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Overview

Textile based multifunctional nanocomposites are getting more popular because of their enhanced
technical features together with wearability aspects. Conventional fabrics after surface
modifications using nanotechnologies and functional polymers have several applications, such as,
water-repelling fabrics, smart fabrics, antibacterial, UV protective and electromagnetic shielding
fabrics, sportswear, military uniforms, sensors and medical dressings. For this, synthetic fabrics like
polyester, nylon, aramid, are preferred due to their high mechanical strength and resistance to
applied chemical finishes, however, these synthetic fabrics don’t degrade in nature and cause
environmental pollution. On the other hand, natural cotton fabrics with non-toxic, eco-friendly

functional finishes can easily degrade and eliminate these environmental problems.

This thesis aims to develop cotton fabric based multifunctional nanocomposites using simple
fabrication techniques. Surface modification of cotton fabrics with environmental friendly, non-
toxic polymeric coatings have been demonstrated for superhydrophobic, conductive, self-cleaning
and antibacterial textiles. After a general introduction about conventional and functional textiles,
some state of the art developments, their realistic features and drawbacks have been discussed in the
first chapter. Subsequently, this thesis have been divided into 4 independent parts with detailed

results and discussions for imparted functionalities as follow,

e The first part is dedicated to fabricate superhydrophobic cotton fabrics using a sustainable,
environmental friendly treatment approach. A multilayer superhydrophobic treatment have
been developed with minimal amount of C6 fluorinated chemicals.

e In the second part, highly conductive cotton fabrics have been developed for strain-sensing
and supercapacitor applications. A synergic effects of PEDOT:PSS conductive polymer and
graphene on electrical conductivity of cotton fabrics have been studied.

e The third part demonstrates a simple and scalable process to produce antibacterial and self-
cleaning cotton fabrics using photocatalytic Mn-doped TiO, nanoparticles. Photocatalytic
degradation of a colouring dye and antibacterial properties have been characterized under
both ultraviolent and visible irradiations.

e Last part describes a simple and efficient recycling process for textile fabric wastes. An
energy efficient route of cellulose dissolution into trifluoroacetic acid (TFA) solvent and
then solution casting, have been demonstrated to regenerate amorphous cellulose films.
Furthermore, graphene nanofillers are mixed with cellulose solutions for thermal and

electrical properties.
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Chapter: 1

Functional textiles; background, state of the art and prospectives

1.1 Background

Functional textiles are the textiles used for their extended features, for instance, antibacterial, flame
retardancy, UV protection, anti-static, water repelling and electro-conductivity, instead of their
aesthetic and decorative purposes™?. On the other hand, conventional textiles are preferred for their
wearability, softness and comfort. Our ancestors learned to use them as long as more than 30,000
years ago. For clothing, short stapled fibres or continuous filaments are spun into yarns/threads, and

then these yarns are intermeshed/interlaced together to form a 3D structure named as fabric.

In the beginning, textile was a product of home industry and people produced textile to meet their
own needs. Once production exceeded their own needs, the textiles were traded for other goods.
Thanks to industrial revolution around 1760, textile could be produced more cheaply and in much
larger quantities using the steam engine driven mechanical looms (a machine to produce fabric)®.
This was necessary because the population was growing exponentially. Therefore, the weaving
process turned into a processing industry. At that time most of the textile fabrics consist of natural
materials, such as, cotton, linen, wool and silk. However, due to limited availability of natural
resources, synthetic materials were adopted. In 1930, first synthetic fibre nylon was made and later,
for example, polyester followed in the 20th century®. These days synthetic fibres are still being
invented from petroleum resources. Fig. 1.1 shows classifications of different natural and synthetic

fibres, their origins and possible processing techniques”.
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Fig. 1.1. Classifications of textile fibers and their processing techniques

In 2016, the global consumption of textile fibre for fabric production was reported at 99 million
tons with 1.5% annual growth. Synthetic fibres were leading with 62.7% market share followed by
cotton fibres at 24.3% (Source; Lenzing AG)®. Despite their unmatched comfort, resilience,
biocompatibility and nonabrasiveness’, annual consumption of natural cotton is far behind their
counter parts (synthetic fibers). Some of the main reasons behind this are their hygroscopic nature,
low chemical and microbial resistance. Therefore, majority of the conventional textile products are
made from natural (like cotton) materials but their technical applications are rare. Despite these
delicate characteristics, these natural fibres can easily be modified for technical applications using

different surface finishes and treatments.

Nowadays, there is a new revolution on the textile industry with apparition of new technologies that
could add special functions and properties to the fabrics. For example, there has been significant
improvement in functionalities on textile, like, antibacterial/anti-odour fabrics, antistatic fabrics,
self-cleaning fabrics, hydrophobic fabrics, conductive fabrics, wearable sensors, UV protective
fabrics and fabrics reinforced composites, as shown in Fig. 1.2%°. In this sense, functional polymers
and nanoparticles play a key and significant role in this technological evolution since they show
outstanding surface properties that allow to multiply their effect in comparison with bulky

traditional additives and materials.
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Fig. 1.2. Types of functional textiles functionalized with nanotechnologies (Source: google images).
1.2 State of the art technologies

The use of textile fabrics for technical applications was started with the invention of synthetic fibres
in 19" century. Initially, textiles fabrics were made for high strength applications, namely, aramids,
glass and carbon fibers. Later, with the advancements in nanotechnology and polymer chemistry,
several other functionalities were also imparted to natural and synthetic textiles. Although, some
other techniques of functionalizing textile fabrics are also present, for instance, additive
manufacturing at fibre spinning stage and plasma treatments, post surface modifications by
functional polymers are more advantageous'®. They can be adopted using several simple and
scalable fabrication techniques, such as, dip coating, in-situ polymerization, chemical vapour
deposition (CVD), layer-by-layer (LBL) deposition, spray coating and flat-bed rod coating. In the
following sections, some interesting functional features imparted to textile fabrics will be described

with literature review.
1.2.1 Hydrophobic and water repelling textiles

Naturally occurring plants, such as, lotus leaf demonstrate excellent water repelling and self-
cleaning properties. Rain droplets don’t spread on these surfaces and form spherical shapes. A slight
inclination of the surface makes droplet roll-off and take up any dirt particle on its way to down.
Microscopic study of the lotus leaf exhibited presence of several papillae on the surface having

hierarchical structures and specific waxes™*?

, as shown in Fig. 1.3. Low surface free energy waxes
backed by micro/nano-structured papillae (2-5 um) were responsible for this superhydrophic nature
of the lotus leaf with water contact angle (WCA) and water roll-off angle (WRA) around 160° and

2°, respectively.
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Fig. 1.3. (a) large-area SEM images of lotus leaf, (b) enlarged image of single papilla, (c) lower surface of

the lotus leaf and (d) the fitted curve based on calculated data of water contact angle and geometrical size of

papilla™.

In the recent decades, an increasing number of efforts have been made to mimic aforementioned
lotus leaf effect for many applications, such as, sports, fashion, military uniforms, weather
protections, packaging. For this, surface modification technique using low surface free energy

polymer coatings with incorporated nanostructures, such as, silica nanoparticles, silver

10,13 In

nanoparticles and ZnO nanorods etc are of great interest for academia and industry
particular, textiles fabrics functionalized with fluorinated polymers demonstrate enhanced droplet
mobility on their surfaces. Fluorinated polymers, specifically with long fluorinated chains (C > 8
known as C8 chemistry), have surface free energy as low as 18 mN/m**. Therefore, the fabric
surfaces when treated with these fluorinated polymers exhibit similar surface chemistry and
hydrophobic nature. Chemical structures of some commercially available polymers with C8

chemistry are shown in Fig. 1.4.
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Fig. 1.4. Some common perfluorinated polymer based hydrophobic finishes for textiles fabrics with C8

chemistry15‘20.

Textile fabrics treated with fluorinated polymers having C8 chemistry and blended with
nanoparticles (NPs) demonstrate WCAs surpassing 150° and WRAs below 10°**%. These fabrics
are generally characterized as superhydrophobic fabrics. For instance, Gore-Tex is a famous
commercial fabric that provides excellent water repelling and water resistance properties together
with breathability?’. Gore-Tex fabrics are prepared using poly(tetrafluoroethylene) (PTFE) coatings
on polyester fabrics. An additional PTFE membrane is provided to resist the water infiltration up to
30 pounds per square inch pressure (psi). For reference, an average weighted person can exert 16
psi on his knee while kneeling down. Therefore, Gore-Tex fabrics not only repel the water droplets
but also resist their transportation across the fabric. These are very important aspects of the
hydrophobic textiles and hardly reported in the literatures. In Gore-Tex fabrics, these highly
hydrophobic characteristics are attributed to the presence of a PTFE membrane present in fabric
structures. Despite their good water repelling properties, C8 fluorinated polymers are regarded as a
source of toxic chemicals in the environment. As such, when C8 fluorinated polymers degrade, they
produce perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS). PFOA and PFOS
have very low bio-elimination rate, are persistent in nature and likely to be carcinogenic?®%.
Therefore, environmental protection agency (EPA) banned their excessive usage and invited major
manufacturers (DuPont, 3M, etc.) to replace them with environmental friendly polymers®.
Consequently, new C6 fluorinated polymers with < 6 fluorinated carbon atoms were developed.
This new generation of fluorinated polymers are environment friendly as they degrade into
perfluorohexanoic acid (PFHxA) with high bio-elimination rate and non-toxicity®*. Since then,
these C6 chemicals have gained a considerable attention of commercial manufacturers and
researchers. For instance, Sebdani et al. and Liu et al. have developed superhydrophobic fabrics
using commercially available C6 fluorinated polymers for isotropic and anisotropic water
repellencey, respectively®>®. In the first study, the authors developed a novel surface roughening
technique using alkaline hydrolysis of PET fabrics. WRA and self-cleaning properties of C6
functionalized fabrics with chemically induced roughness were compared against SiO, NPs
imparted superhydrophobic fabrics. Whereas, Liu et al. designed unidirectional hydrophobic cotton
fabrics for moisture management, desalination of seawater and oil/water separation applications.
Pereira et al. and Zhou et al. prepared superhydrophobic cotton fabrics using 1H,1H,2H,2H-
perfluorooctyltriethoxysilne (PTES) with 6 fluorinated carbon atoms®3*. PTES exhibited
superamphiphobic (CAs > 150° for both oil and water) behaviour when mixed with SiO, and
tetraethylorthosilicate (TEOS), however, when combined with polyaniline demonstrated a water/oil
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separation properties. In another study, Deng et al. developed a poly(1H,1H,2H,2H-
nonafluorohexyl-1-acrylate) grafted superhydrophobic cotton fabric with CA exceeding 150°
threshold®, where poly(1H,1H,2H,2H-nonafluorohexyl-1-acrylate) carries only 2 fluorinated
carbon atoms. Simply, textiles fabrics treated with C6 chemicals are getting more attention of the
researchers because of their hydrophobicity and eco-friendly nature. Besides their nontoxicity,
fluorinated polymers with decreasing number of fluorine atoms display reduced amphiphobic
properties®. For reference, surface free energies of fluorinated polymers with increasing fluorine

atoms along their backbone are given in table 1.1.

Table 1.1. Surface free energy of different fluorinated polymers%.

Structural Critical surface free
Polymer
formula energy (dynes/cm)

Polyethylene —¢—— 31

Poly(vinyl fluoride) —C=¢— 28

Poly(vinylidene fluoride) —¢—¢— 25

Polytrifluoroethylene —¢—§— 22

Polytetrafluoroethylene (PTFE) —¢—C— 18

Parallel to C6 fluorinated polymers, silicone based surface finishes also have been developed and
used in hydrophobic textile fabrics in the recent past. Textile fabrics treated with silicone resins
having long alkyl chains demonstrate very high WCAs on their surface. Namely,
hexadecyltrimethoxysilane (HDMTS)®" 3, octyltriethoxysilane (OTES)*4
trichloro(octadecyl)silane (OTS)*, methacryl-heptaisobutyl polyhedral oligomeric silsesquioxane
(MAPOSS)* and polymethylsilsesquioxane (PMSQ)**® are more commonly blended with NPs to
impart superhydrophobic properties to textile fabrics. Silicone based resins are mostly applied for
oil/water separation as they don’t exhibit any oliophobicity. For instance, Li et al. have reported a
robust superhydrophobic cotton/spandex fabric (99% cotton) filled with polyurethane (PU) sponge
for ultrafast collection of oil from water. Cotton fabrics were treated with octadecyltrimethoxysilane
(OTMS) and silica NPs to impart water repellent properties*’. Similarly, Xue et al. prepared PET
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fabrics using —Si(CHj3); functionalized silica NPs by sol-gel process using 1,1,1,3,3,3-hexamethyl
disilazane as precursor®®. The prepared PET fabrics demonstrated very stable superhydrophobicity
(WCA 150°) against 1000 abrasion cycles and oil separation from oil/water mixtures. In another
study, Xue et al. utilized polydimethylsiloxane (PDMS) coatings over hierarchical silica NPs layers.
The prepared fabrics using PDMS/silica NPs demonstrated similar oil/water separation properties®.
Only PDMS also have been utilized in water repellent fabrics without NPs***°. Although, PDMS is
inexpensive, transparent, non-toxic and biocompatible, the PDMS coated surfaces are likely to be
deformed under prolonged contacts with water droplets and droplets spread on their surfaces with
time, as recently described by Mishra et al.>*. Conclusively, both C6 fluorinated and short alkyl
chain silicone resins still have some functional limitations that require a proper investigation and
effective fabrication techniques to prepare stable water repellent and water resistant fabrics like
Gore-Tex. In this thesis (chapter 2), this issue have been addressed and a sequential bilayer

treatment have been designed using C6 fluorinated chemistry and PDMS resin in combination.
1.2.2 Electrically conductive textiles

Conductive fabrics are successfully used for various applications in smart textiles, such as thermo-
regulated wearables>, static charge dissipation®, electromagnetic interference (EMI) shielding®,
wireless signal transmission and power storage®™°. Particularly, signal and power transmitting
fabrics in which integrated electronic components (resistors, sensors, capacitors, etc.) are
interconnected, are regarded as the core features in smart textiles for medical, sports, fitness and
military gear®”™°. As these conductive textile interconnections are worn over the curvilinear human
body, a number of attributes, such as light weight, flexibility, porosity (breathability), wear abrasion
and mechanical strength are of extreme importance®’. Fig. 1.5 summarizes some common

conducive materials that are utilized for conductive textiles®.
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Materials for conductive fabrics
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conductive textiles.

In the past, conductive textiles fabrics have been extensively implemented by incorporating metallic
mirco/nano wires/particles into fabric structures during the manufacturing processes™. For this,

there are three common techniques available for different processing stages (Fig. 1.6).

e At fibre manufacturing stage; metallic nanoparticles are mixed with polymer melts during
melt spinning process and then extruded through spinneret, however, this technique is only
applicable for synthetic fibres.

e At yarn manufacturing stage; conventional fibres (cotton, wool, silk, polyester, nylon) are
spun together with metallic micro/nano-wires or foils during yarn manufacturing process
and subsequently woven into fabrics by weaving process.

e At fabric manufacturing stage; in this approach, pure metallic yarns (stainless steel, silver,
copper) are woven into fabric structures during weaving process according to the required

design.

Conductive fabrics prepared by these abovementioned techniques demonstrate high conductivity,
functional stability and durability, however, significant wear and tear of processing parts is
disadvantageous. Moreover, the prepared conductive fabrics by mantellic wires were found to

display significant stiffness levels and bulkiness®*®.
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Fig. 1.6. Incorporation of metallic nanoparticles/wires during (a) fibre, (b) yarn and (c) fabrics manufacturing
process for smart textiles (source: google images).

Alternatively, industrial scale metallization of textiles by vapour or electroless deposition (dipping
in electrolytic salt solutions) has been vigorously investigated®*®®. Electroless deposition is still
popular , however, issues related to coating homogeneity, folding/bending or abrasion induced
coating loss, oxidation and corrosion are still challenging®®. Recently, carbon based materials, such
as carbon nanotubes, nanofibers, graphene and colloidal graphite for conductive interconnections
have also been implemented as suitable materials®®****®® The main drawback associated with
nanoscale carbon materials for conductive fabrics is their poor adhesion to fibre surfaces and hence
the use of additional binders is required®®®’. This causes a significant loss of fabric properties
(breathability, flexibility), increase in final weight (> 50%)%® and makes the finished products
expensive as the binders are mostly electrically insulating polymers. Considering these design and
cost impediments, there is still room to develop highly flexible, conformal and lightweight fabrics

using facile alternative processes.

Since the first discovery of conductive polyacetylene in 1977 by noble laureates Hideki Shirakawa
and his co-workers®, the intrinsically conducting polymers (ICPs) have been developed and
extensively investigated for electronic applications. Because of their excellent features, like, light
weight, flexibility, conformal and film forming abilities, ICPs deserve special attention in

conductive textiles as well”

. A number of conjugated polymers and their derivatives have been
71,72, polypyrrole52’62'73'74

polythiophenes®. Their chemical structures are shown in Fig. 1.7. In particular, poly(3,4-

successfully utilized to produce conductive textiles such as polyaniline and

ethyeledioxythiopene) (PEDOT) doped with poly(styrenesulfonate) (PSS) is quite attractive as it

can be processed in aqueous solutions/inks, as well as in environmentally friendly solvents®. It also
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features highly conjugated back-bone, environmental stability, biocompatibility and conformal
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Fig. 1.7. Chemical structures of different ICPs.

