged when exposed to temperatures higher than 130 °C.

There was no trend in the change of resistance with temperature in the FLG-coated
PP sensors, as shown in Figure 5.3a and b, for silver and carbon contacts, suggesting
that this type of graphene is not suitable to be applied as temperature sensor. This
could be due to the large number of layers in FLG, which are distributed in patches.
As this type of graphene is grown on a Ni substrate, the multilayer patches grown on
top of each other as the dissolved carbon precipitates from nickel with as the
temperature of the growth decreases®/2%8, SEG-coated PP sensors exhibited some
sensitivity towards the change in temperature for both types of contacts, carbon, and
silver, as shown in Figures 5.3c and 5.3d. These measurements, however, are not
reproducible after a single temperature run (Figures 5.3e and 5.3f). Although, the
sensing seems better when carbon paste is used, it is still not enough for temperature
sensing applications. This suggests that, in this device architecture and material
combination, SEG is not a good candidate for temperature sensing either, due to the
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lack of repeatability. Previous work suggested that SEG samples prepared using the
IDT method have residual sodium cholate used as a surfactant to disperse the
graphene flakes as they are being exfoliated in water®®. The large and electrically
insulating surfactant molecules can act as spacers and prevent graphene flakes from
overlapping, which would hamper conduction. Furthermore, these flakes can have

poor adhesion and thus, detach from the PP substrate, particularly the ones near the

Chapter 5. Body wearable temperature sensors

surface, which could have led to poor and inaccurate temperature sensing.
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Figure 5.3. Sensitivity (change in resistance ratio) as a function of temperature for PP-coated
with: (&) FLG with carbon contacts; (b) FLG with silver contacts; (c) SEG with carbon
contacts; (d) SEG with silver contacts; second temperature cycle for PP coated with SEG

with (e) silver contacts, and (f) silver contacts. Reproduced with permission from ACS
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The observed trend for SLG, TLG and SEG-based temperature sensors was the
decrease in resistance with the increase in the temperature. This is the expected
behaviour for graphene where being a semi-metal’®, quenching of electrical resistance
takes place when the temperature exceeds room temperature®®®. This negative
thermal coefficient of resistance behaviour has been reported multi-wall CNTs?4° and
printed graphene electrodes on PET?*!. SLG-coated PP sensors initially indicated a
linear response to increasing temperature as shown in Figures 5.4a and 5.4b.
Although, these cycles were only from 30 to 45 °C to include the human body
temperature range, the devices showed no sensing ability after four cycles. This was
the case with both silver and carbon contacts suggesting SLG is somehow damaged
by the temperature cycles and does not offer any redundancy unlike the other types of
graphene. Comprising only one layer of graphene, this type of graphene coating is the
most fragile of those studied, which can justify the lack of robustness in the SLG-based

temperature sensors.

(a) 0.02 (b) 0.02
PP + SLG + carbon contacts PP + SLG + silver contacts
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Figure 5.4. Sensitivity as a function of temperature for PP-coated with SLG with carbon
contacts (a) and silver contacts (b), showing lack of reproducibility over multiple temperature

runs. Reproduced with permission from ACS Publications??°.

Figure 5.5 shows that, in the case of TLG sensors, a linear response is observed
between 30 to 45 °C. As mentioned in section 2.4, a high TCR is associated with high
sensitivity. The TCR for TLG sensors with carbon paste as contact material was

calculated as ca. - 0.001792 °C~! for the temperature range studied, which is slightly
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higher than the other reported TCR of graphene on flexible substrates?*?> which is
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about 1.11% increase in TCR.
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Figure 5.5. Sensitivity as a function of temperature for a TLG sensor with carbon contacts in
contact mode: (a) in the human body temperature range with different types of contacts; (b)
for multiple body temperature runs; (c) for temperature range of 30-70 °C; (d) for TLG
without additional contacts. (e) Temperature sensing at 0.5 V for a TLG sensor. (f) Absolute
resistance of a TLG sensor with error bars in the body temperature range. Reproduced with