PEDOT:PSS films have been used in several electronic applications in the past®*®. Meanwhile,
PEDOT:PSS coatings for conductive textile fibres were also developed especially for synthetic
fibres, such as, nylon®’, spandex’, polyester (PET)">®8% and their blends™. The PSS backbone
attached to the PEDOT segments serves three different purposes at a time, i) stable dispersion, ii)
charge balancing and iii) a template polymer. However, this PSS template polymer with excess of
polysulfonic acid groups (see Fig. 1.7) renders the PEDOT:PSS solutions highly acidic®" and
cause pH levels to remain below 2. Synthetic fibers, like, polyester, nylon, aramid, when coated
with PEDOT:PSS can easily withstand this extreme conditions. On the other hand, this is a severe
drawback for cotton fabrics’® as acid hydrolysis readily degrades cotton®. This aspect is rarely
mentioned and most often overlooked in the literature, while it causes significant loss in mechanical
resistance. For instance, Ding et. al. produced flexible electrochromic cotton fabrics using
PEDOT:PSS treatment with electrical conductivity of 0.12 S/cm’. They did not discuss any
mechanical properties of the fabrics before or after treatment. Mattana et. al. reported cotton fibres
based organic transistors using PEDOT:tosylate (an analogous of PSS) and a primer coating of gold
nanoparticles®. They reported that even though a resistance per unit length of 25 kQ/cm was
measured, a significant loss of Young’s modulus and elongation loss occurred in the fabrics. Very
recently, Yeon et. al. stressed degradation of cotton fabric by PEDOT:PSS solutions and in
prevention of this drawback, they substituted PSS with sodium dodecyl sulfate (SDS)®. They used
a cotton-based fabric (98% cotton/2% polyurethane) for this study. The SDS modified conductive
fabric demonstrated a sheet resistance of 24 /sq. at 1.7 mg/cm?2 mass loading and they were highly

stretchable (strain-150%). Note that it is very challenging to produce electroconductive textiles
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having low surface resistance < 10 €/sq. without resorting to high levels of material/coating
loadings (mg/cm?), which significantly alters various fabric attributes, such as breathability,
flexibility and washing induced wear. Although, these limitations can easily be overcome by a
synergic effect of both ICPs and conductive nanofillers when mixed together, as in the works of
Matana et al.®®, Hu et al.** and Tian et al.™®. Here in chapter 3, a similar approach of mixing
PEDOT:PSS with graphene fillers have been adopted. The detrimental effects of PEDOT:PSS on

cotton fabrics have been successfully circumvented by neutralizing sulfonic acid groups.
1.2.3 Antibacterial and self-cleaning fabrics

Another very important application of nanotechnology in textiles is fabrication of antibacterial and
self-cleaning textiles. Functionalization of fabrics to render them antibacterial and self-cleaning

9%-9 " Moreover,

have gained more attention due to rise in health and safety awareness
microenvironment of the conventional fabrics (perspiration, deposited contaminants, dyes)
possesses suitable conditions for bacterial growth and might potentially result in cross infection,
transfer of diseases or odour on skin contact'®. Therefore, it is crucial to apply functional finishes

on conventional fabrics to prevent these health risks.

In the past, a large number of antibacterial fabrics have been produced using silver, copper and gold
nanoparticles'® %2, However, even though these nanoparticles have good antibacterial potential,
they are very expensive, present high surface abrasion, instability in the environment and
considered cytotoxic’®'%. On the other hand, textile fabrics functionalized with photocatalytic
titanium dioxide nanoparticles (TiO, NPs) eliminate these barriers and demonstrate non-toxic,

biocompatible, inexpensive and highly stable textile finishes!%31%617.

The photocatalytic mechanism of TiO, NPs has been well established and investigated for its
extended applications. Briefly, when photons with energy (hvl) equal to or greater than the band
gap of TiO, (~3.3 eV for the anatase phase) are irradiated on their surface, an electron is promoted
from valance band (VB) to conduction band (CB) leaving a hole with positive charge in the VB, as
shown in Fig. 1.8. At this stage the induced electron-hole pairs have two possibilities, either
recombine and dissipate the input energy as heat or get trapped in metastable surface states. In the
later scenario, the photo induced electron-hole pairs can react with electron donors and electron
acceptors adsorbed on the semiconductor surface. After reaction with absorbed moisture and
oxygen on their surfaces, these electron-hole pairs can produce hydroxyl radicals (OH®) and

superoxides (O,), respectively, with high redox oxidizing potential®®*'°. Depending upon the
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exact conditions, the holes, OH® , 02, H,O, and O itself can play important roles in the

photocatalytic reaction mechanism.
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Fig. 1.8. Mechanism of TiO, photocatalysis: hvl: pure TiO,; hv2: metal-doped TiO, and hv3: nonmetal-
doped TiO,*%.

Besides their photo-induced antibacterial nature, TiO, NPs also display photocatalytic degradation

of several chemical compounds, such as, dyes (methylene blue, congo red)**

and odorous gases
(ammonia, mustard)**#*** under ultraviolent (UV) irradiations. UV induced hydroxyl radicals (OH")
and superoxides (02’ on the surface of TiO, NPs degrade these chemical compounds'®. The main
drawback of TiO, NPs is that they only manifest photocatalytic activity under UV irradiations
corresponding to their band gap (~3.2 eV)®. This issue has been addressed in the past and doped
TiO, NPs with narrow band gap (ca. 2.75 keV) have been prepared using different metallic and
non-metallic doping elements (Ag, Cu, Pt, C, N)*®!* The visible light photoactivity of metal-
doped and nonmetal-doped TiO, is attributed to new energy levels produced in the band gap of
TiO, by dispersion of doping elements in the TiO, matrix. Consequently, electron can be excited
from the defect state to the TiO, conduction band by photon with energy equals hv2 and hv3 (see
Fig. 1.8) for metal doped and nonmetal-doped TiO, NPs, respectively''®. Particularly, TiO, NPs
doped with transition metals exhibit improved trapping of electrons and reduce electron-hole

recombination rate that results in enhanced photocatalytic activity under visible irradiations®.

Therefore, doped TiO, NPs exhibit similar antibacterial and self-cleaning properties under visible
irradiations as that of undoped states under UV. Textile fabrics deposited with doped TiO, NPs
have good potential for stain proofing and antibacterial fabrics as well as for water and air
purification applications, as shown in Fig. 1.9. Additionally, unlike NPs suspensions, textile fabrics
deposited with doped TiO, NPs can also be recycled several times without any post treatment

filtration*'®%%",
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Fig. 1.9. Photocatalytic applications of doped TiO, nanoparticles

In the past decade, doped TiO, NPs have garnered much attention of the researchers for functional
textiles. For instance, Gaminian et al. have prepared a polyester fabric with Cu,O doped TiO, NPs
for degradation of Methylene Blue (MB) dye under visible light'*®. The authors have investigated
the role of different in-situ synthesis parameters (concentration, pH) on self-cleaning properties of
the prepared fabrics. Rana et al. developed a cotton fabric with Ag/AgBr doped TiO, NPs using a
simple spray coating technique''®. The prepared cotton fabrics demonstrated good UV blocking,
hydrophobic, oil-water separating and antibacterial properties. The authors have also reported a
18% improvement in mechanical strength of the treated fabrics. Recently, Khani et al. deposited
copper doped TiO, NPs onto cotton fabric nanocomposite for wound care applications'?°. The
prepared wound dressing demonstrated an enhanced cell viability and good resistance against gram
positive and gram negative bacterium. As seen above, although it is a well-established area of the
research and different doped TiO, NPs have been efficiently incorporated to textile

structu r.6597,118,121,122

, there is still room for improvements using inexpensive and highly photoactive
doped TiO, NPs for textile fabrics. This functional aspect also have been studied in this thesis
(chapter 4). For this purpose, multifunction cotton fabrics have been developed using Mn-doped

TiO, NPs and exhibit antibacterial and self-cleaning properties.
1.3 Scope of this study

The message extracted from the literature review, potential applications, implemented materials,

and fabrications techniques, it is quite obvious that there is still room for improvements in these
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research areas. For instance, use of sustainable/eco-friendly textile finishes, minimal amounts of
volatile solvents, cost efficient processes, retained fabrics inherent properties, easy and scalable
fabrication techniques can be easily adopted to functionalize textile fabrics for high value
applications. The chemical modification of cotton textiles with non-toxic materials could adjust
properties of the finial fabrics for different purposes and meet the environmental legislation

requirements.

The aim of the present study was to create new pathways towards the production of highly-
engineered textiles from environmental friendly materials. The research strategy in this study

covered the following points:

e To synthesize and characterize cotton based functional textiles (chapter 2-4)

e To carry out the modification of cotton fabrics through sustainable approaches (chapter 2-4).

e To preserve inherited characteristics of the native textiles after functionalization (chapter 2-
4).

e To investigate potential applications of the prepared materials (chapter 2-4).

e To develop a simple and scalable recycling process for waste fabrics (chapter 5).
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Chapter: 2

Fabrication of hydrophobic cotton fabrics by sustainable materials

2.1 Introduction

Textiles are intensively used materials in daily life. However, direct outdoor use of textiles
including the synthetic ones such as nylon, polyester, acrylic etc. for weather protection and water
proofing require surface treatment or multilayer approaches?*'?*, Textiles made from natural fibers
such as cotton, wool, silk etc. are particularly unsuitable for weathering owing to their inherent
hydrophilicity and structural instability upon contact with water'?®. Nevertheless, recently increased
environmental awareness as well as potential large scale applicability of some techniques towards
water proofing natural fibers have increased exploitation of these inexpensive natural fibers for

applications with requirements of water and oil repellency™**'*’

. Modifying fiber surfaces by
changing their roughness and chemistry is considered to be the only way to achieve water repellent
natural fibers % This is still a challenging task and requires an efficient combination of low
surface energy chemistry with hierarchical micro/nano-scaled roughness'®®. The most common
approaches reported in the literature involve utilization of fluorine or silicone chemistry with
nanoparticle (i.e. SiO, ZnO, TiO,) immobilization on fiber surfaces™®***. In order to achieve water

repellent textiles, various fabrication techniques such as solution immersion'"*

135

, plasma

136

modification'®*, layer by layer assembly™*®, chemical vapor deposition*® and sol-gel methods

have been implemented. Some of these non-wettable textiles have been successfully demonstrated

in applications like filtration, oil-water separation and patternable wetting™**3"1%,

2.2 Objectives

The main objectives of this study is to prepare sustainable superhydrophobic cotton fabrics with
WCAs ~150°, high droplet mobility on the surface and good resistance to water transportation
across the fabric. Secondly, minimal use of fluorinated chemicals and volatile organic compounds
(VOCs) is also considered as per aforementioned environmental regulations. The prepared
superhydrophobic cotton fabrics are characterized for their morphology, chemical interactions,

mechanical strength and resistance to wear abrasion and ultrasonic washing.
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2.3 Materials and methods
2.3.1 Materials

Plain woven and bleached 100% cotton fabric (named as fabric-A) with 135 + 5 g/m® mass density
and having 56/cm warp and 40/cm weft threads was purchased from a local market. Another fabric
(fabric-B) was supplied by Cotonificio Albini (Italy) having 83/cm warp threads, 36/cm weft
threads and 120 + 5 g/m? mass density. All the characterization results reported herein are based on
fabric-A, however, identical results were measured with fabric-B. Fabric-B displayed higher
hydrostatic head compared to fabric-A due to its higher warp density (83/cm). Fabrics were
prewashed with a normal laundry cycle to remove possible contamination before use. Fluorinated
acrylic copolymer (Capstone ST-100 with C-6 chemistry) 20% (w/v) aqueous latex dispersion was
purchased from Garzanti Specialities S.p.A (Italy) and an acetoxy cure single component
polydimethylsiloxane (PDMS, Elastosil E43)** was purchased from Wacker Chemie AG
(Germany). As per the manufacturer, the silicone resin has 600% maximum elongation upon cure.
Its inherent viscosity is 3x10° mPa.s. Reagent grade solvents heptane and methanol (Sigma
Aldrich) were used as received. Fumed silica nanoparticles (Aerosil, R812), with an average
particle size distribution between 7 nm and 40 nm, were purchased from Evonik industries
(Germany) and used as received. Milli-Q distilled water was used for all hydrophobic
characterization techniques.

2.3.2 Sample preparation

Prewashed and ironed cotton fabrics (10x10 cm? sample size) were first treated with fluorinated
acrylic copolymer solution by diluting the as-received water-based solution (Capstone ST-100)
down to 1% by weight using methanol. For treatments containing silica nanoparticles, various
amounts of SiO; nanoparticles were added into the diluted polymer solution so that nanocomposite
coatings with 100/0, 90/10, 80/20, 70/30, 60/40, 50/50 polymer/nanoparticle weight ratios on dry
basis were obtained. The solutions were tip sonicated for 15 seconds with 20 kHz, 750W and
amplitude at 40% (vibra cell™ XCV-750, Sonics and Materials Inc. USA). Note that the
polymer/nanoparticle solutions were very stable with no agglomeration or precipitation as long as
the nanoparticle concentrations (with respect to polymer weight) did not exceed 30%. Then, the
fabrics were soaked in the solutions for 30 minutes for complete impregnation. Treated fabrics were

dried by a hot air gun for 10 seconds and afterwards cured in oven at 120°C for 1 hour.

The final silicone polymer layer was applied as follows: As received acetoxy-cure PDMS silicone

resin was diluted by heptane such that solutions with 10%, 15%, 20%, and 25% polymer by weight
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were obtained. Pretreated cotton fabrics were coated with these silicone solutions using an EC-200
rod coater (Chem Instruments Inc., USA) with a linear coating speed of 28 cm/min. As a result of
several experimental coating trials with different PDMS concentrations, the best treatment
concentration was found to be 15 wt %. This was based on the final feel, softness and the thickness
of the fabric. Coated fabrics were allowed to crosslink at room temperature for 24 hours at 65%
humidity. As control (reference) samples, only fluoropolymer/SiNPs (CF) and only PDMS (CS)
single layer coated cotton fabrics were also made. Table 2.1 shows the identification details of
different samples used in this work. Herein, the SiXX coding attributes to the percentage of silica
nanoparticle on dry bases against fluorinated polymer, followed by a PDMS encasing. For instance,
samples Si0 and Si30 corresponds to 0 wt.% and 30 wt.% silica nanoparticles in the coating
formulations, respectively. Dry weight pick-up signifies the percent additional weight gained by

the textile due to the polymer treatment.

Table 2.1. Identification of the prepared hydrophobic cotton fabrics.

Sample ID 1* Layer 2" Layer Dry weight
(pre-treatment) pick-up
% Capstone % SiO, % PDMS %
NPs

CS* 0 0 100 10
CF* 70 30 0 1
Si0 100 0 100 11
Si10 90 10 100 11
Si20 80 20 100 11
Si30 70 30 100 11
Si40 60 40 100 11
Si50 50 50 100 11

CS* indicates single layer control sample with silicone based PDMS coating

CF* indicates single layer control sample with fluorinated polymer and silica NPs (70/30)

2.3.3 Characterization
2.3.3.1 Morphological characterization

For analyzing morphological modification of treated textiles, Scanning Electron Microscopy (SEM)
and Atomic Force Microscopy (AFM) were used. The SEM was a JEOL-6490AL (Japan) working
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in high vacuum mode. Prior to imaging a thin film of gold (10 nm) was deposited on sample
surfaces by ion sputtering (Cressington 208HR sputter coater, UK). SEM images were captured at
different magnifications and accelerating voltages such as 10 kV and 15 kV. Fabric pore sizes were
also measured by a software tool connected to the SEM image analyzer during acquisition of
images. Where necessary, high-resolution SEM imaging was carried out using a JEOL JSM
7500FA (Japan) equipped with a cold field emission gun (FEG), operating at 5 kV acceleration
voltage and using backscattered electrons to see differences in chemical composition. The samples
were carbon coated with a 15 nm thick film using an Emitech K950X high vacuum turbo system

(Quorum Technologies Ltd, East Sussex - UK).

For AFM measurements, a Park system (XE-100) in non-contact tapping mode was used mounted
on an anti-vibration table (Table Stable TS-150). The AFM was enclosed by an acoustic chamber.
Single-beam cantilevers tips (PPP-NCHR-10M) were used for the data acquisition with less than 10
nm nominal radius and 42 N/m elastic force constant for high sensitivity. The scan rate was 0.1 Hz
and zoom areas of 2x2 pm? were scanned at resonance frequency of around 350 KHz. Acquired

images were further processed with WSxM 5.1 processing software %

. The roughness
characteristics of the surfaces were determined by using a built-in grain analysis statistical
algorithm. The process involves the watershed algorithm that is usually employed for local
minima/maxima determination and image segmentation in image processing. AFM topography
images are segmented into many zones identified with a certain average roughness. The mean
roughness of the image is calculated by averaging the roughness values obtained from four different

areas .
2.3.3.2 Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Infrared spectra of samples were obtained with an ATR accessory (MIRacle ATR, PIKE
Technologies) coupled to FTIR spectrometer (Equinox 70 FT-IR, Bruker). All spectra were
recorded in the range from 3800 to 600 cm™ with 4 cm™ resolution, accumulating 128 scans. To
ensure the reproducibility of obtained spectra three samples of each type were measured. ATR
mode was preferred since it allows the chemical analysis of the surface, enabling a better
characterization of the different coatings employed. In our ATR-FTIR spectrometer the calculated
penetration depth of ATR into the sample varies between ~0.55 pm at 3800 cm™ and ~3.30 pm at
600 cm™.
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2.3.3.3 Wetting and water contact angles

Static water contact angle (WCA) and water shedding angle (WSA) or droplet roll-off angle were
measured with a contact angle instrument (OCAH-200 DataPhysics, Germany). Gastight 500 pL
Hamilton precision syringe with blunt needle of 0.52 mm internal diameter was used for droplet
dispersion. The WCA of a 5 pL droplet volume was measured after 30 s of droplet deposition. From
each sample a strip of 1x5 cm? was cut and attached to contact angle table with double sided
adhesive tape to get a wrinkle free surface for WCA measurements. Static WCAs at 10 different

positions on each sample were measured and reported as mean values with standard deviations.

For WSA measurements, different droplet volumes corresponding to 5.0, 7.5, 10.0, 12.5, 15.0, 20.0,
25.0 pL were deposited and the substrate holder was tilted with an angular speed of 1.02°/sec.
Three measurements of each volume at different points were reported as average values with the
corresponding standard deviations. A common test proposed by Zimmermann et.al. *** that is
generally used by textile industry was also conducted. This test takes into account measurements of
droplet roll-off angles when drops are allowed to impinge from 1 cm height. As such, 5 droplets of
8.0 uL were dropped from 1 cm height at the same spot on the treated fabrics and they were
allowed to roll over a 5 cm length when the substrate was tilted at different angles between 10° and
30°. The treated textiles were labeled as sticky if at any one of the tilt angles one or more of the
droplets do not completely clear the 5cm length by rolling away. A treatment resulting in such a

sticky state based on the Zimmermann method is not considered a proper hydrophobic textile.
2.3.3.4 Hydrostatic head

Waterproof properties (resistance to water penetration) of the treated fabrics were quantified by
measuring hydrostatic head pressures due to water column rise over the fabrics. A glass column (1
m long with 80 mm internal diameter) was purchased from TecnoVetro, Italy. It could be filled with
5 L of water and at the bottom it was connected to a glass reservoir with a flange, as shown in Fig.
2.1. Vertical column was graduated and at the bottom was fitted with a flange sealed with rubber
and Teflon gaskets having six bolted clamps in order to fix a fabric sample with 10x10 cm?
dimension. The glass column was fed by a plastic tube with continuous supply of distilled water
from a storage vessel. Leakage threshold of the fabric was recorded in terms of column height (cm)
when droplet(s) formed on the opposite surface of the fabrics. Five samples of each treatment were

tested and average column heights with standard deviations were recorded.
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Fig. 2.1. Hydrostatic head glass column with 1 m height and 80 mm internal diameter. (a) schematic design
and (b) real image of hydrostatic head column.

2.3.3.5 Mercury Intrusion Porosimetry

A non-wetting liquid technique was used to calculate fabric porosity and average pore sizes.
Measurements were made by Mercury Intrusion Porosimeter (Pascal 140 and 240, Thermo
Quest/Finnigan Intruments, USA). Fabric samples of 0.03 to 0.20 g weights were cut into strips and
rolled up to form a cylinder of 1 cm diameter and inserted in the dilatometer for porosity
measurements. External pressure range from 0.006 MPa to 300 MPa was used for mercury
intrusion. The maximum effective pressure for mercury intrusion relative to fabric pore sizes were

recorded by instrument to auto-calculate fabric porosity in percentage and average pore radii in pm.
2.3.3.6 Wear Abrasion Tests

Linear abrasion experiments were conducted with a Taber Linear Abraser 5750 (USA). The applied
weight was 0.35 kg with stroke length of ~ 5 cm and stroke speed of 15 cycles/min. The abradant
used was Calibrase Disk (CS-10F) with a base diameter of approximately 1.5 cm. It is a resilient
disk composed of a binder and aluminum oxide abrasive particles that offers a mild abrading action,
designed to operate under loads of 0.25 to 0.5 kg, corresponding to roughly 13 kPa to 29 kPa
abrasion pressures, respectively. The CS-10F abradant is typically used to test safety glazing
materials and transparent plastics against abrasion induced transparency losses. In this work, the

corresponding abrasion pressure is 17.5 kPa under 0.35 kg of applied weight.
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2.3.3.7 Tensile strength

For mechanical characterization (stress-strain curves), an Instron (3365 Instron, USA) instrument
was used. Five specimens from each material were measured. A dog bone shaped sample of 25 mm
length along the axis of warp threads and 3.98 mm width was cut by a mechanical cutter. Samples
were mounted in pneumatic clamps and a constant rate of extension 5 mm/min was used for each
measurement at room conditions. Young’s modulus (MPa) and elongation percentage at maximum

load were also reported as an average of 5 measurements with standard deviations.
2.4 Results and discussion
2.4.1 Microscopic Morphology

Fig. 2.2 shows the SEM images of untreated (prewashed) fabric, control sample CF coated with the
fluoropolymer/nanoparticle composite, and samples Si0O and Si30 (see Table 1). As seen in Fig.
2.2a, the untreated fabric is composed of a network of round cellulosic (cotton) fibers with some
uneven microfibrilar structure (due to abrasion during manufacturing). On the other hand, in the Si0
sample (Fig. 2.2b), the cotton fibers’ surfaces are coated with the fluorinated copolymer and PDMS,
respectively, without silica NPs. The treated surface of sample SiO appears to be more evenly
coated with PDMS resin as out layer. On the other hand, the nanocomposite treated control sample
CF shows rough hydrophobic textures on the fibres’ surfaces as seen in Fig. 2.2c. Regarding sample
Si30 the thickness of the final hydrophobic polymer layer (acetoxy-PDMS), that is intended to
increase the hydrophobic resilience and robustness of the fibres, should neither smooth out the
roughness nor close the pores of the fabrics. In other words, the thickness should be adjusted such
that it will be somewhat conformal to the underlying texture in order to combine hydrophobic
silicone chemistry with the texture formed by the pretreatment. As seen in Fig. 2.2d, after the
acetoxy-PDMS final layer is applied, the cured silicone layer does not totally flatten out the
roughness but a much finer roughness scale is still maintained on the fibre surfaces (see inset Fig.
2.2d). As will be shown later, this structure is sufficient to maintain droplet mobility on the textile
surface, in other words, droplets can roll off. Note that the sequential treatment does not alter the

porosity of the fabrics guaranteeing the breathability of the fabrics.
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Fig. 2.2. SEM images of fabric A. (a) Untreated fabric. (b) Sample SiO. (c) Control sample CF. (d) Sample
Si30. Complete coverage of each individual treated fiber is visible without forming a continuous film. Insets
show high resolution SEM images.

Cotton fiber surface morphology of the untreated and treated fabrics was further studied by AFM
measurements as shown in Fig. 2.3. AFM measurements were conducted on three different samples,
untreated fabric, control CF and Si30 samples. Topography of the untreated fibers (Fig. 2.3a)
demonstrates typical wrinkle-like structures?®. The calculated average roughness of untreated fiber
surface was 120 £ 21 nm. Typical AFM surface morphology of nanocomposite treated fibers is seen
in Fig. 2.3b corresponding to control sample CF. The texture is due to the assembly of the SiO,
nanoparticles over the fiber surface. The calculated average roughness of the control sample CF was
52 + 13 nm. Typical AFM topography of subsequently PDMS coated fabric sample Si30 is shown
in Fig. 2.3d. The calculated average roughness of sample Si30 was 10 = 2 nm.



Fig. 2.3. AFM topology images. (a) Untreated cotton fiber having natural textured surface, (b) pretreated
cotton fiber with fluorinated copolymer/SiO, nanoparticles (control sample CF), (c) silicone polymer
(PDMS) finished sample Si30, (d) Roughness segments of sample Si30 generated by watershed grain

analysis algorithm. Each segment indicates an individual roughness area and height (roughness volume).

Surface roughness of each sample was calculated by the Watershed grain analysis algorithm*** an
example of which is shown in Fig. 2.3d for sample Si30, with different roughness areas marked as
segments with different colors. Each zone is identified with a single roughness parameter. In
summary, it was found that the roughness of the original fibers’ surfaces was reduced after each
treatment step. As a result, the final fabric surface (referring to sample Si30) was on average much
smoother than its untreated state. Although the top PDMS coat (unfilled self-levelling polymer
solution) smoothed out the roughness features due to the primer coat (corresponding to control
fabric CF), the resultant nanoscale individual fibre surface roughness combined with the
hydrophobic chemistry of the cross-linked acetoxy silicone and the inherent micro-scale texture of

the woven fabric network are sufficient to render the cotton fabric water repellent **.

2.4.2 Chemical analysis

The chemical characterization of the different treatments was performed by ATR-FTIR
spectroscopy, as shown in Fig. 2.4a. IR spectrum of pristine cotton fabric show well-known bands
associated with pure cellulose namely, OH stretching at 3364 cm™, CH stretching at 2891 cm™,
adsorbed water at 1645 cm™, ring breathing at 1157 cm™ and C-O stretching at 1026 cm™***. For
the fibres coated with the perfluoroacrylic copolymer (control sample CF), new peaks appear such
as C=0 stretching at 1732 cm™ and asymmetric CF, stretching at 1236 cm™*. The FTIR
contribution of the Si nanoparticles is also present as a shoulder at 1076 cm™ assigned to the Si-O

stretching in amorphous silica (Fig. 2.4a)'*®. No chemical interactions are present between the
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fluoropolymer and the nanoparticles. Finally, after acetoxy-silicone coating, distinct IR peaks
associated with PDMS polymer are detected at 2964 cm™, 1261 cm™ and 799 cm™ for stretching,
bending and rocking modes of CHs groups, respectively*®. Stretching bands attributed to carboxyl
(C=0) and CF, of capstone treatment are also present in the IR spectrum with less intensity due to
depth profiling measurements. The extended shoulder associated with silica NPs can also be located
in the PDMS finished fabrics (sample Si30).
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Fig. 2.4. Chemical characterization. (a) ATR-FTIR spectra of cotton substrates with different kinds of
coatings. Assignments for cellulose (black), capstone fluoropolymer (green), Si nanoparticles (blue) and
PDMS (red) are included. (b) FTIR spectra of pure PDMS film, PDMS coated cotton substrates (CS) and
FTIR spectra with different weight ratios of silica nanoparticles (10% and 50% for samples Si10 and Si50,
respectively). (c) CHs; rocking absorption of pure PDMS film and PDMS finished cotton fabric with
fluorinated polymer and silica NPs (sample Si30). The rocking mode of PDMS methyl groups is shown. (c)
Variation of the ratio of areas of the cotton O-H stretching and PDMS CH; rocking modes with the content

of Si nanoparticles.

In the case of the fabric sample Si30, during application and curing of PDMS on the
fluoropolymer/NPs coated nanocomposite fabric, PDMS can directly interact with the cotton fibers’
surfaces where certain pinholes or small uncoated zones are present. To study the interaction of
PDMS with the fibers, we also performed FTIR on only acetoxy-PDMS treated cotton fiber (control
sample CS) surface (see Fig. 2.4b). After curing directly on cotton fibres, several vibrations
ascribed to PDMS were detected easily such as CH3 rocking at 799 cm™*°. The CHs rocking mode

shifted by 12 cm™ to higher wavenumbers compared to those of a pure PDMS film (data not shown
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here). A comparable shift of 10 cm™ was also recorded when acetoxy-PDMS was cured on the
cotton fabric pre-functionalized with the fluorinated polymer/Si NPs nanocomposite (Fig. 2.4c).
This indicates a chemical interaction between PDMS and cellulose similar to the interaction
between acetoxy-PDMS and starch system®*°. This interaction is the consequence of change in the
distance of Si-O bonds due to the formation of H-bonds between OH groups of the polysaccharide
and the ether group of PDMS™®. Hence, we propose an analogous molecular scenario where the
hydroxyl groups of cotton can interact with the oxygen atoms of the silicone.

Finally, as shown in Fig. 2.4d, for fabrics treated with silicone on the top of the nanocomposite
treatment, there exists a linear decreasing trend in the ratio obtained by dividing signal area (under
the curve) of the O-H stretching peak at 3364 cm™ of cotton by the area of the CHs rocking signal at
799 cm™ of PDMS as a function of increased silica nanoparticle concentration from 10% to 50%
(see Fig. 2.4b). Note that the silica nanoparticles are part of the C-6 fluoropolymer nanocomposite.
The decrease in this ratio can directly be correlated to the increase in hydrophobicity of the

treatments and also allows optimizing the required nanoparticle concentration for droplet mobility.
2.4.3 Surface wettability

Cellulosic materials are well known for their super-wettability. Hence, untreated natural cotton
fibers can take up water many times of their own dry weight'*®. This extreme wettability comes
from high surface area of cotton fibers which are made up of hydrophilic cellulosic polymer*®®**’.
Therefore, it was not possible to measure WCA on pristine cotton fabric. However, as Fig. 2.5a
displays, once the various treatments were applied to cotton fabrics, they were able to maintain
hydrophobic states and water droplets never penetrated into the fabric texture but rather evaporated

in time (see inset in Fig. 2.5a).
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Fig. 2.5. Wetting characterization. (a) Static water contact angles of treated samples. Inset shows water
droplets on control samples CF and sample Si30. (b) Water roll-off angles with increasing droplet volumes
on selected treated samples. (¢c) Water shedding angles of all treated fabrics measured by Zimmermann’s

method (Zimmermann’s WSA) with constant droplet volume of 8 pL.

Static water contact angles (WCAs) of all the samples studied are reported in Fig. 2.5a. Highest
WCAs were measured on fabric samples CF and Si30 (~ 147°). Samples Si40 and Si50 (both
having the PDMS outer layer) demonstrate somewhat lower WCAs compared to all the other
samples. The treatment corresponding to sample Si30 was found to be the optimum in terms of
hydrophobicity with WCA 147° + 2°. Although static contact angles are similar between control
fabric CF and Si30, the multilayer treatment had better hydrophobic performance compared to
single layer control CF, which displayed a sticky hydrophobicity with small water droplets, as
shown in Fig. 2.5b. Similarly, single layer PDMS treated control sample CS was sticky to small
water droplets while larger volume water drops (200 L) sank into its texture after some minutes of
contact (see appendix-1, Fig. S1). Single layer PDMS-silica nanocomposites treatment also
produced similar problems against contact with large water droplets (see appendix-I Fig. S1). Such
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hydrophobicity performance indicators (i.e., wetting by larger volume water droplets >10 uL) are
not common in the literature®®, but are important for the real performance. Based on these
observations, the bilayer method (polymer nanocomposite as the base layer and silicone as the
outer) was used to ensure that the fabrics are not wet when in contact with larger water droplets
rather than small static droplets. Note that the sequential treatment corresponding to C-6
fluoropolymer base layer without silica nanoparticles and the PDMS outer layer (sample Si0)
produced very similar contact angles 142° + 2° to samples CS, Sil0 and Si20. Incorporation of
silica nanoparticles in the first layer treatment at weight ratios of 10 wt.% (Si10) and 20 wt.%
(Si20) was unable to elevate WCAs above 142°, as shown in Fig. 2.5a. At 30 wt. % silica
nanoparticle loading with successive PDMS outer layer, the hydrophobicity of the fabric sample
Si30 approached near to the superhydrophobicity limit of ~ 150°'*. Additional loading of
nanoparticles (>30 wt.%) was counterproductive and measured WCAs declined to lower than 140°
as demonstrated by the samples Si40 and Si50. For the second outer layer, application of more
concentrated PDMS solutions such as 20 wt. % and 25 wt. % in heptane did not increase
hydrophobicity towards the superhydrophobicity threshold of 150°. This was attributed to the fact
that under such concentrations, surface asperities generated by the underlying nanocomposite
coating (detrimental for the Cassie-Baxter’s non-wetting heterogeneous regime) were smoothed
out™. Note also that lower PDMS solution concentrations such as 10 wt. % in heptane were found
to be improper for the rod coating apparatus used in this study. It is important to note that static
WCA of the commercial fabric GoreTex (140°) also remained lower than superhydrophobicity
threshold.