permission from ACS Publications?2°
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To study the robustness of the TLG sensors with carbon paste, one device was
subjected to 10 temperature cycles (Figure 5.5b) and linearity was found to be
consistent with a low standard error and significant variation between the
measurement results (Figure 5.5f). It was also found that linear behaviour is observed
in TLG sensors when the measuring probes are directly used on the graphene layer
without using any contact material (Figure 5.5b). When silver ink was used as a contact
material, it was observed that unlike carbon paste, TLG sensors with silver contacts
often displayed different responses (Figure 5.6a), and the ones that seemed to be
sensitive to temperature in the first run were unable to withstand multiple runs (Figure
5.6b). This could be due lack of flexibility in the silver ink which can easily detach from
the graphene coating with any mechanical stress caused by experimentation process,
leading to poor electrical contact with the graphene. Therefore, silver ink is not a good
candidate for drawing metallic contact in textile fibres and therefore unsuitable for the

purpose of textile-based devices.
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Figure 5.6. Sensitivity as a function of temperature for PP coated with TLG and silver
contacts for: (a) two samples that shows irreproducibility; (b) for multiple runs in a sample,

showing that the device is not robust. Reproduced with permission from ACS Publications?2°.

It should be noted that the supply voltage for all the devices reported here was 1V,
which suggests low operating voltage applications as well as wearable technological

applications where exposing the user to higher voltages is a concern. The TLG sensor

87



Chapter 5. Body wearable temperature sensors

was also tested at 0.5 V with carbon contacts to demonstrate the potential for a low-
voltage sensing application. As shown in Figure 5.5e, although the temperature
sensing response is not as good as that at 1 V, still the operating voltages of these

sensors could further be brought down upon suitable optimisation.

To assess the performance of TLG sensors for a non-contact temperature
measurement, a heat gun was used instead of a hot plate over a short period. A
commercial temperature sensor was used as a reference sensor to obtain accurate
temperature measurements (Figure 5.7). As evidenced, the graphene sensor follows
similar trend i.e., increase in conductivity when the temperature in increased
constantly. The TLG sensor has a quicker response to the change in temperature than
the commercial sensor when the heat gun is turned on at point A. At point B, the heat
gun was turned off (ca. 360 s), the TLG sensor seems to recover quicker whereas the
commercial sensor displays a temperature which is higher than the ambient
temperature. This shows that the TLG temperature sensor has a faster response and

recovery time than the commercially available sensor.
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Figure 5.7. Ambient continuous temperature measurement over time. Sensing performance
of TLG-based sensor and a commercial sensor have been compared. Point A is when the
heat gun is turned on and point B is when it is turned off. Reproduced with permission from

ACS Publications?2? .
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The graphene-coated PP fibres were subjected to temperature-dependent Raman
studies to check how the increasing temperature affect the graphene as well as the PP
fibre. To study this, the bare PP fibre was subjected to temperature range (RT to 85 °C)
with a temperature increment of 5 °C while recording the Raman spectra. Five distinct
peaks (peak A at 841 cm™, peak B at 998 cm™?, peak C at 1151 cm?, peak D at
1328 cm, and peak E at 1460 cm™) were chosen in the Raman spectra of PP, as
shown in Figure 5.8a. It can be seen in Figure 5.8b that there is no significant change
in the Raman spectra in the temperature range of 25-85 °C. The graphene-coated PP

fibres were then subjected to the same study in the temperature range of 25-85 °C.
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Figure 5.8. (a) Raman spectrum of PP highlighting five distinct peaks. (b) Raman shift as a
function of temperature for the same peaks. Reproduced with permission from ACS

Publications?29 .

Following a temperature-dependent Raman study done by Calizo et al. for
graphene?*3, who observed a non-linear decrease in the graphene G-peak position
when the temperature is increased, the G-peak positions were extracted, and slopes
were calculated for each type of graphene by linear fitting (Figure 5.9a - d). It was
observed that all the types of graphene studied had a negative slope of -0.0683 cm"
/°C (SLG), -0.0127 cmY/ °C (TLG), -0.0183 cm'Y/°C (FLG) and -0.0997 cm/°C

(SEG), suggesting a G-peak decrease with the increase in temperature as expected.
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Figure 5.9. Raman shift of the G peak of TLG on PP as a function of temperature for (a)
SLG, (b) TLG, (c) FLG, and (d) SEG.

The TLG-sensors were subjected to washing and bending tests, as explained in
section 3.6.3, and then temperature. It was found that TLG-sensors performed well in
the temperature 30-45 °C, even after rigorous washing and bending cycles, as shown
in Figure 5.10.
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Figure 5.10. Sensitivity as a function of temperature for PP coated with TLG after washing

and bending tests.

The different graphene coated fibres were subjected to SEM investigation to study the
possible damages at the morphological level and to obtain information about the
surface topology before and after being exposed to the temperature. The temperature
range studied for this purpose was from room temperature to 70 °C. An uncoated PP
fibre with no graphene was also subjected to the same temperature treatment as a
reference. There are no visible differences in the topography of the PP fibres (coated
and uncoated with graphene) with the change in temperature. Figure 5.11a shows PP
extrusion lines from its production. The white spots visible could be the PMMA residues
from the transfer of TLG on PP. Even though the extrusion lines of the PP fibres are
visible since the CVD films (Figure 5.11b-c) are thin, it can be seen they are slightly
blurred in the case of FLG as compared to TLG. This could be due to the increased
number of layers and the graphene patches in FLG, making the extrusion lines of PP
less pronounced. The CVD coatings also have some PMMA residues which is the
inherent feature of the PMMA-assisted CVD transfer process. SEG films comprises of
overlapping graphene flakes which are considerably thick in some places (Figure
5.11d). However, in the case of SEG films (Figure 5.11e), the samples displayed

cracks in the coating prior to any mechanical or thermal stress since, unlike CVD films
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where the film is reasonably continuous, SEG films comprise of overlapping graphene
flakes which are considerably thick in some places. Figure 5.11d shows the SEM
image of SEG on PP fibres with inhomogeneous and thick graphene. The loose
graphene flakes on the top of the conformed graphene makes SEG thick enough to

entirely mask the PP fibres as such that the extrusion lines are not visible.

92



Chapter 5. Body wearable temperature sensors

Before After
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Figure 5.11. SEM images of: (a) PP fibre; PP fibres coated with: (b) TLG; (c) FLG; and (d)
SEG. Images on the left and right columns were taken before and after a temperature cycle
(room temperature to 70 °C), respectively. Reproduced with permission from ACS

Publications?2° .
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5.4 SUMMARY

This chapter provides a detailed report demonstrating the application of graphene as
an excellent candidate for sensing temperature in e-textiles. Various types of graphene
were studied as temperature sensors. It was found that the TLG with carbon paste
generated consistent temperature sensing in the temperature range of 30-45 °C unlike
the other types of graphene studied. The TLG-sensors studied in this chapter required
input voltages as low as 0.5 V, making these sensors suitable for low power e-textile
technology. The TCR of the TLG-based temperature sensor was found to be slightly
higher than the reported TCR for flexible substrates. It can also be concluded that
graphene grown by CVD process is more suitable to temperature sensing applications
than SEG despite the scalability of graphene inks. Nevertheless, the roll-to-roll
processability for CVD graphene does not preclude large-scale fabrication. The effect
of temperature on Raman peak characteristics of the TLG sensor was also studied
which suggested that there is no significant change in the peak characteristics of the
PP substrate while an expected decrease was observed in the G-peak of graphene in
the examined temperature range. Statistical analysis of the change in the G-peak
position due to temperature shows that in the case of all the graphene studied, at least
70% of the variation in the G-peak position is caused by the change in temperature.
This is in line with the imaging done on the surface of the devices before and after a
temperature cycle, with no visible changes. The TLG temperature sensors were
demonstrated to having potential healthcare application for the continuous temperature
measurement of the human body temperature in addition to their potential to be easily
integrated in clothing, linen, or upholstery.
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Chapter 6

TEXTILE FIBRE-BASED HUMIDITY SENSORS

6.1 INTRODUCTION

Humidity control is essential for maintaining a healthy indoor air quality, prevent
condensation on cold surfaces which could lead to corrosion, control mould growth,
prevent slip hazards, protect the integrity of materials in storage and especially in
healthcare for respiration monitoring?*4. As mentioned in section 2.5, relative humidity
(RH) is the common measure of the humidity levels. Most of the commercially available
humidity sensors are rigid, cannot conform to the curved surfaces and often require
multiple layers to fabricate them which increases the complexity and commercial cost
of the sensors. Textile-based humidity sensors can overcome most of the drawbacks

of the conventional humidity sensors.