As reported many times in the literature, determination of droplet baseline for static WCA
measurements on textile surfaces is not as straightforward as in flat films. Short protruding fibers
from the fabric surface causes hindrance to detect real baseline (contact line) which could lead to
underestimation of the WCA?#!3 " Also in this work, it appears that all samples produced WCA
measurements (Fig. 2.5a) that are in the range of 140° to 147°. In order to establish the
hydrophobicity of the treated fabrics in a more reliable way water shedding angle (WSA or roll off
angle) are also reported in Fig. 2.5b. It demonstrates water droplet roll off angles for treated fabrics
like control sample CF, Si0, Si20, Si30, Si40 and GoreTex fabric. Shortly, samples CF, Si0, Si20
and Si40 were unable to repel small droplets of 5.0 to 7.5 pL, as shown in Fig. 2.5b. On the other
hand, sample Si30 produced complete droplet shedding (tilt angles below 90°) even for the lowest
droplet volume used (5 pL), whereas, 5 uL and 7.5 pL droplets were sticky on the commercially
available GoreTex fabric regardless of the tilt angle (>90°). Under such a condition, water droplets
can partially wet asperities responsible for containing stable air pockets (trapped within the
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asperities) giving rise to sticky or stick-slip surfaces. It is clear from Fig. 2.5b that sample Si30 with
30 wt.% of silica NPs in its formulation demonstrates the lowest water roll off angles for all droplet
volumes used. As for any water repellent surface, tilt angle for droplet roll off (shedding angle)
decreases as the droplet size increases. Most reported hydrophobic textiles demonstrate low droplet
roll off angles (< 10°) when large droplet volumes of more than 40 puL are used. For instance, Xue
et al. characterized hydrophobic cotton fabrics by WSA using 50 pL droplet volumes to achieve 3°
roll-off angle?. Hu et al., used water droplets of 40 pL on hydrophobic cotton fabric surfaces to

achieve droplet roll off at 29° tilt angles™".

Another dynamic wetting test recommended by Zimmermann et. al. was also conducted to validate

hydrophobicity of the treated fabrics*®'*

. In this approach, impinging water droplet roll-off
characteristics are recorded in terms of tilt angles (Fig. 2.5c). It was found that both samples Si30
and control sample CF were repellent against impinging water droplets with 17°and 19° tilt angles,
respectively. Note that droplets of 8 UL were used here, since impinging 5 pL droplets could not be
created with the present experimental/syringe setup. Hence, the treatment corresponding to sample
Si30 was the best in terms of static and dynamic wetting by small drops as well as resisted wetting
by larger sized heavier water droplets. Moreover, in terms of both WCA and WSA angles, fabric
Si30 displayed higher hydrophobicity than a commercial waterproof, breathable fabric membrane

known as Gore-Tex (see Fig. 2.5).
2.4.4 Resistance to water penetration

For theoretical estimation of Laplace pressure needed for penetration of water droplets into
waterproof porous structure, effective pore sizes of samples CF and Si30 were acquired by a
software analyzer tool connected to the SEM. In order to understand the effect of the porosity of the
woven substrate on the Young’s Laplace pressure, another cotton fabric (densely woven) designated
as fabric-B was used for comparison purposes to fabricate sample Si30-B. Sample Si30-B was
treated likewise by multilayer approach following preparation protocol of sample Si30. Using
mercury intrusion porosimetry (MIP) measurements, porosities of both fabric-A (original) and B
were characterized as 49% and 38% porous, respectively.
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Fig. 2.6. SEM images of (a) fabric A and (b) fabric B after the identical multilayer hydrophobic treatment.
Inset visuals show magnified fabrics pores.

Average pore radii of 17 um and 9 um were also calculated by the MIP measurements for fabric-A
and fabric-B, respectively. Pore size estimation for samples CF, Si30 and Si30-B were made by
scanning the samples at 50 different zones under the SEM, as shown in Fig. 2.6. Measurements
were made by determining the minimum and maximum pore dimensions, Dmin and Dmax. Using

these pore size measurements, Laplace pressures were calculated by equation 2.1,
] (2.1)

where 6 denotes the surface tension of water (72 mN/m at 20°C). We approximated |cos0a| = 0.87

1

AP = 20 cosB,] 1_ +

min Dmax

since static WCA (0=150°) is very close to a typical superhydrophobicity threshold™. Theoretical
Laplace pressures were reported in Table 2.2 as a range corresponding to minimum and maximum
dimensions of effective pores. Samples control CF and Si30 (fabric A) demonstrate similar
estimated values in the range of 3-8 kPa as shown in Table 2.2. However, sample Si30-B (fabric B)
has higher Laplace pressure range for penetration owing to its smaller pore dimensions in contrast
to fabric A.

Table 2.2. Theoretical Laplace pressures vs experimental hydrostatic head pressures

S | Dumin Dinax Estimated Laplace Experimental Experimental
ample
Fabric P Range Range pressure column height Hydrohead
treatment
(Hm) (Hm) (kPa) (cm) (kPa)
A CF 26—56  55—115 3—7 27.8+2.8 2.75%0.3
A Si30 24—59  51—108 3—8 26.8+0.9 2.65+0.1
B Si30-B 18—41  35—65 5—11 38.3£25 3.76x0.2

To verify above theoretical Laplace pressure values, hydrostatic head experiments were performed
for all treated samples including Si30-B (Fig. 2.7). Untreated fabric being highly hydrophilic did
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not accumulate any water column at all allowing continuous water flow. Moreover, a rather poor
performance was also measured for PMDS layer alone (control sample CS) in the case of
hydrostatic head. As was shown earlier, fabric CS was also wet by large droplets and water blobs
under static conditions. The fabric (sample CS) started leaking simultaneously from more than one

point at a column height of about 7 cm as seen in Fig. 2.7.
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Fig. 2.7. Water penetration tests. Hydrostatic water column buildup height in cm for all treated fabrics
(fabric-A). Column height of sample Si30-B with denser fabric structure (fabric-B) is also given for

comparison.

It is interesting to note that the fabric treated with fluorinated acrylic copolymer (control fabric CF)
displayed much better performance (more resistance to leakage) than silicone alone (sample CS).
Equal performance levels are also observed in treatments with nanocomposite (control CF) or
nanocomposites having PDMS outer layer (i.e., Si0, Sil0, Si20, Si30, Si40 and Si50). As seen in
Fig. 2.7, control sample CF and sample Si30 are practically same in terms of capillary pressure
resistance with 28 cm and 27 cm column heights, respectively. Their corresponding experimental
hydro-head pressures were calculated by equation 2.2,

p = pgh (2.2)
where p is hydro-head pressure acting on the surface (Pa), h is the column height (m), p is the
density of water (1000 kg/m®) and g is the acceleration of gravity (9.81 m/s®). The results of
theoretical Laplace pressure and experimental hydro-head pressure are summarized in Table 2.2.
The experimental hydro-head pressure acting on the fabric surface of samples CF and Si30 are 2.75
kPa and 2.65 kPa, respectively. Although, resistance to leakage of samples CF and Si30 is lower
than the GoreTex fabaric (approx.100 cm), a number of simple techniques can be adopted to
enhance this property. Such as, Jeong et al. found that this resistance to water column leakage can
be enhanced by using multiple fabric layers and linings®®. Another effective approach to elevate
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hydro-head resistance is to select appropriate fabric structure with even smaller pore radii. This has
been demonstrated by a noticeable increase of column height 38 cm (Fig. 2.7) and the resultant
hydro-head pressure of approximately 3.75 kPa with sample Si30-B (Fabric-B with small average
pore radius) compared to the original cotton fabric. It can be seen from Table 2.2 that experimental
hydro-head measurements are in good agreement with the lower estimated Laplace pressure values.
This is generally attributed to the leakage through large pores even if statistically they constitute a

minor portion of the porous structure®®%*%,

2.4.5 Washing and abrasion resistance

Robustness of the best sample Si30 was tested against control sample CF by soaking them in tap
water and agitating the system by a probe sonic processor for 2 minutes (frequency 20 kHz, power
750W and amplitude 40%)°*'*®. Note that this form of washing is much harsher than a normal
laundry cycle™**>>. Most publications on non-wettable fabrics that present washing tests generally
apply bath sonication for about half an hour to an hour with an approximate power of ~O (10W)
201%8 1n order to visualize the effect of ultrasonic washing, washed samples were inspected with
SEM and energy-dispersive X-ray spectroscopy (EDX). Figure 2.8 compares EDX signals of
fabrics control sample CF (Figs. 2.8a and 2.8b) and Si30 (Figs. 2.8c and 2.8d) before and after
washing. The data is the average of EDX spectra collected at 10 different locations on each sample.
Ultrasonic agitation/washing of fabric sample CF forced a significant portion of the nanoparticles to
debond from the fibers’ surfaces as shown in Figs. 2.8a and 2.8b. Representative EDX maps are

shown as insets.
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Fig. 2.8. EDX analysis of treated cotton fabrics after washing test. EDX spectra of nanocomposite fabric
sample CF before (a) and after (b) ultrasonic washing. EDX spectra of PDMS coated nanocomposite fabric
sample Si30 before (c) and after (d) ultrasonic washing. Representative SEM images and EDX mapping are

given as insets with indication of silicon (green points) and fluorine (blue points).

Wetting tests after ultrasonic washing of the fabric CF showed that water droplets were immediately
absorbed into the fabric just like an untreated fabric (see annex-I Fig. S2a). As seen in Fig. 2.8b,
EDX measurements of control sample CF show a significant loss of intensity in fluorine ~80% and
silicon ~70% signals due to the C-6 fluoropolymer and silica nanoparticles, respectively. This could
be attributed to the physical detachment of both the polymer and nanoparticles from the fibers’
surfaces. In contrast, fabric Si30, with the outer PDMS coating, remains virtually unaffected
(approximately a 10% reduction in F signal intensity and 24% decline in Si signal intensity) after
ultrasonic washing process (inset of Fig. 2.8c and 2.8d). After washing, sample Si30 maintained its
original WCA ~150° and moreover small droplets could still roll off its surface upon tilting. Due to
severe nature of the ultrasonic treatment used, the samples were not washed more than three times.
At the end of the third cycle (drying in between every treatment), the best fabric sample (Si30) was
still non-wettable and self-cleaning. Therefore, the acetoxy-PDMS outer coating not only resists
droplet penetration in hydrophobicity tests (see appendix-1 Fig. S2b) but also prevents ultrasonic
washing induced loss of the underlying nanoparticles. This also intrinsically indicates a strong

adhesion of the acetoxy-PDMS to the nanocomposite pretreated fabric surfaces. Indeed, this
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interaction between acetoxy-PDMS and the cellulose from the fabric was previously discussed in

the ATR-FTIR spectroscopy section.

Durability of the hydrophobic modified control fabric CF and sample Si30 was further tested by
using a standard linear abrasion tester. The applied weight was 0.35 kg (17.5 kPa) with stroke
length of ~5 cm and stroke speed of 15 cycles/min. After every abrasion cycle, WCA (5 pL) and
WSA (10 pL) of samples CF and Si30 were measured as shown in Fig. 2.9. Control fabric CF,
treated only with the fluorinated polymer and silica NPs, demonstrated a noticeable change in
hydrophobicity after the abrasion test. As shown in Fig. 2.9a, WCAs on sample CF fabric declined
from 144° to 90° after just 17 abrasion cycles. Similarly, a relatively sharp increase in WSA was
also measured after the first 9 abrasion cycles and roll-off angle increased form 42° to 90° as shown
in Fig. 2.9b. Further abrasion of sample CF surface, makes it sticky and even large water droplets
do not roll off at 90° tilt angles. This is attributed to physical abrasion and resultant particle and
polymer wear and removal from the fibers’ surfaces. Inspection of SEM images before and after
abrasion cycles supports this reasoning (see appendix-l, Fig. S3a and S3b, inset). EDX
measurements also showed a significant decrease in the intensities of fluorine ~50% and silicon

~30% signals (see appendix-I, Figs. S3a and S3b).
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Figure 2.9. Effect of wear abrasion on the wetting characteristics of control fabric CF and sample Si30. (a)
Static water contact angle changes as a function of abrasion cycles and (b) water roll-off or sliding angle

measurements as a function of abrasion cycles.

Samples Si30, on the other hand, demonstrated better resilience against wear abrasion. As shown in
Fig. 2.9a WCAs on sample Si30 changed from 148° to 138° after 30 abrasion cycles. At the same
time, as seen in Fig. 2.9b water roll-off angles on the abraded fabric Si30 also increased, however
droplet mobility on the abraded surfaces was still maintained at the end of 30 abrasion cycles. The

measurements were stopped after 30 abrasion cycles due to fact that almost 90° droplet roll off
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angle was obtained, indicating highly hysteretic hydrophobicity due to abrasion. SEM images of the
fabric Si30 before and after abrasion tests showed no significant alteration of fibers’ surface
morphology (see appendix-1, Fig. S3c and S3d), however, an increase in the number of fiber beads
and floating fibers were noticed. EDX measurements of sample Si30 after 30 abrasion cycles
exhibited a negligible change of intensity in silicon signals (< 10%). Interestingly, a significant
increase of intensity in fluorine ~40% signals was recorded by EDX measurements (see appendix-I,
Fig. S3c and S3d). Note that the EDX silicon signals come from both the polymer and the
nanoparticles. The increase in the fluorine signal intensity could be attributed to the wearing of

some of the PDMS layer exposing the underlying fluoropolymer-silica nanocomposite.
2.4.6 Mechanical Stress—Strain Characteristics

Mechanical strength and flexibility of textile fabrics are prime parameters for quality and hence it is
important to achieve water repellency without altering the fabric’s mechanical characteristics to a
significant extent’®®. Usually, to predict the mechanical behavior of textile fabrics, tensile stress-
strain curves are considered. In general, textile woven fabrics show J-shaped stress-strain curves
similar to soft elastomeric polymers or some biological tissues********". This indicates a nonlinear
stress-strain zone at initial stages that can be attributed to the basic structure of the fabric such as
weave, crimp (wave form of threads in woven structure), fiber (or yarn) slippage and warp-weft
interactions™®*>°, Physically, plain woven fabric has high yarn crimps due to large number of warp-
weft intersections. Therefore, it exhibits larger tensile strain under small stress at initial stages®.
During extension of the fabrics, first decrimping and later fiber slippage occurs in the direction of
extension resulting in high strain. However, under strain, mechanical behaviour of coated (treated)
woven fabrics can differ from the original fabric depending on the treatment (chemical
functionalization or polymer coating) and dry weight pick-up due to such coatings. In this study,
typical J-shaped stress-strain curves were obtained from all treated fabrics as shown in Fig. 2.10a.
However, stress-strain curves were segregated in two distinct groups depending on their treatment
type. Fluoropolymer treated fabrics (including nanocomposites) followed the untreated fabric
behaviour whereas PDMS coated fabrics (single or multilayer) were stiffer. For comparison, stress-
strain measurements obtained from the control fabric CS and multilayer sample Si30 (fabrics
containing the PDMS coatings), differ significantly from the control fabric CF that display almost
identical behaviour to the untreated fabric. The shape of the stress-strain curves of fabrics CS and
Si30 is not as nonlinear as the others, which becomes linear after 15% strain rate. Moreover, these
fabrics resist elongation more than the other untreated and just fluorinated polymer coated fabrics,

namely 25 % elongation requires around 30 MPa stress compared to ~17 MPa stress.
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Fig. 2.10. Mechanical characterization. (a) Representative stress-strain curves of untreated (UT), control
fabrics and all treated fabrics. (b) Young’s Modulu (MPa) and maximum percent elongation at break point of
all single and multilayer treated fabrics.