The motivation behind this chapter was to fabricate textile-based humidity sensors
which can easily be incorporated in clothing, household items such as curtains,
wallpapers, bathroom rugs, in areas where moisture monitoring is essential. These
sensors are washable, flexible, resistant to microbes and can withstand a humid
atmosphere. This chapter provides a detailed description of the study of textile-based
humidity sensors, using graphene as the humidity sensing layer. Two types of
graphene have been presented for their use as humidity sensing layers in textile-based
humidity sensors with polypropylene as textile substrates and their humidity sensing
behaviours have been compared. PP fibres are a poor bacterial host, and it is damp,
and mildew resistant due to the fast moisture transport through them which makes the

PP fibres ideal for applications where the environment is damp and humid?°-8,

Itis important to mention that this work followed the demonstration of flexible graphene-
based humidity sensors by Torres Alonso et al. in our group®. In this work, GO, the
humidity sensing layer, was coated on to an interdigitated patterned created on a
solution-processed graphene, which acts as the electrode, using a PET sheet as the

substrate.
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6.2 FABRICATION AND MEASUREMENT METHODOLOGY

Following the work by Torres Alonso et al., the initial device architectures included GO
as the active layer and SEG as the sensing electrode®. To see if the complex patterning
process could be avoided, the first device architecture tested consisted in PP fibres,
first coated with SEG, and then coated with GO, with carbon paste as the contact
material (Fig. 6.1a). Since GO itself is an insulating material, a conducting material,
like graphene, is required to assist with the conduction process®. Carbon paste has
been shown to be a better contact material for PP fibres than silver ink, as detailed in
Chapter 5 (section 5.3). Therefore, it was used to draw the contacts on these devices
to facilitate the measurements. The response of graphene-sensors to humidity was
compared with a commercial humidity sensor (section 3.6.2). It should be noted that
the commercial sensor was placed next to the graphene sensor to obtain comparable
data. The conductance of the samples was measured at an imposed voltage of 1 V as

a function of time.

(@) (b)

Figure 6.1. (a) Initial textile humidity sensing device architecture, with GO coating SEG (both
continuous) on PP fibres, and CP, exposed to ambient humidity, (b) Second device
architecture, with a patterned SEG electrode covered in a GO coating on PP fibres, also with

carbon contacts.

The GO-SEG devices showed a very poor response to blowing humidity tests (in green
in Figure 6.2a), compared to the response of a commercial humidity sensor exposed

to the same blowing (in purple). The lack of trend in the conductance can be explained
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by poor adhesion and subsequent easy peeling-off of the GO, as can be seen in the
SEM image on Figure 6.2b, showing the exposed SEG underneath where the GO film
peeled off.
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Figure 6.2. (a) Conductance of SEG and RH as a function of time. (b) SEM image of a
GO/SEG/PP with carbon paste (CP).

An interdigitated graphene electrode structure was also considered to improve the
sensitivity as suggested by Torres Alonso et al.#, as shown in Fig. 6.1b. In that work,
the PET substrate was patterned using the optical lithography and SEG was
transferred first using a transfer method, which depends on the type of graphene being
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transferred, and then GO was transferred over the pattern again using a second set of
lithographic steps. Following this work, the PP fibres were patterned using the steps
using laser writing system. Once the PP fibres were patterned as shown in Figure 6.3,
the graphene was to be transferred on to the patterned fibre.

Figure 6.3. Interdigitated structure on PP fibre using optical lithography.

As discussed in section 5.3, although the coating of PP fibres with SEG is continuous,
some loose flakes are often observed. The SEG-based humidity sensors in the work
of Torres Alonso et al. consist in multiple SEG films stacked via multiple transfers of
graphene-coated PTFE membranes, since graphene transferred from a single
membrane would not produce patterns with enough conductivity to allow sensing*. This
would have added to the problem of loose flakes, resulting in poor adhesion of
subsequent layers. Furthermore, the SEG-coated PP fibres are not washable and
durable, as shown in section 4.2.9. With these potential issues with SEG, TLG was
considered for the textile-humidity sensors, as it can also be lithographically patterned
while on PP3. However, it was observed that the transfer of TLG to pre-patterned PP
was quite challenging since the graphene failed to conform well to the pattern on the
fibres and was damaged during the process. Therefore, the transferring the graphene
at a later stage was not suitable to produce interdigitated graphene structures.