Fabrics CS and Si30 fracture at around 30% strain whereas all the other fabrics fracture around 35%
strain. Clearly, the acetoxy-PDMS treatment alters to some extend the mechanical properties of
both the untreated and the nanocomposite treated fabrics. As also seen in Fig. 2.10a, fluoropolymer
treatments with or without nanoparticles do not induce any mechanical changes compared to
untreated fabric. The nonlinear stress-strain section of these fabrics extends up to 25% strain. This
could be mainly attributed to the very low dry pick up weight (1%) of the fluoropolymer treatment.
As mentioned earlier this was intentional in order to maintain a minimum amount of fluorine
chemistry. Whereas, acetoxy-PDMS dry pick up weight was 10% and this somewhat changed the
mechanical properties of the woven fabric. Acetoxy-PDMS has strong adhesion and bonding
affinity towards cellulosic surfaces'®*. Such strong adhesive interactions between the fibers and the
polymer interferes with the thread movement and fiber slippage causing decreased flexibility and in
certain cases decreased tensile strength*®%1%2 Fig. 2.10b summarizes all the mechanical properties
extracted from the stress-strain curves where it is clear that PDMS finished fabrics have altered
mechanical characteristics but certainly without very significant changes with respect to the original
fabrics. Since fabric Si30 displays the best hydrophobic performance, it suffices to argue that as a
result of this treatment, no significant deterioration or loss in the mechanical characteristics

(Young’s modulus and maximum elongation at break) of the original fabric occurs.
2.5 Conclusion

Woven cotton fabrics were rendered water repellent by applying a sequential polymer treatment

comprising a polymer-silica nanocomposite and a silicone resin, which preserves the porosity and



46

the breathability of the original fabrics. Both polymers, namely, C-6 perfluorinated acrylic
copolymer and acetoxy-cure silicone (PDMS) resin are environmentally friendly and non-toxic.
Treated cotton fabrics also demonstrated resistance to water penetration due to hydrostatic pressure
build-up. Water repellent characteristics were demonstrated by water droplets (20 pL) that easily
rolled-off well below 20°. Even impinging small droplets (8 pL) could be repelled with
corresponding droplet roll-off angle of 17°. Additionally, treated fabrics were also able to hold a
hydrostatic head pressure of 2.56 kPa (equal to 26 cm water column height) before leak.
Hydrophobic durability of the cotton fabrics was tested by ultrasonic washing and wear abrasion
tests. Furthermore, treated fabrics resisted wear abrasion under 17.5 kPa up to 30 abrasion cycles.
The ease of application technique, industrial scale availability of the low-cost polymers and the
non-toxic ingredients would allow this fabric treatment to be implemented in large scale textile
treatment facilities. Moreover, developed fabrics can be further tested in applications such as

filtering, oil-water separation and as special bags for organic oil spills cleaning.
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Chapter: 3

PEDOT:PSS/Graphene based conductive cotton fabrics

3.1 Introduction

Recently, fiber-based conductive materials have gained a considerable attention of the researchers
because of their flexibility, mechanical strength, porosity and conformal properties™. Therefore,

conductive textiles are being increasingly implemented for thermos-regulated fabrics®,

68,74,87 64,163 65,164

sensor , static charge dissipation®®, data processing

55,61,73

, power storage , signals and power

transportation in military gears, medical sensors, sports or leisure wears. For this, intrinsic
conducting polymers (ICPs) with highest conformal flexibility are considered as best candidates for
71,721 polypyrrole52,62,73,165 75,78-80,95,166

have been extensively implement in conductive textile fabrics. Particularly, poly(3,4-

such applications. Namely, polyaniline and polythiophenes
ehtylenedioxythiophene) (PEDOT), a derivative of polythiophenes deserves special attention
because of it highly conjugated backbone, high environmental stability than polyaniline and
polypyrrole, biocompatibility®® and film forming properties®. Moreover, after making a polymer
complex with poly(styrene sulfonate) (PSS), PEDOT:PSS polymer complexes can easily be
processed into aqueous solution or non-toxic, green solvents like 2-propanol®**®’. PEDOT:PSS
solutions can be applied onto textiles structures using a number of simple fabrication techniques,

8794 " Jayer-by-layer assembling®™, solution immersion or dip-dry

52,68

such as, digital printing

76,7 1
d 6,79,80,168

metho and spray coating

3.2 Objectives

This study focuses on the fabrication process for a highly conductive, breathable, mechanically
strong cotton fabric for strain-sensing and supercapacitor applications. A simple approach of
mixing carbon based materials (graphene nanoplatelets, GNPs) with conductive polymer
(PEDOT:PSS) have been investigated to achieve high conductivity without altering physical
properties (porosity, weight, strength) of the prepared fabric. For this, PEDOT:PSS plays a dual
role of binding GNPs to fibre’s surfaces and enhancing conductivity of the prepared fabrics by its
conjugated backbone. The prepared conductive cotton fabrics are characterized for their
morphology, chemical interactions, mechanical strength, resistance to bending-unbending events

and successive washing cycles.
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3.3 Materials and methods
3.3.1 Materials

Plain woven 100% cotton fabric with 120 + 5 g/m? density and having 83/cm warp and 36/cm weft
threads was purchased from Cotoneficio Albini (ltaly). PEDOT:PSS microgel dispersion
(CLEVIOS™ P, CPP 105D) conductive polymer complex was purchased from Heraeus (Germany).
According to the manufacturer, the dispersion contains ca. 43% by weight PEDOT:PSS polymer
and the rest being isopropanol with other dispersants and stabilizers. Particularly, it contains an
epoxy functionalized silane component as binding agent. GNPs (Ultra-G") were provided by
Directa Plus Spa (ltaly). Detailed characterizations of the GNPs are given elsewhere®®
appendix-1, Fig. S4). NaOH, Polyethylene glycol (PEG), dimethyl sulfoxide (DMSO), d-sorbitol

and 2-propanol (all Sigma Aldrich) were used without any further purification. All the

(also see

materials/solvents used in this work are non-toxic and biocompatible®.
3.3.2 Sample preparation

Cotton fabrics (5 x 5 cm? sample size) were mercerized by dipping in aqueous 5M NaOH solutions
for 5 minutes, rinsed twice and dried before applying the conductive coating. For spray coating,
PEDOT:PSS solutions were further diluted with isopropanol to 1 wt.%. GNPs were blended with
PEDOT:PSS in solution at different mass fractions, such as, PEDOT:PSS/GNPs-100/0 (GNPs-0%),
90/10 (GNPs-10%), 80/20 (GNPs-20%), 70/30 (GNPs-30%), 60/40 (GNPs-40%) and 50/50 (GNPs-
50%) keeping total solid content of 1 wt.% in the solutions. Hereafter, the conducting fabrics will
be referred as, for instance, GNPs-0% (only PEDOT treated) and GNPs-20%, containing 20%
GNPs with respect to total polymer and GNP dry weight.

The conductive solutions were bath sonicated for 8 hours at 59 kHz, 135 W and amplitude of 100%
(Savatec, Italy) and then probe sonicated for 2 minutes at 20 kHz, 750 W and amplitude of 40%
(vibra cell™ XCV-750, Sonics and Materials Inc. USA). Ten ml solution for each GNPs mass
fraction was sprayed onto both sides of the fabric sample using airbrush spray system (VL Siphon
feed, 0.73 mm nozzle, Paasche airbrush, US). During spray coating, nozzle to fabric distance and
spray pressure were maintained at 15 cm and 2.5 bar, respectively. After 2 spraying cycles with hot
air gun drying in between, a dry pick-up of 10% - 12% w.r.t pristine fabric weight or mass loading
of 1.25 — 1.50 mg/cm? was measured. Dried fabrics were thermally cured in a convection oven for
30 min at 130°C and afterwards, conditioned for 24 hours at 23 + 1°C and 65 + 2% relative

humidity prior to characterizations.
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3.3.3 Characterization
3.3.3.1 Microscopic morphology

For surface analysis of the untreated and treated textiles, scanning electron microscopy (SEM)
JEOL-6490AL (Japan) was used. All SEM images were acquired without gold sputter coatings,
however, untreated cotton fabrics were sputter coated (~ 10 nm) prior to imaging. SEM images
were captured at different magnifications using accelerating voltages of 10 kV and 15 kV. For
certain samples energy dispersive X-ray (EDX) analysis were also performed at 10 kV acceleration
voltage, 10 mm working distance and 15 sweep counts to see chemical compositions. The
morphology of GNPs were analysed by TEM (JOEL JEM 1011 instrument, Japan) with an
acceleration voltage of 100 kV. The samples were dispersed in ethanol by bath sonication and 20

uL was dropped on copper TEM grids (200 mesh), which were then dried overnight under vacuum.
3.3.3.2 Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Infrared spectra of different samples were obtained with a FTIR spectrometer (Equinox 70 FT-IR,
Bruker) equipped with an ATR accessory (MIRacle ATR, PIKE Technologies). All spectra were
recorded in the range from 4000 to 600 cm™ with 4 cm™ resolution, accumulating 128 scans. To
ensure the reproducibility of obtained spectra three samples of each type were measured.

3.3.3.3 Raman spectroscopy

Chemical characterization of the conductive cotton fabrics was further studied by pRaman
spectroscopy (Renishaw Invia, United Kingdom). A 514 nm laser excitation line through a 100x
objective lens (numerical aperture 0.75) was used to excite the specimens, at low power of 0.4 mW.
The spectral region scanned was 3500100 cm * with a spectral resolution of approximately 1 cm™.
All the spectra were normalized to their maximum. Eight to 10 pRaman measurements were

performed to minimize uncertainty in measurements.
3.3.3.4 Mechanical characterization

Stress-strain properties of the conducting fabrics were measured using an Instron (3365 Instron,
USA) instrument according to ASTM D3505 test method. A dog-bone shaped sample strip of 25
mm length along the axis of warp threads and 4 mm width was cut by a mechanical cutter and held
by pneumatic clamps in the testing instrument. Fabric samples were extended at a constant strain

rate of 5 mm/min. Engineering stress-strain curves, Young’s modulus in MPa (slope of the stress-
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strain curves in elastic region before rupture) and elongation at break (%) of 5 samples for untreated

and treated cotton fabrics were automatically recorded by Instron software with standard deviations.
3.3.3.5 Water vapor permeability

Breathability of the conductive cotton fabrics was measured by water vapor permeability (WVP)
technique, using metallic permeation cells. The WVP of fabrics was determined at 25 °C and under
100% relative humidity gradient (ARH%) according to the ASTM E96 standard method. 450 pL of
deionized water (which generates 100% RH inside the permeation cell) was placed in each test
permeation cell with a 7 mm inner diameter and a 10 mm inner depth. Fabrics were cut into circles
and mounted on the top of the permeation cells. The permeation cells were placed in 0% RH
desiccator with anhydrous silica gel used as a desiccant agent. The water transferred through the
fabric pores was determined from the weight change of the permeation cell every hour during the
first 8 h using an electronic balance (0.0001 g accuracy). The weight loss of the permeation cells
was plotted as a function of time. The slope of each line was calculated by linear fitting. Then, the

water vapour transfer rate (WVTR) was determined as below*"*",

WVTR (g(m2d)~ = — 2P ___ (3.1)

area of the fabric

WVP measurements were replicated three times for each fabric sample. The WVP of the fabrics

were calculated as follows;

WTVR X1 X100

-1 _
WVP (g(md Pa)™" = S AR

(3.2)

where | (m) is the fabric thickness, measured with a micrometer with 0.001 mm accuracy, ARH (%)
is the percentage relative humidity gradient, and ps (Pa) is the saturation water vapor pressure at 25
°C (3168 Pa).

3.3.3.6 Washing durability

The washing durability of the selected conductive sample GNPs-20% was conducted in the
laboratory under constant stirring. The fabric specimen were washed in a capped bottle containing
200 ml distilled water and 0.37 % w/w of a neutral washing detergent (pH ~7.0)"*. Sample GNPs-
20% was washed simultaneously with another sample (GNPs-0%) in the same bottle to replicate the
fabric to fabric wear abrasion. During each cycle, washing solutions were heated at 45+ 2 °C for
30 min with intense stirring. Afterwards, samples were rinsed, dried and conditioned at a relative

humidity of 65 +2% and a temperature of 20 + 1 °C for 1 h before resistance measurements (£2/cm).
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Average of three measurements after each washing cycles is reported as normalized R/Rq ratio with

standard deviations. Silver contacts were used to measure the relative resistance as well.
3.3.3.7 Electrical properties

Electrical properties of the prepared samples were measured by using Signatone 1160 probe station
(Microworld, France). A Keithley 2612A sourcemeter (Tektronix, Inc. US) was used to record
voltage-current curves during measurements. Square samples of 5 x 5 mm? sheet area were
prepared and fixed by double stick adhesive tape onto glass slides. Silver paint (RS silver
conductive paint, resistivity ~ 0.001 Q/cm) electrodes of 5.0 x 2.5 mm? size were painted on the
conductive surfaces 5 mm apart in order to minimize contact resistances between the probes and the
fabrics. A real sample for he sheet resistance measurements have been shown in Fig. 3.1. An
electrical voltage of 2.0 V was applied on contacts along the warp direction. The bulk resistance of
the samples was calculated by taking the slope of the recorded V-1 curves. Three samples for each
GNPs mass percentage were measured and average values are reported with standard deviations. An
electrical potential of 2.0 V was intentionally used as most of the smart wearable devices operate at
1.0-5.0 V voltage range'™*'"®. The fabrics were also tested at higher voltages and all displayed
ohmic resistor behaviour up to 7.0 V. The sheet resistance (£2/0 or €)/sq.) was calculated by using
the formula:

Ry=p Wt (3.3)

where, Rs is sheet resistance, p is specific resistivity of the bulk, L is length, W is width and t is
thickness of the treated fabric (~0.25 mm). Since our measurements were performed at a square
fabric area (W=L), and the thickness was kept constant, the value of sheet resistance becomes
dependent only on the specific resistivity (Rsocp). The bulk conductivity was calculated by inversing

specific resistivity .

Fig. 3.1. Sample for sheet resistance measurement with 5 x 5 mm? surface area. Highly conductive silver

paint was used to make contacts of 5 x 2.5 mm? size on both ends.
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3.3.3.8 Changes in fabric resistance under cyclic strain deformation

Cyclic strain deformation is defined as reversible change in electrical resistance of a material when
subjected to a cyclic strain (¢ = ratio of change in length to original length, AL/L). The resulting
strain sensitivity is further characterized by a term known as gauge factor defined by the following

equation ",

GF =128 (3.4)

£ Ry

Where, AR is the change in resistance at a given strain, Ry is the initial resistance and ¢ is the applied
strain. The effect of cyclic extension (€) on the resistance change (AR) was evaluated on a micro
uniaxial testing stage (Deben, UK, custom design). Strip samples of 15 x 4 mm? size along warp
direction were prepared for this purpose. Conductive silver paint electrodes were made on the
samples with 10 mm spacing. For measurements, a strip-shaped fabric was placed and fixed
between clamps separated by 10 mm. Electrodes were connected to the sliver painted ends of the
mounted sample. Electrical voltage corresponding to 1.0 V was applied using a Keithley 2612A
sourcemeter (Tektronix, Inc. US) and the initial resistance R, at zero deformation was recorded. 100
deformation cycles were applied at strain rate of 5 mm/min, both in loading and unloading
directions. The mounted samples were displaced by 0.5 mm and 1 mm corresponding to 5 % and 10
% strain, respectively®”*™. Changes in resistance R were recorded both in extension and relaxation
modes during each deformation cycle. For reproducibility, five repetitions on each sample were
performed. Up to 1000 deformation cycles were performed to monitor longer term effects of the

cyclic strain deformation.
3.3.3.9 Severe folding-unfolding resistance test

Fatigue induced resistance changes due to weight-pressed folding were measured by performing
repetitive folding-unfolding cycles®”*". The 180° folding line was induced by placing the folded
fabric under a 0.5 kg metal weight for 1 min. Subsequently, the fabric was unfolded and allowed to
rest for an additional minute before measuring electrical resistance R (€2/cm) across the fold line.
Silver paint contacts were applied at 3 different positons along the fold line 1 cm apart from one
another on both sides of the fabric. A digital multimeter was used for electrical resistance
measurements. The average values of “Rp” before folding and “R” after each folding cycle were
recorded with their standard deviations. Overall, six measurements were collected (three from each
side of the fabric) and the average change in the normalized R/Ry ratio was reported as a function of

number of folding cycles.
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3.3.3.10 Fabrication of supercapacitor and capacitance measurements

Symmetrical solid-state supercapacitors were fabricated using two conductive textile with similar
coatings (dimension 1 cm x 1cm) separated by a dried glass fibers membrane (Whatman GF/D)
which was soaked into 200 pL of 1.2 M tetraethylammonium tetrafluoroborate (TEABF4) in
Acetonitrile. Cells were made in a coin cell configuration inside a MBraun glovebox, with H,O and
O, levels below 0.1 ppm. All cells were electrochemically tested using BioLogic BCS-805
multichannel battery unit controlled by BT Lab V1.30 at ambient conditions. Cyclic voltammetry
and Galvano-static measurements were performed in a potential range of 0-1.5 V using different

scan and current rates.
3.4 Results and discussion
3.4.1 Surface micro-morphology

The fabrics were coated by spraying diluted PEDOT:PSS solutions containing different quantities
of GNPs. Fig. 3.2 shows SEM images of the untreated mercerized cotton fabric, PEDOT:PSS
coated fabric (GNPs-0%; on dry basis) and graphene treated fabrics with, GNPs-10%, GNPs-20%,
GNPs-30% and GNPs-50%, respectively. Unlike convoluted fibrous structures in the pristine cotton
fabric without mercerization, untreated mercerized cotton fabric exhibits a closely packed,
intermeshed network of round cellulosic fibres'’®, as shown in Fig. 3.2a. Whereas, as shown in Fig
3.2b, the fabric surface treated with GNPs-0% (only PEDOT:PSS treatment) appears to be evenly
coated with the conjugated polymer. No PEDOT:PSS polymer aggregation zones or phase

separation on the fibers is noticeable.
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Fig. 3.2. SEM image of (a) untreated mercerized cotton fabric, (b) only PEDOT:PSS coated fabric (GNPs-
0%), (c) sample GNPs-10%, (d) sample GNPs-20%, (e) sample GNPs-30% and (f) sample GNPs-50%
coated with graphene nanofillers and conductive polymer. (f) EDX spectra of the GNPs-20% conductive

cotton fabric for composition analysis.

For coatings containing GNPs, coating uniformity directly influenced final electrical properties of
the fabric®. For instance, fabrics treated with GNPs-10% displayed isolated fragments/islands of
stacked graphene layers on the fiber network as shown in Fig. 3.2c. No continuous well-
interconnected network of GNPs was established at this mass ratio. Increasing GNPs concentration
in the solution resulted in the formation of a microporous but interconnected coating layer on the
fabric surface (Fig. 3.2d, GNPs-20%); even though, some underlying woven fiber bundles were
still visible as seen in Fig. 3.2d. This fabric was evaluated to be the best performing among others,
as will be demonstrated in next sections of this chapter. The fabric treated with GNPs-30%
solutions, for instance, appears to have less porosity (Fig. 3.2e) but it displayed very poor adhesion
characteristics and coating failure upon simple rubbing or bending. Further increase in GNPs
concentration with respect to PEDOT:PSS (for GNPs-50%, see Fig. 3.2f) worsened this problem,

rendering the textile durability very poor against mild wear and folding.
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Energy dispersive X-ray spectroscopy (EDX) measurements performed on fabrics treated with
GNPs-20% solutions demonstrated existence of a trace Na signal, located at 1.045 keV, due to prior
mercerization of the cotton fibers, as shown in Fig. 3.2g. An additional peak at 2.307 keV is
attributed to the atomic sulphur in thiophene ring and sulfonic groups of PEDOT:PSS™'"". More
importantly, as seen in Fig. 3.2g, the silicon peak at 1.74 keV confirms the presence of epoxy-silane

binder which was crucial in retaining the GNPs in the coating matrix .
3.4.2 Chemical analysis

Mercerization of cotton fabric causes neutralization of polysulfonic acid groups upon the
application of the conductive coatings™. It also affects the cellulosic structure of cotton. As shown
in Fig. 3.3, FTIR spectra of as-received cotton fabric show well-known distinct bands associated
with pure cellulose structure, namely, O-H stretching at 3364 cm™, C-H stretching at 2891 cm™,
adsorbed water at 1645 cm™, ring breathing at 1157 cm™ and C-O stretching at 1026 cm™*,
However, after mercerization, significant broadening of the peak attributed to O-H stretching at
3100-3400 cm™ appears, indicating transformation of cellulose-1 to cellulose-Il structures and
associated changes in inter and intra-molecular hydrogen bonds, as shown in Fig. 3.3 (enlarged
image)'’®. Furthermore, Raman spectroscopy was used to confirm the mercerization effect and to
analyse the potential chemical interactions between the conductive polymer and cotton fibres.
Thickness or approximate graphene layers constituting GNPs used were also estimated based on
Raman analysis. For instance, Raman signals of the mercerization effect on cotton fabric were
detected at 1461 cm™, which is attributed to crystallinity of cellulose and at 896 cm™ which is the
bending mode of 6" carbon atom in the Cellulose-I structure*”®. Upon mercerization, the intensity
of the band at 1461 cm™ decreases while the intensity of the band at 896 cm™ increases (see

appendix-1, inset of Fig. S5), both of which are related to transition from Cellulose-I to Cellulose —
Ti 179.
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Fig. 3.3. FTIR spectra of unmercerized (dotted line) and mercerized (solid line) untreated cotton fabric.
Different vibrations attributed to cellulose structure have been assigned. Effect of mercerization treatment on
cellulosic structure is indicated as peak broadening.

When mercerized cotton fabrics were treated with PEDOT:PSS or PEDOT:PSS/GNPs coatings,
strong vibrations attributed to thiophene rings and sulfonic acid groups appear between 400 cm™
and 1600 cm™ wavenumbers, confirming coating consistency over cotton fibres. Herein, for brevity,
the Raman spectra of most relevant fabrics have been presented. As shown in Fig. 3.4, two
conductive cotton fabrics, namely, sample GNPs-0% and sample GNPs-20% exhibit several well-
known Raman peaks at 1538 cm™, 1440 cm™, 1365 cm™ and 1258 cm™ associated with C,=Cj
asymmetric stretching, C,=Cg symmetric stretching, Cg-Cjp stretching deformation and C,=C, inter-
ring stretching of the thiophenes (PEDOT), respectively®®*®. The vibrational contribution of

PEDOT quinoidal structure is also visible at 1543 cm™#!

, and two small peaks associated with
oxyethylene ring deformation can be located at 989 cm™ and 577 cm™*®2, The acidic contribution of

SO, sulfonic group from PSS component is also detected at 440 cm™.
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Fig. 3.4. Raman spectra of the conductive cotton fabric with only conductive polymer PEDOT:PSS (sample
GNPs-0%) and PEDOT:PSS/GNPs coated nanocomposite (sample GNPs-20%). Different vibrations
attributed to PEDOT:PSS and GNPs have been assigned in black and blue colours, respectively. The inset
shows the deconvolution of the GNPs 2D peak (second order of zone-boundary phonons), into 2D; and 2D,

peaks.

On the other hand, the conductive fabric sample GNPs-20% demonstrates bands related to the state
of GNPs utilized (Fig. 3.4). Vibration bands at 1365 cm™, 1585 cm™ and ~2700 cm™ in the Raman
spectra are associated with D peak (disordered structure of graphene), G peak (stretching of the C-C
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bond in sp? hybridised carbon atoms) and 2D peak (the second order of zone-boundary phonons),
respectively'®. A typical single layer graphene demonstrates a sharp high intensity 2D peak
exceeding the intensity of the G peak. In multilayer GNPs, this peak appears broader and smaller in
intensity compared to G. It can be deconvoluted into two peaks, namely 2D, and 2D,™®* and if the
intensity of 2D, > 2D; like it happens in our samples (Fig. 3.4 enlarged part) then the GNPs are

considered to be more graphitic material with stacks of more than 8 graphene layers "%,

3.4.3 Mechanical properties

As mentioned earlier, the highly acidic nature of PEDOT:PS solution (pH < 2.0) hydrolyzes the
cellulose backbone of cotton and this effect directly translates into a major loss of mechanical
properties. In Fig. 3.5a, changes in the mechanical properties of the fabric due to mercerization and
to PEDOT:PSS treatment, applied to both mercerized and as-received fabrics, are shown. As
received cotton fabric demonstrated a J-shaped stress-strain behavior somewhat similar to
elastomeric polymers and biological tissues ™’ but with only 50% strain before break. Direct
application of PEDOT:PSS solution on as-received cotton fabric results in a very significant
deterioration in stress and strain values before break. Namely, the treated fabric stretches only by
10% before break and the tensile stress before break occurs at 7 MPa instead of 73 MPa (Fig. 3.5a).
Moreover, as indicated in Table 3.1, approximately 80% of the original elastic modulus is lost upon
PEDOT:PSS treatment.

Mercerization effect on the as-received fabric is reflected as an increase in elongation at break by
ca. 60% and as stress at break reduction by about 10 MPa. These changes are well-known in textile
industry and are attributed to the structural and bonding changes in cellulose/cotton due to alkaline
treatment'’®*®>, When this fabric is treated with PEDOT:PSS (GNPs-0% in Fig. 3.5a), even though
both the stress and strain at break values decline to 30 MPa and 23%, respectively, the J-shaped
characteristic fabric stress-strain behaviour is preserved and the Young’s or elastic modulus only
reduces by 25%, compared to 80% reduction without mercerization (see Fig. 3.5a and Table 3.1).
This improvement is accredited to the neutralization effect of NaOH on sulfonic acid (see inset in
Fig. 3.5a), partially preventing acidic hydrolysis of cotton®.
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Fig. 3.5. (a) Stress-strain curves of untreated and only PEDOT:PSS coated cotton fabrics (sample GNPs-0%)
with and without mercerization treatment. (b) Mechanical recovery after mercerization of different GNPs
coated fabrics, such as, 10%, 20% and 30% (the Mercerized GNPs-0% fabric is also shown for direct

comparison reasons).

Fig. 3.5b shows stress-strain curves of various mercerized conducting cotton fabrics with different
mass fractions of GNPs. As seen in Table 3.1, use of GNPs with PEDOT:PSS definitely enhances
elastic modulus that is initially lost due to sulfonic acid effect on the as-received fabric, but with
very little effect on elongation at break, particularly for samples GNPs-20% and GNPs-30%. After
mercerization, increase in both elastic modulus, and elongation at break values (approx. two fold for
all samples GNPs>10%) was measured compared to pure PEDOT:PSS treatment after
mercerization (Table 3.1). In conclusion, the fabric designated by GNPs-20% was chosen as the

best sample both in terms of stress-strain behaviour as well as final weight and physical appearance.

Table 3.1. Summary of mechanical properties. Uncertainty levels in Young’s modulus and elongation at

break are + 10 MPa and + 2 %, respectively.

Before mercerization After mercerization
Max. )
) Max. elongation
Treatment Young’s modulus | elongationat | Young’s modulus ¢ break
at brea
(MPa) break (MPa)
(%)

(%)
Untreated 278 51 273 60
GNPs-0% 55 10 205 23
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GNPs-10% 63 12 236 27
GNPs-20% 150 14 200 41
GNPs-30% 168 17 257 44
GNPs-40% 175 18 268 44
GNPs-50% 210 21 266 47

3.4.4 Breathability

For breathability of the treated fabrics, two conductive cotton fabrics, GNPs-0% and GNPs-20%
were characterized for their water vapour permeability (WVP) and water vapour transfer rate
(WVTR). Additionally, pristine (unmercerized) and mercerized untreated cotton fabrics were also
characterized as controls. As shown in Fig. 3.6, a 50% increase of WVTR and WVP was noticed in
untreated mercerized cotton fabric as compared to unmercerized fabric, as shown in Fig. 3.6. An
increased hygroscopic nature of the mercerized cotton fabric demonstrated WVTR and WVP of
7550 g/m?.d and 5.96 x 10 g/m.d.Pa, respectively. Whereas, after PEDOT:PSS coatings (sample
GNPs-0%) on the mercerized cotton fabrics, WVTR and WVP factors were decreased by 14%.
Similarly, a further reduction in moisture transfer rate was observed when GNPs were mixed with
the conductive polymer solution. For instance, the WVTR and WVP values of the sample GNPs-
20% were reduced to 5830 g/m*.d and 4.78 x 10™* g/m.d.Pa, respectively, as shown in Fig. 3.6.
Nonetheless, the breathability of the conductive cotton fabric (GNPs-20%) was still in the range of
pristine cotton fabrics.
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Fig. 3.6. WVTR and WVP of different untreated and conductive cotton fabrics.
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3.4.5 Treatment robustness against repeated washing cycles

Change in relative resistance of the best conductive sample GNPs-20% against repeated washing
cycles can be seen in Fig. 3.7. After first washing cycle, a large decrease of electrical conductivity
is displayed by samples GNPs-20%. Therefore, the R/R, ratios was increased from 1.00 to 2.69
corresponding to electrical resistance from 19.4 Q/cm to 52.3 Q/cm. After first washing cycle, some
micro cracks were appeared on the surface of the conductive fabric (see inset of Fig. 3.7a).
Hereafter, once the cracks were formed, the next washing cycles only resulted a small addition to
the electrical resistance. For instance, from 2™ to 5" cycle, the electrical resistance of the sample
GNPs-20% was increased from 52.3 Q/cm to 70.2 Q/cm corresponding to R/Rg ratio from 2.69 to
3.61, as shown in Fig. 3.7a. The control sample GNPs-0% also exhibited a similar trend of increase

in electrical resistance with successive washing cycles (results are not shown here).
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Figure 3.7. (a) Normalized R/RO electrical resistance of conductive cotton fabric GNPs-20% as a function of
number of laundry cycles. Inset images show the crack formation after consecutive laundry cycles. EDX
analysis of the sample GNPs-20% (b) before and (c) after 5 laundry cycles. Inset images indicate the

mapping (blue dots) of atomic sulphur on conductive fabric surface representing the PEDOT:PSS coating.

After 5 laundry cycles, electrical resistance of the conductive cotton fabric GNPs-20% was
increased by more than three folds. However, the magnitude of the sheet resistance was still less
than 100 /0. In order to visualize the effect of washing cycles on surface composition, sample
GNPs-20% before and after 5 washings was inspected with SEM and EDX. Fig. 3.7b and 3.7c
compares EDX signals of the fabrics (sample GNPs-20%) before and after 5 washing cycles,
respectively. The data is the average of EDX spectra collected at 10 different locations at the

samples. The EDX spectra collected before and after 5 washing cycle didn’t show any remarkable



61

decreased in intensities (~5 %). This negligible alteration of surface composition indicates that
GNPs embedded polymer matrix remained intact to the fiber surface during strong agitation and

simulated wear abrasion.
3.4.6 Electrical properties

Pure cotton textile is an insulator material with sheet resistance exceeding 10%-10° Q/sq. Although,
pure PEDOT:PSS polymer films exhibit very low sheet resistance of 10-80 Q/sq. depending on film
thickness®, sheet resistance of conductive fabrics coated with only PEDOT:PSS (GNPs-0%)
solutions displayed sheet resistances around 1.5 k €/sq., as shown in Fig. 3.8a. This could be
attributed to a number of factors, such as absorbing nature of the cotton fibers, porosity within the
textile network or substrate dependent preferential orientation of the side chains'®*'®. Substrate
induced effects are known to modify and often lower the conductivity of polythiophenes by
disrupting the thiophene (in this case PEDOT) side chain orientations attached to the PSS backbone
that are responsible for charge transportation™®’.

(a) 10000 2.0 (b) 100 2.0
] PEDOT segments Graphene nanoplatelets Il Sheet Resistance
= h \ — = ‘<\/‘ ~ | _ I Conductivity
s ] / —= = O 80 .
N ] ° PSS template polymer 15 g g 1.5 g
8 1000 E | (\7)/ 8 o @
% ] ° ] > % >
: / \ 3 : 78
(%) = 0 =
(&) (O] 4 o
& s | S [a g 40 _g
[} ] o
] e 05 o Q t0.5
g \¢/+ O & 204 O
m L
B , , , —- 0.0 : : ~0.0
0 10 20 30 40 50 non EG d-sorbitol DMSO
GNPs (%) Additives (50 pL/mL)

Figure 3.8. (a) Sheet resistance and electrical conductivity of the conductive cotton fabric with increasing
mass percentage of GNPs in coating solutions. The inset illustrates “zipping effect “ of conductive polymer
on incorporated GNPs. (b) Effect of different polar solvents on the sheet resistance and conductivity of the
sample GNPs-20%.

Fig. 3.8a shows a nonlinear decline in sheet resistance (corresponding increase in electrical
conductivity) of the coated fabrics as a function of incorporated GNPs concentration. For instance,
the sheet resistance of the GNP-10% fabric is 332 Q/sq., a value 4 times lower than the pure
PEDOT:PSS treated fabric. Further addition of GNPs in the PEDOT:PSS solution causes a
significant improvement in electrical conductivity, as shown in Fig. 3.8a. For instance, at 20 wt.%

mass fraction of GNPs (Sample GNPs-20%) the electrical conductivity was increased to 0.6 S/cm at
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58 Q/sq. As discussed above, at this mass fraction, continuous networks of GNPs embedded in
PEDOT:PSS polymer matrix were established (see Fig. 3.2d). Hence, the so-called “zipping effect”
by PEDOT:PSS polymer chains on dispersed GNPs segments can occur, enhancing the charge
transport between adjacent PEDOT sites (see in set of Fig. 3.8a)**¥ It is worth noting that
mercerization slightly increased the sheet resistance after treatment with GNPs containing solutions
compared to a similar treatment applied to the as-received fabrics (see appendix-1, Fig. S6). This
could be associated with the alkaline neutralization of sulfonic acid group in PSS segments acting
as primary dopants®. Nonetheless, compared to the mechanical properties of unmercerized
conductive fabrics, an insignificant increase in sheet resistance followed by good final mechanical
properties is highly preferred (GNPs-20% is about 58 Q/sq.). Although higher GNPs concentrations
yielded sheet resistance values close to 20 €)/sq., the resultant fabrics displayed very poor wear and
abrasion resistance, as well as laundry cycle durability along with touch and feel perception.

Therefore, the GNPs-20% fabric was used for further strain sensing experimentation.

There are, however, potential possibilities to reduce sheet resistance further without using higher
GNP concentration. We implemented the well-known secondary dopant concept (developed for
pure PEDOT:PSS films) which can be introduced as “co-solvent” in conducting polymer-GNP
solutions'®’
PEDOT:PSS films, such as EG, d-sorbitol or DMSO®. Hence, new GNPs-20% fabrics were made

by mixing these co-solvents at 50 pL/mL ratio before spraying. As shown in Fig. 3.8b, the sheet

. A number of organic solvents have been extensively studied for this purpose in pure

resistance was further reduced to 24 Q/sq., particularly when DMSO was used, with a very stable
Ohmic current-voltage behaviour. The DMSO improved the charge transportation by inducing

phase separation in PEDOT and PSS segments'*® %2

and it had the same effect in the presence of
GNPs. The use of DMSO has not influenced the mechanical properties and the physical appearance

of the conductive fabrics.
3.4.7 Cyclic strain sensitivity

Certain textile based conductive materials demonstrate reversible strain sensitivity or response in
the form of reversible changes in electrical resistance under cyclic deformation®”. The GNPs-20%
fabric made with the DMSO co-solvent was tested for this purpose. A strip of 10 x 4 mm? fabric
was elongated to 5% and 10% maximum stretch levels at a constant strain rate of 5 mm/min along
the fabric axis. Fig. 3.9a shows the cyclic stretch-release response of the fabric under 5% (blue) and
10% (green) maximum strain in terms of normalized resistance change. In both cases, an initial
increase in the normalized resistance takes place within the first five cycles, as shown in Fig. 3.9b.