Another approach was considered where the TLG would be transferred first on the PP
fibre, followed by optical lithography to create an inverted interdigitated pattern (the
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pattern features that were required were preserved and undesired sections were
exposed) and then removal of graphene using reactive ion etching process. However,
despite promising initial patterning attempts, the patterning process was discontinued
because the transfer process to PP fibres to produce graphene electrodes would have
taken several steps further increasing the cost of fabrication.As compared to GO,
graphene has a higher electrical conductivity and lower cost of production which is the
reason graphene, particularly in the form of rGO has been considered as an alternative
humidity sensing layer to GO?*°, Several previously demonstrated rGO-based humidity
sensors have been mentioned in section 2.5. Here, we investigate the humidity sensing
potential of graphene produced by CVD (TLG) and SEG methods. The final device

architecture for the graphene-based textile humidity sensor is shown in Figure 6.4.

Figure 6.4. Final textile-based humidity device architecture, with graphene-coated PP and

carbon contacts, exposed to ambient humidity.
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6.3 RESULTS AND DISCUSSION

The TLG and SEG sensors respond differently to human blowing. For TLG-based

sensors, an increase in conductance was observed (Figure 6.5a), whereas for the

TLG-based sensor, (Figure 6.5b) it decreased with the increase in RH.
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Figure 6.5. Response to human blowing. Conductance vs. time at 1 V for: (a) a TLG-based

sensor; (b) a SEG-based sensor.

There could be several mechanisms responsible for the behaviour of TLG-sensors.

The adsorption of water molecules on the surface of the exposed surface is usually the

mechanism by which the conductance increases in resistive or capacitive humidity
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sensors. Among the carbon materials for humidity sensors, GO has been one of the
most investigated materials and often used as a humidity sensing layer for its
hydrophilicity. However, this has been observed in bilayer CVD graphene on glass,
with ionic transfer being proposed as the main conduction method?*6. The presence of
defects in the graphene layer has also been attributed to its humidity sensing tendency.
Physical and chemical defects in the graphene film are known to have an impact on
the electrical properties of graphene. The PMMA residues from the TLG transfer onto
the fibre could act as chemical defects and enhance the water adsorption?*” as well as
the grain boundaries and edge defects'®3. The issue of power consumption in textile-
sensors have been raised frequently, which is very important for the successful future
of textile electronics. To address this, the sensors were imposed at a further low
voltage of 0.5 V. Both TLG and SEG-sensors show a good response to humidity
blowing tests at 0.5 V, evidencing the low operating voltage requirement (Figure 6.6a
and b).
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Figure 6.6. Response to human blowing. Conductance vs. time at 0.5 V for: (a) a TLG-based

sensor; (b) a SEG-based sensor.
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The devices were also subjected to continuous measurements from 25-100% RH to
confirm the sensing behaviour of the sensors. It can be seen in Figure 6.7a and b that
the conductance increases and decreases with increase in RH in the case of TLG and
SEG, respectively, as suggested by the human blowing tests.
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Figure 6.7. Response to continuous humidity measurements. Conductance vs. time at 1 V

for: (a) a TLG sensor; (d) a SEG sensor.

The sensors were subjected to humidity sensing tests after washing and bending tests
(section 3.5.3) to check their durability. The TLG-sensor showed better performance

after repeated washing and bending (Figure 6.8a). However, the SEG sensor failed to
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sense humidity after the washing and bending tests, which agrees with the resilience
study on SEG-coated PP fibres, indicating that the percolating network of overlapping
graphene flakes are easily disrupted by the mechanical stress as opposed to the
continuous TLG. It was found that in addition to being resilient, the TLG-sensors also
have an excellent response time of ca. 1 s and quick recovery in the broad humidity
range of 50-100 %. This can be seen in all the human blowing data plots presented in
this chapter for TLG where commercial sensor with the same response time of ca. 1 s
as the TLG sensor, senses humidity but recovers slower than TLG. There is no time
difference in the responses of the graphene and the commercial sensors when
subjected to humidity. However, the graphene sensors have a sharper recovery than

the commercial sensors, with a time difference of ca. 50-100s.
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Figure 6.8. Durability of TLG-sensor with resilience tests and multiple runs. Conductance vs.
time at 1 V: (a) after washing and bending tests; (b) human blowing - run 1; (c) human

blowing - run 2; and (d) human blowing-measurement after 3 months.
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It was observed that when the SEG-sensors were subjected to 1 V, the response time
of the sensor was found to be ca. 1-2s. The devices were faster response to relative
humidity than the commercial sensor in some devices and slower in some. This could
be due to the non-uniform percolating network of graphene flakes because of the SEG
transfer process, which makes it difficult to SEG-sensors with similar response times.
It was observed that at a low voltage of 0.5 V, the response to RH was slower than the

commercial sensor.

Although the SEG-sensors lack the durability, they are more cost- and area-effective
and could still find applications as disposable short-term humidity sensors. Figure 5.8b
and c shows two subsequent runs of a TLG-sensor’s response to human blowing. It
can be seen in Figure 6.8d that even after three months, the same TLG-sensor still
shows good humidity sensing which suggests long term stability and reliability,

suggesting these sensors could be used multiple times.

6.4 SUMMARY

Two types of textile-based humidity sensors have been studied in this chapter with
TLG and SEG as humidity sensing layers and PP as the flexible textile substrate. It
was found that the humidity sensing behaviours of TLG and SEG was opposite to each
other with the increase (TLG) and decrease (SEG) in conductance with increasing RH
(human blowing). This was confirmed with continuous measurement, using a
commercial humidifier in a closed environment. Although the TLG-sensors showed
better durability suggesting multiple uses than the SEG-sensors when they were
subjected to resilience (washing and bending) and repeatability tests, the SEG-sensors
can still find applications as disposable humidity sensors. The response and recovery
of these sensors were compared with that of a commercial humidity sensor. It was
found that the TLG-sensor has a similar response time (ca. 1s) as the commercial
sensor and recovers quicker than the commercial sensor. The SEG-sensor, on the
other hand, had a slightly varied response time difference to the commercial sensor,
but recovered quicker than the commercial sensor. The recovery time difference
between the commercial and graphene sensors was in the range of ca. 50-100s. The

devices were imposed with two voltages, 1 V and 0.5 V, and the results with TLG and
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SEG show low operating voltage requirement that we can achieve good humidity
sensing with a simpler device architecture that does not require any lithographic steps
or strict clean room environments, potentially reducing the costs in view of
commercialisation. The textile-humidity sensors can be integrated in clothing and
employed in environments such as the bathroom (curtains, rugs), storage houses

(wallpapers), where humidity monitoring and control is essential.

106



Chapter 7. Conclusion and Outlook

Chapter 7

CONCLUSIONS AND OUTLOOK

In this thesis, the potential of graphene in textile-based temperature and humidity
sensors has been investigated. The work began with a purposely developed type of
graphene, produced by CVD on Cu foil, with an average of three layers i.e., TLG, at
atmospheric pressure, making it more conductive than a single layer of graphene. The
number of layers in TLG were confirmed with transmittance studies and Raman
spectroscopic analysis and were found to agree with the previously reported results.
Monofilament and taped-shaped PP textile fiores were used as the textile-based
substrate because of the non-toxic, cost-effective, bacterial, and mould-resistant
properties of the PP fibres. The other types of graphene studied were SLG (CVD-
grown), FLG, commercially sourced, and grown on Ni sputtered Si/SiO2, and SEG,

produced from the shear exfoliation of graphite.

The graphene-coated PP fibres were subjected to several characterisation techniques
to assess their properties. It was found, through a series of washing and bending tests,
that the TLG graphene performed better than SEG since TLG is more continuous
domains making them robust. On the other hand, SEG has overlapping flakes which
are easily displaced or detached from the surface of the PP substrate during the
rigorous washing and bending cycles. SEM images and AFM maps (tapping mode
topographic, phase, and amplitude), were used to study the surface topology of the
graphene-coated PP fibres, suggesting continuous and uniform surface coverage with
no visible tears or cracks in the graphene coating for CVD-grown. Furthermore, the
height profile suggests that CVD graphene can adopt the conformation of the PP fibres
underneath. In contrast to the CVD-graphene, the SEM images and AFM maps of
SEG showed the overlapping graphene flakes which completely covered the PP
surface and made it difficult to see the PP fibre underneath. However, they also