This can be attributed to a partial disentanglement of GNP-GNP contacts also observed on other
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conducting fabrics’®. Subsequently, the oscillations in the resistance remain stable and
reproducible, as shown in Fig. 3.9c. It is worth noting that the calculated gauge factors 4.45 and
4.80 for 5% (€=0.05) and 10% (e=0.1) strains, respectively, are higher than those of metallic foils
under similar strains®’. Wu et. al. (2005) also observed a similar behaviour (gauge factor, GF ~5)

for polypyrrole coated nylon/lycra fabrics™.
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Fig. 3.9. (a) Normalized resistance ratio R/R, at 5% (blue line) and 10% (green line) deformations of the
sample GNPs-20%. (b) Increase of R/R, ratio in initial 5 cycles and (c) continuous strain-sensing behaviour
of conductive sample GNPs-20% during extension and relaxation modes. Both modes are indicated with red
arrowheads. Overlapped deformation curves are slightly shifted in (b) and (c) for better understanding.

A closer look at the oscillating normalized resistance signals in Fig 3.9c, reveals that at the end of a
single stretch event and as the fabric starts to relax, a dent-like R/Ry response occurs. This
behaviour is ascribed to instant re-establishment of certain “interfibrillar contacts” along the woven

80,87

fibre texture™"". This event is further followed by establishment of full “interfibrillar contacts”

upon release or relaxation as well as recovery of electrical contacts along individual fibre surfaces

194

(intra-fibre contacts)™™", resulting in a sharp decline in normalized resistance. The strain response of

the GNPs-20% fabric was stable for even more than 1000 cycles (see appendix-I, Fig. S7).

Finally, we investigated the strain recovery behaviour of the GNPs-20% fabric after cessation of the
cyclic strain-release tests. In the case of 100 cycles at 5% strain, the conductive fabric normalized
resistance decreases to ~1.16 in less than 15 sec. after cessation (see Fig. 3.10a), while it stabilizes
at 1.12 after 6-7 minutes. This corresponds to a 90% recovery. However, as shown in Fig. 3.10b,
after the cessation of 100 cycles at 10% strain, the immediate recovery within the first 15 seconds
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does not take place and instead the fabric’s viscoelastic recovery stabilizes at a normalized
resistance of 1.6, after 40 minutes. This translates into ~60% recovery. This indicates that
substantial residual stresses still remain in the fabric one hour after cessation; however a normalized
1.6 resistance value is not substantial and does not correspond to an order of magnitude decrease in
conductivity of the fabric. A review of literature indicates that different woven textiles demonstrate
diverse viscoelastic recovery behaviour within an hour of termination of strain cycles under 10%
deformation, for instance, cotton, nylon and lycra recover by 61%, 91% and 100% of their original
dimensions, respectively®’. Although not shown, within the course of 24 hours, further viscoelastic
relaxation occurs and up to 83% of the initial resistance is recovered in this case (10% strain).
Similarly, about 95% of the initial resistance is recovered in the case of 5% maximum strain. Note
that other conductive fabrics containing more GNPs demonstrated poorer recovery performance and
are not reported herein for brevity. Hence, the conductive cotton fabric GNPs-20% appears to be a

highly promising smart textile for flexible wearable interconnections or strain sensing applications.
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Fig. 3.10. Viscoelastic recovery of initial resistance in (a) 5% deformed and (b) 10% deformed conductive
cotton fabric (sample GNPs-20%) after 100 cycles.

3.4.8 Resistance to Severe Repetitive folding-unfolding tests

Although many conductive polymer or conductive polymer composite films function when

flexed'®

, a realistic performance indicator for foldable conductors is the degree of increase in
resistance when they are completely bent or folded over themselves under substantial pressing
force®”. In other words, under conditions such that pressing hard over the fold line causes permanent
fold marks similar to paper origami. The process is depicted in the photographs shown in Figs.
3.11a-3.11c. The fabric was folded over itself (180°) and a 0.5 kg weight was placed and kept over
the fold line for 1 min. Subsequently, the weight was removed, the fabric was unfolded and the

resistance was measured across the fold line (a single fold-unfold cycle). After each folding-
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unfolding cycle, the average normalized resistance R/Rq value (R is initial electrical resistance/cm)

is recorded as a function of the cycles shown in Fig. 3.11d.

After the first two cycles (Fig. 3.11d), the normalized resistance jumps to about 1.2, followed by an
increase to about 1.7 over the course of 20 cycles. This is rather encouraging in terms of folding-
unfolding fatigue as the deterioration in resistance does not even double. Note that increasing the
folding-unfolding cycles beyond 20 does not cause further worsening of the fabric resistance (not
shown in the graph). Although, such fatigue tests are rare in literature, very recently both Cai et al.
(2017)®" and Cataldi et. al. (2017)*" have also reported experiments with repeated folding-
unfolding cycles on conductive textiles. For comparison purposes, their findings have also been
plotted in the Fig. 3.11d. More specifically, Cai et. al. observed a small change of electrical
resistance with 180° folding-unfolding cycles even though the conductive fabric was not subjected
to any pressing weight. However, in the case of Cataldi et. al., due large pressing weight (5 kg), the
degradation in resistance was more prominent at the end of 10 cycles. During repetitive folding-
unfolding with pressing weight, formation of micro-cracks along the fold line was confirmed by
electron microscopy as shown in Figs. 3.11e and 3.11f. However, there existed many other
interconnecting sections over the fold line discontinuity sufficient for electrical conductivity as
shown in Fig. 3.11f (see upper left corner). As seen above, the prepared conductive fabrics have
good resistance to mechanical deformation, washing cycles and bending induced fatigue. This

aspect is an important requirement for functional sportswear.
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Fig. 3.11. (a-c) 180° folding-unfolding mechanism with pressing weight. (d) normalized R/R, measurement
of weight pressed 180° folding-unfolding test as a function of number of folding cycles. (e-f) formation of
structural crack along the folded line. Representative error bar indicates measurement uncertainty level.

3.4.9 Capacitance measurements

Conductive cotton fabrics with lowest sheet resistance were also tested for their electrochemical
performance. For this, parallel plate supercapacitors were prepared in the coin cell configuration
using GNPs-30% treated fabric as shown in Fig. 3.12a. A commercially available
tetraethylammonium tetrafluoroborate (TEABF4) in acetonitrile was used as solid state electrolyte
separator. The porous fabric structure was advantageous here to have more surface area and easy
access to active materials such as GNPs and PEDOT:PSS®. The prepared coin cells of GNPs-30%
conductive fabrics were mounted in the battery unit and tested for 1000 cycles. Fig. 3.12b shows
galvanostatic measurements of the prepared supercapacitor at different current densities. At low
current density of 0.3 mA/cm?, the supercapacitor with GNPs-30% treated fabric demonstrates high
charging and discharging times corresponding to small slope of the discharging curves. On the other
hand, with high current densities, this charging-discharging times are reduced and slope of the
discharging curves increase respectively. Capacitance (Farads, F) of the prepared supercapacitors

are calculated using following equations,

1

C(F) = slope of discharge curve 89
_ c(F)
CSP =4 X (mass in grams) (36)

Where, Cs, is the specific capacitance with units F/g. Using these equations, the resultant specific
capacitance measurements are shown in Fig. 3.12c. For instance, the prepared supercapacitor shows
62 F/g and 39 F/g values of Cg, correspond to current densities of 0.125 mA/cm? and 1.56 mA/cm?,
respectively. An ideal supercapacitor with no redox reaction and zero capacity loss demonstrates a
prefect square shaped curves in cyclic voltammetry measurements*®. However, in reality some
faradaic losses occur and the tested supercapacitors show oxidation and reduction peaks during
cyclic voltammetry measurement as in the work of Yun et al.'®’. In our measurement, the resulted
voltammetry curves were not deformed corresponding to no redox reactions and minimum capacity

losses. This indicates the characteristics of a supercapacitor'®,
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Fig. 3.12. (a) Coin cell configuration. Attachment of the copper electrodes to mount in battery unit also have
been shown. (b) charge-discharge test (c) specific capacitance of the supercapacitor as a function of current

density. (d) cyclic voltammetry measurements.
3.5 Conclusion

Mercerized woven cotton fabrics were successfully modified by conductive polymer PEDOT:PSS
and graphene nanoflake dispersions (20 wt.% GNPs) to impart electrical conductivity. A simple
spray coating technique was used for this purpose. Conducting fabrics were breathable, light weight
and resistant to laundry cycles. After secondary doping by DMSO co-solvent, a sheet resistance and
electrical conductivity of ~25 Q/o and 1.6 S/cm were achieved, respectively. Conducting
mercerized fabrics were found to respond to cyclic strain deformation at 5% and 10% strain rates
for up to 1000 cycles with ~90% viscoelastic recovery levels after cessation of the cycles.
Additionally, the fabrics demonstrated strong resistance against fatigue due to repeated folding-
unfolding events under pressing weight. These useful features are important for real time strain-
sensing devices. Moreover, the conducting fabrics may also be suitable for applications in wearable
electronics, energy storage as supercapacitors, data storage and transmission and biomedical

monitoring.
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Chapter: 4

Mn-Doped TiO, Nanoparticles for Antibacterial and Self-Cleaning Fabrics

4.1 Introduction

Recent advances in the nanotechnology and fabrication techniques have made it quite simple to
functionalize conventional textile fabrics (cotton, polyester, silk) for their technical applications™®.
Particularly, antibacterial and self-cleaning properties of the functionalized fabrics have gained
more attention due to rise in health and safety awareness. Nanotechnologies also have footprints in
this field of high interest for medical, sports, and uniform applications. For instance, metallic
(silver, gold, copper) based nanoparticles are considered as core elements for antibacterial
properties. However, as mentioned earlier, their corrosive nature, costs of production,
environmental instability and cytotoxicity hamper their usage in functional textiles at industrial
scale productions'®'%, Alternatively, ceramic based nano-materials, such as, zinc oxide (ZnO) and
titanium dioxide (TiO;) nanoparticles are increasingly adopted for photocatalytic antibacterial
fabrics®. These photocatalytic nanoparticles are attributed to have no toxicity, low production cost,
high stability and degradation of several organic compounds in addition to antibacterial
properties'®*%". Another advantage of ZnO and TiO, NPs is their photocatalytic performance under
both UV and visible irradiations, however, for visible activity a doping elements is required'®.
Therefore, these photocatalytic nanoparticles with low cost and non-toxicity have huge potential for

textile applications
4.2 Objectives

The main objective of this chapter is to impart another very important functional aspect to the
conventional textiles. In this chapter, multifunctional cotton fabrics have been demonstrated using
low cost, non-toxic manganese doped TiO, nanoparticles (TiO,:Mn NPs) blended with
polydimethylsiloxane (PDMS) binder. High photocatalytic potential of the TiO,:Mn NPs has been
exploited in cotton fabrics to render them antibacterial and self-cleaning. Further, their applications
for water purification also have been studied. Textile fabric properties, such as, tensile strength and
breathability are also analysed after TiO,:Mn NPs and PDMS treatment. Washing resistance of the

treated fabrics is tested against 10 washing cycles.
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4.3 Materials and methods
4.3.1 Materials

Plain woven, bleached, 100% cotton fabric with 180 + 5 g/m? mass density was purchased from
Swissatest Testmaterialien AG (Switzerland). The fabric was uniformly constructed in both
directions (warp and weft) having thread size and density of 36 Tex and 24 threads/cm,
respectively. Low cost TiO,:Mn NPs were prepared by sol-gel method using titanium (IV)
oxysulfate (TiOSO4xH,0) as precursor. Preparation details and TiO,:Mn NPs characterizations are
given elsewhere [patent GR20090100724]*°. Shortly, anatase TiO,:Mn NPs were characterized to
20-30 nm particle size, 24 m?/g surface area and band gap of 2.75 eV corresponding to 0.1 wt.% Mn
doping. A single component polydimethylsiloxane (PDMS, Elastosil E43) was purchased from
Wacker Chemie AG (Germany). As per manufacturer, the moisture cured PDMS forms a quick,
transparent skin on the surface when applied and have good mechanical flexibility and self-levelling
properties. Ethyl acetate and MB model dye (Sigma Aldrich) were used as received. Milli-Q
distilled water was used for the MB solutions.

4.3.2 Textile treatment

Cotton fabrics (10 x 10 cm? sample size) were treated by a simple spray coating technique. First,
the PDMS solution was prepared in ethyl acetate and then and TiO,:Mn NPs were blended with
PDMS solution at different mass fractions, PDMS/TiO,:Mn NPs-100/0 (namely NPs0), 90/10
(NPs10), 75/25 (NPs25) and 50/50 (NPs50), keeping the total solid content of 1 wt.% in the

solutions.

Subsequently, the prepared solutions were bath sonicated for 8 hours at 59 kHz and 135 W
(Savatec, Italy). For each TiO,:Mn NPs mass fraction, 15 mL of solution was sprayed onto each
side of the fabric, using an airbrush spray system (VL Siphon feed, 0.73 mm nozzle, Paasche
airbrush, US). During spray coating, the nozzle to fabric distance and spray pressure were
maintained at 15 cm and 2.5 bar, respectively. Spraying cycles were followed by drying the fabric
using a hot air gun, keeping a dry pick-up of 6 % - 7 % w.r.t. pristine fabric weight, corresponding
to mass loading of 1.00 — 1.26 mg/cm?. Coated fabrics were then allowed to crosslink at room

temperature for 24 hours, at 65% humidity prior to characterization.
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4.3.3 Characterization
4.3.3.1 Surface morphology

Morphological characterizations were performed by Scanning Electron Microscopy (SEM, JEOL-
6490AL,Japan). Where necessary, high-resolution SEM imaging was carried out using a JEOL JSM
7500FA (Japan) equipped with a cold field emission gun (FEG), operating at 5 kV acceleration
voltage. Energy dispersive X-ray (EDX) analysis was also performed for certain samples in order to

quantify the loss of material in washing tests.
4.3.3.2 Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Infrared spectra of different samples were obtained with a FTIR spectrometer (Equinox 70 FT-IR,
Bruker, Germany) equipped with an ATR accessory (MIRacle ATR, PIKE Technologies). All
spectra were recorded in the range from 4000 to 600 cm™ with 4 cm™ resolution, accumulating 128
scans. To ensure the reproducibility of obtained spectra, five samples of each type were measured.

4.3.3.3 Raman Spectroscopy

uRaman spectroscopy (Renishaw Invia, United Kingdom) with 514 nm laser excitation line through
a 100x objective lens (numerical aperture 0.75) was used to excite the specimens, at low power of
0.4 mW. The spectral region scanned was 3500-100 cm* with a spectral resolution of

approximately 1 cm™. All the spectra were normalized to their maximum.
4.3.3.4 Mechanical characterization

Mechanical properties were measured with an Instron dual column tabletop universal testing
System 3365 (USA) at 5 mm/min strain rate. The tensile measurements were conducted on five
different specimens for each sample according to ASTM D3505 standard test methods. Young’s
moduli (slope of the curves before rupture point) were extracted from engineering stress-strain

curves and reported with standard deviations.
4.3.3.5 Moisture permeability or breathability

Breathability of the prepared cotton fabrics was measured by water vapor permeability (WVP)
technique, using metallic permeation cells. The WVP of fabrics was determined at 25 °C and under
100% relative humidity gradient (ARH%) according to the ASTM E96 standard method. 450 pL of
distilled water (which generates 100% RH inside the permeation cell) was placed in each test
permeation cell with a 7 mm inner diameter and a 10 mm inner depth. Fabrics were cut into circles

and mounted on the top of the permeation cells. The permeation cells were placed in 0% RH
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desiccator with anhydrous silica gel (Sigma Aldrich) used as a desiccant agent. The water
transferred through the fabric pores was determined from the weight change of the permeation cell
every hour during the first 8 h using an electronic balance (0.0001 g accuracy). The weight loss of
the permeation cells was plotted as a function of time. The slope of each line was calculated by

linear fitting. Then, the water vapour transfer rate (WVTR) was determined as below*"**",

Slope

WVTR (g(m?d)~* = (4.1)

area of the fabric

WVTR measurements were replicated three times for each fabric sample and the average WVP of
the fabrics were calculated as follows;

WTVR X1 X100

WVP (g(md Pa)™! = S ARH

(4.2)

where | (m) is the fabric thickness, measured with a micrometer with 0.001 mm accuracy, ARH (%)
is the percentage relative humidity gradient, and ps (Pa) is the saturation water vapor pressure at 25
°C (3168 Pa).

4.3.3.6 Washing fastness assessment

In order to assess washing durability, the fabric specimens were washed in a capped bottle
containing 500 mL distilled water and 0.37 % wi/w of a neutral washing detergent (pH ~7.0), under
constant stirring. Two samples with same TiO,:Mn NPs mass fractions were washed simultaneously
in the same bottle in order to replicate the fabric to fabric wear abrasion. Total 10 washing cycles
were used and during each cycle, washing solutions were heated at 50+2°C for 30 min.
Afterwards, the samples were rinsed, dried and conditioned at relative humidity of 65+ 2% and
temperature of 23 = 1 °C for 24 h.