revealed thick and loose stacks of flakes that can easily detach from the film.
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To ensure the electrical measurements were repeatable and the values were
comparable to each other, a 2-probe setup was designed with fixed channel length of
1 cm. The sheet resistance of each type of graphene was calculated and was found
to be in the order of 1 kQ/sq for CVD-grown graphene which agrees with the previously
reported sheet resistance values. The sheet resistance of SEG was found to be in the
order of 3 kQ/sq which could be higher due to the presence of overlapping flakes and
sodium cholate residues, used during the SEG production. Two contact materials,
carbon paste and silver ink, were used to prevent the damage to the fibres by the
repeated exposure to the measuring probes. Carbon paste was found to offer more
flexibility, have a better adhesion to the fibres and better electrical contact than silver
ink.

All the types of graphene studied were used to fabricate graphene-based textile
temperature sensors and their sensing behaviours were compared in the temperature
range of 30-45 °C. The device architecture consisted of graphene-coated PP fibres
with carbon paste contacts 1 cm apart. For these sensors, the change of graphene
resistance in response to the change in temperature was considered as the sensing
parameter. TLG-coated sensors were found to provide consistent temperature
sensing results, with extremely low error, even after 10 subsequent runs, suggesting
durability and reliability. The TLG-temperature sensors were compared with a
commercially available temperature sensor and were found to have a quicker
response and recovery time. The TCR of the TLG-based temperature sensor was
found to be slightly higher (1.11 %) than the reported TCR for flexible substrates.
These textile-based temperature sensors can easily be integrated into clothing, linen,
or upholstery for continuously measuring the temperature without any human

interference.

The humidity sensors fabricated have a much simpler device architecture as
compared to the previously reported textile-based humidity sensors, also consisting of
graphene-coated PP fibres with carbon paste contacts. The humidity sensing
behaviour of TLG and SEG-sensors were compared with a commercially available
humidity sensor with a series of human blowing and continuous ambient humidity
tests. It was found that the behaviours of TLG and SEG were opposite to each other,

i.e., the TLG-sensor and SEG-sensor exhibited an increase and decrease in
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conductivity, respectively, with an increase in relative humidity. It was found that both
humidity and temperature sensors can operate at operating voltage as low as 0.5 V
leading to low-power wearable applications. The studied sensors have a simple
architecture which would add to the cost-effectiveness of the sensors in terms of
commercialisation. They do not require the use of any toxic chemicals, often used to
produce or any other material incorporated in e-textiles, in addition to getting

completely integrated in clothing with no rigid, heavy or fragile components.

These textile-based sensors, in the future, can be connected to a wireless system
which would help minimising the patient visits to the hospital, allow doctors to practice
while sitting at home, and increasing the patient autonomy. This would also increase
the data collected at regular intervals without any human interference and with a
greater degree of accuracy. The textile-based humidity sensors can also be easily
employed in humid environments such as bathroom rugs where humidity monitoring
is essential or quality and health safety purposes as well as in close contact to humans
for respiration monitoring, for example. They can be used not only in healthcare for
continuous humidity and temperature monitoring as well as in greenhouses or storage
places where high or low relative humidity can lead to spoilage or damage of the
occupant products. The sensors mentioned in this thesis are compatible with roll-to-

roll processing which can be used to mass-produce these sensors.

An option to investigate would be to combine the sensors with triboelectric
nanogenerators, producing a self-powering sensing device which can harvest power
from the act of walking or the bending motion of the arms. Another option would be to
pattern the PP fibres with different types of deformable structures with either optical
lithography or nano-beam lithography such as interdigitated, serpentine, fractal,
island-bridge and compare their temperature and humidity sensing behaviours. For
integrating textile-temperature sensors in the clothing, appropriate choice of
encapsulation material would prevent their abrasion. These sensors can be combined
with the light-emitting technology and can have light-emitting temperature sensor
every time the temperature falls outside a certain range. In terms of foundation studies,
investigation of the stacking order and defect densities would provide more information
about the produced TLG. Attempts could be made to further optimise the growth

process to ensure uniform distribution of three or more layers of graphene on Cu foil.
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A different approach to remove the sodium cholate residues from SEG would ensure

improvement in the conductivity and sensing abilities in SEG-sensors.
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