4.3.3.7 Antibacterial test

The quantitative antibacterial efficiency of the treated fabrics was determined against Klebsiella
pneumoniae as a gram-negative bacterium according to the AATCC 100-2004 test method. For this,
fabric samples (d = 5 cm) were impregnated with 1 mL of k. pneumoniae serum (10°> CFU/mL
concentration) and incubated at 37 °C for 18 h before sunlight irradiations. The percentage

reduction (R %) of bacterium population was calculated by following equation,

% =-L— %100 ,
R % = L 4.3

ni
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Where n; and n are initial and final bacteria populations. Herein, the reduction percentage less than
50 % represents almost zero, between 50% and 90 % a significant and above 90 % as a strong
antibacterial efficacy’®. Bacterial inactivation kinetic were also assessed using Chick-Watson

models®®,

Although PDMS/NPs coated fabrics are generally hydrophobic, water droplets after prolonged
contact can spread out on the surface and impregnate the PDMS/NPs coated fabrics with time %%, as
demonstrated chapter 2 (see also appendix-l, Fig. S1). Test samples were also impregnated by
similar method using k. pneumoniae serum. For antibacterial performance, only k. pneumoniae
bacteria was used intentionally because it is the most versatile human pathogen responsible for
nosocomial infections®®. They are more fatal to persons with weakened immune system and

alcohol addiction.
4.3.3.8 Photocatalytic degradation of MB under UV and visible irradiations

Degradation of MB treated fabrics was assessed using two different methods under both UV and
visible irradiations; 1) degradation of MB dye on dry stained fabrics and 2) degradation of MB dye

in solutions with treated fabrics immersed into them.

In the first method, treated cotton fabrics (3 x 3 cm? sample size) were immersed into 50 mL MB

solution at concentration of 20 mg/L?**?%

and were left overnight in the dark to achieve adsorption-
desorption equilibrium. Then, the samples were dried and conditioned at 23°C and 65% relative
humidity for 24 h in a dark chamber. The estimated amount of adsorbed MB dye was ca. 5.0 mg/g
on the fabric surface. Subsequently, the MB stained fabrics were irradiated with visible light
(LUXEON Rebel ES 7LEDs with coolbase, operated at 18 V and 0.25 A) at 10 cm fabric to lamp
distance. The irradiation chamber was isolated from the external environment. The concentration of
residual MB dye (C) on the fabric’s surface was determined by UV-vis spectrophotometry (Varian
Carry 6000i, US) in the range of 500-800 nm, using an integrated sphere, since MB has an
absorption peak at Amax = 664 Nnm®2% the intensity of which decreases with the degradation of MB.
The discolouration of the irradiated samples, then, was calculated by removing the fabric sample
from the irradiation chamber at regular intervals of 1 h and measure the residual concentration of
the MB dye at 664 nm until the absorption was close to zero. The photocatalytic degradation
kinetics were determined by the relative concentration C/Cy, where Cy is the initial concentration of
MB dye and C is the residual amount of MB dye at different experimental times. For comparison, a
similar procedure was also repeated under UV irradiation (Bromograph LUX UV lamp, Leonex,

Italy) with 354 nm main wavelength.
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For the second method, treated cotton fabrics (3 x 3 cm?) were immersed into 50 mL solutions
overnight under dark conditions to achieve adsorption-desorption equilibrium. Subsequently, the
MB dye solutions containing the fabric samples were irradiated with visible light and the residual
concentration of the MB dye (C) in each solution was determined by UV-vis absorption intensity at
A=664 nm. To observe the residual concentration of MB dye, 3 mL solution was taken out at regular

intervals of 1 h.
4.4 Result and discussion
4.4.1 Surface morphology

Fig. 4.1 shows SEM images of pristine and coated cotton fabrics with different mass fractions of
TiO2:Mn NPs. As seen in Fig. 4.1a, the pristine fabric is composed of a network of round cellulosic
(cotton) fibres with some uneven microfibrillar structures (due to wear abrasion during
manufacturing). In contrast, the sample NPsO demonstrates very smooth and conformal coating of
polymer on its surface, as shown in Fig. 4.1b, with PDMS encapsulating each fibre. In the case of
embedded NPs, TiO,:Mn NPs start to appear on the surfaces. As seen in Fig. 4.1c, the surface of the
sample NPs25 has an even distribution of NPs on individual fibers. However, at this NP loading,
some fibres still do not reach optimum coverage and fibre fragments remain uncovered (as indicated

by arrows in Fig. 4.1c).
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Figure 4.1. SEM images of (a) untreated cotton fabric, (b) sample NPs0, (c) sample NPs25 (uncovered zones
are indicated) and (d) sample NPs50. Higher resolution SEM images (insets) are also provided with
corresponding NPs mass fractions for better understating.

Complete fibre coverage is attained at a mass loading of approximately 50 wt.%, as seen in Figure
4.1d. Some agglomeration of the nanoparticles are formed on the treated surface without, however,
changing the physical properties of the treated textiles (inset of Fig. 4.1d). It is important to note
that polymer dispersions do not alter the overall porosity of the treated fabrics, as shown by

breathability tests in section 4.4.3.
4.4.2 Chemical characterization

FTIR was performed in order to chemically characterize the functional textiles, as shown in Fig.
4.2a. Pristine cotton fabric shows well-known bands associated with pure cellulose, namely, OH
stretching at 3364 cm™, CH stretching at 2891 cm™, adsorbed water at 1645 cm™, ring breathing at
1157 cm™ and C-O stretching at 1026 cm™**. Sample NPs0 with PDMS coating shows distinct IR
peaks associated with PDMS polymer at 2964 cm™, 1261 cm™ and 799 cm™ for stretching, bending
and rocking modes of CHs; groups, respectively™®. Stretching band attributed to Ti-O-Ti vibrations

is also present at 846 cm™ in sample NPs50%".

In the case of sample NPs50, a shift of approximately 12 wavenumbers is seen in the CH3 rocking
band at 799 cm™ after curing, as shown in Fig. 4.2b. This shift is due to the change in the distance
of Si-O bonds due to the formation of hydrogen-bonds between OH groups of the cellulose and the
ether group of PDMS, as depicted in inset of Fig. 4.2b. A comparable shift of 10-12 cm™ was also
recorded in PDMS and starch system or when PDMS was cured on the cotton fabric**?%, This
strong binding of PDMS to cotton fibres is essential to keep intact the polymer coating with the

embedded NPs on the fibre’s surface, during washing and wear abrasions.
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Figure 4.2. Chemical characterization. (a) ATR-FTIR spectra of cotton substrates with different coating
formulations. Assignments for cellulose (black), PMDS (red) and TiO, nanoparticles (blue) are included. (b)
CHjs rocking absorption of pure PDMS film and PDMS finished cotton fabric (sample NPs50). The rocking
mode of PDMS methyl groups is shown in in-set.

Fig. 4.3 shows the Raman spectra of untreated and treated sample. Pristine cotton fabric shows an
intense peak at 2897 cm ! attributed to CH and CHj stretching in cellulose macromolecules (Fig.
S5, see in appendix-1) and several other peaks between 300 cm™ and 1500 cm™. CH, and C-C
vibrations associated to cellulose ring breathing are visible at 1370, 1152 and 1095 cm ™. In
addition, the vibrational contributions of glycosidic bond symmetric stretching and ring deformation
are detected at 1120, 969, 519 cm* and 435, 379 343 cm *, respectively. Finally, the vibrations at
1480 and 1460 cm* are assigned to the crystalline and amorphous structure of the cellulose,

respectively®®.
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Figure 4.3. Raman spectra of pristine cotton fabric, sample NPsO and sample NPs50. Corresponding

peak are identified for each sample type.

Sample NPsO shows additional characteristics peaks associated to PDMS in the collected Raman
spectra, as shown in Fig. 4.3. Symmetric stretching vibrations of Si-O-Si, Si-C and bending mode
of CH; group were detected at 491 cm™, 707 cm™ and 1410 cm™, respectively?®. In sample NPs50,
TiO, NPs show peaks at 143, 406, 517 and 639 cm %, associated with anatase TiO, phase*?*.

4.4.3 Breathability

For breathability, WVTR and WVP of untreated and Mn:TiO, NPs treated fabrics were compared.
As shown in Fig. 4.4, a comparison of WVTR (black) and WVP (red) is given for the respective
samples. Highly hygroscopic cotton fabric demonstrates WV TR and WVP of 5160 g/m?.d and 3.58
x 10 g/m.d.Pa, respectively. After functional coatings, a minor descending trend in moisture
transfer rate and permeability are noticed in PDMS coated fabrics with increasing NPs mass
fractions, as shown in Fig. 4.4. For instance, WVTR and WVP of sample NPs50 are reduced to
4840 g/m*.d and 3.36 g/m?.d, respectively. Nonetheless, the change in WVTR and WVP is not more
than 6% for all NPs mass fractions as compared to untreated cotton fabric, as shown in Fig. 4.4.
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Figure 4.4. WVTR and WVP of untreated and different treated fabrics.

4.4.4 Stress-strain properties

Fig. 4.5a demonstrates typical J-shaped stress-strain curves for pristine and treated cotton fabrics®%,
The treated fabrics follow the similar mechanical behaviour as that of untreated fabric, however,
increasing mass fraction of NPs in the coating solutions resulted a small increase in fabric
elongation of ca. 4%, as seen in Figure 4.5a. In particular, sample NPs50 displays highest value of
elongation at break of 31%, as shown in Fig. 4.5b. Fig. 4.5b summarizes Young’s modulus for all
treated fabrics. Unlike elongation at break, Young’s modulus of the all treated fabrics are decreased
by 10%-18%, depending on the mass fractions of TiO:Mn NPs. For instance, Young’s modulus of
the sample NPs50 with 50 wt.% nanoparticle is reduced to 302 MPa from 337 MPa as that of
pristine fabric. This minor reduction of 10% is acceptable in functional textiles®® and can be
attributed to the presence of a very fine coating of highly elastic PDMS on the surface. Here, it is
worth noting that the mechanical characteristics of PDMS/TiO,:Mn NPs finished cotton fabrics

have not altered significantly with respect to the original untreated fabric.
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Figure 4.5. (a) Stress-strain curves of pristine and different treated cotton fabrics (NPsO, NPs10, NPs25 and
NPs50). (b) Young’s modulus (MPa) and maximum elongation at break (%) of respective fabrics.

4.4.5 Washing fastness

Antibacterial and self-cleaning textiles treated with functional materials don’t undergo washing
processes frequently, however when subjected to such processes should retain their functional
features. Here, the selected sample NPs50 was subjected to a normal washing process repeated 10
times and then characterized for its surface compositions by EDX spectroscopy before and after the
process. As shown in Fig. 4.6a, sample NPs50 before washing demonstrates a peak at 1.74 keV for
silicon signals from PDMS?. An additional peak at 4.48 keV comes from the Ti element from
TiO, nanoparticles. The inset of Fig. 4.6a shows equal distribution of Si (green) and Ti (red) signals
on the surface of treated cotton fabric. After 10 successive washing cycles, EDX spectra of sample
NPs50 (hereafter referred as NPs50W) exhibited similar pattern and distribution of Si and Ti signals
as shown in Fig. 4.6b. However, an insignificant decrease of 7.50 % in Si signals and 15.85 %
increase of Ti signals was recorded as compared to unwashed fabric. This minor change in surface
composition can be attributed to wear abrasion of the fabric’s surface during the washing process.
As the sample NPs50 was washed with another similar fabric simultaneously, this could have
removed some of the protective PDMS coating, exposing more NPs on the surface. Nevertheless,
the TiO,:Mn NPs embedded in PDMS conformal coatings remained intact and demonstrated equal

self-cleaning and antibacterial properties, as will be discussed next.
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Figure 4.6. EDX analysis of antibacterial cotton fabric (a) before and (b) after 10 washing cycles. In-set
images shows surface composition of the applied antibacterial coatings indicating presence of Silicon (green)
and Titanium (red) elements. (Au signals are not shown here).

4.4.6 Antibacterial properties

Antibacterial properties of TiO,:Mn NPs coated cotton fabrics were evaluated through bacterial
reduction test against k. pneumoniae and results are shown in Fig. 4.7. All treated fabrics did not
show any antibacterial activity under dark as no photocatalytic reaction occurs in the absence of
light, however, when challenged under sunlight exhibit significant reduction in bacterial
populations. Only sample NPsO without incorporated nanoparticles shows a negligible antibacterial
activity, as shown in Fig. 4.7. Sample NPsO reaches 50% and 75.4% bacterial reductions after 60 m
and 120 m of sunlight exposure, respectively. This small reduction in bacterial count can be
attributed to sunlight which, depending on the intensity, can inactivate a very small percentage of
the bacterial population. In contrast, the other samples with incorporated TiO,:Mn NPs have a
substantial reduction in the bacterial populations. As shown in Fig. 4.7, sample NPs10 with 10 wt.%
of TiO,:Mn NPs demonstrates relatively less reduction percentage within first 60 m as compared to
samples NPs25 and NPs50. As such, sample NPs10 reduces 46.4% bacteria count, whereas, sample
NPs25 and NPs50 demonstrate 79.2 % reductions after 60 m. After 120 m of sunlight exposure, all
treated samples with TiO,:Mn NPs reach up to 0 CFU/mL indicating a 100 % bacterial reduction, as
shown in Fig. 4.7. Herein, the incorporated TiO,:Mn NPs upon exposure to sunlight leads to the
production of oxidative radicals (OH®), which in turn cause oxidative stress in bacteria, perforation
of the cell membrane, elimination of intracellular components and ultimately cell death®®?*. It is
important to note that sample NPs50W (after 10 washing cycles) also demonstrates similar
antibacterial kinetics and reaches 96.8% bacterial reduction after 120 m. Antibacterial test results of
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sample NPs50W endures our explanation about cellulose-PDMS interaction and washing

robustness.

100 S
S
Q:, 80
[
9o
g 60
©
Q
S 401 —=— NPsO
g —e— NPs10
& 0. —a— NPs25
o0 v NPs50
/ —o— NPs50W
0 I T T T T T T T T T T T T
0 20 40 60 80 100 120

Time (m)

Figure 4.7. Bacterial reduction (%) of different treated sample under natural sunlight.

The inactivation kinetics of k. pneumoniae were also performed under sunlight with aforementioned
experimental conditions. After 120 m, decrease in k. pneumoniae counts have been plotted against
exposure time, as shown in Fig. S8 (see in appendix-I). The bacterial inactivation kinetic (K) are
measured according to Chick-Watson equation as follow?™,

dN

= KkC (4.4)

In< = —KcCt (4.5)

No

where N is the number of CFU per milliliter of solution at the time t, Ny is the initial number of
CFU per milliliter of solution at the beginning of the test, C is the concentration of applied TiO,:Mn
NPs. A linear regression fitting was used to estimate the correlation between experimental data and
the models used here. The results of inactivation kinetic K (min™) and goodness of regression fitting
(R? are shown in table 4.1. From the kinetic table 4.1, sample NPs25 shows slightly fast
antibacterial reaction with 0.06 min™ value of K as compared to sample NPs50 with inactivation
kinetics of 0.05 min™. Practically, both samples show first order of reaction kinetics and can be
regarded as efficient antibacterial materials. However, sample NPs50 have higher value of
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regression coefficient (R* = 0.80) as compared to sample NPs25 (R? = 0.71), see table 4.1. This
higher value of regression coefficient for sample NPs50 indicates a good correlation between the
Chick-Watson model and the experimental data indicating highly reproducible experimental results.

Table 4.1. Rate constants (K) and linear regression fit (R?) of k. pneumoniae inactivation kinetics.

Sample K (min™) R?

NPsO (no Mn:TiO, NPs) 0.01 0.93
NPs10 0.02 0.79
NPs25 0.06 0.71
NPs50 0.05 0.80
NPs50W (washed) 0.03 0.95

4.4.7 Photocatalytic degradation of MB

Fig. 4.8 shows self-cleaning and water purification properties of the samples NPs25, NPs50 and
NPs50W under visible irradiations. The control sample NPsO is also studied for comparison. Fig.
4.8a shows rate of degradation of MB adsorbed on textile surface under visible light. Herein,
sample NPsO in the absence of photocatalytic NPs does not show any reduction in the concentration
of MB, whereas, sample NPs25 with 25 wt.% TiO,:Mn NPs demonstrate a noticeable change in
concentration of the adsorbed MB. As such, after 4 h of visible irradiations relative concentration is
changed from 1.00 to 0.63 indicating 37% reduction and reaches to 75% at the end of 10 h. On the
other hand, samples NPs50 and NPs50W demonstrate significant reductions (almost 100%) within
the equal time. Fig. 4.8a and 4.8b show that relative concentrations and MB absorptions (at 664 nm)
of the samples NPs50 and NPs50W decrease with irradiation time and reach 53% and 48% after
first 4 h, respectively. After 6 more h of visible light exposure, sample NPs50 exhibit 100%
reduction in the absorption of MB on its surface, whereas, sample NPs50W could only reduce 96%
MB, see Fig. 4.8a and 4.8b.h. In both cases, the adsorbed MB dye on the surface of the samples was
completely decomposed to CO, and H,O by photocatalytic action of TiO,:Mn NPs'*!, and the fabric
samples become as white as they were before, for example see sample NPs50 in Fig. 4.8c.
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Figure 4.8. Rate of degradation or change in relative concentrations (C/C,) of MB dye (a) adsorbed on dry
samples and (d) dissolved in solutions with treated samples immersed into them, as a function of irradiation
time. (b) Normalized UV-Vis absorption spectra of MB dye from sample NPs50 (solid lines) and sample
NPs50W (dotted lines) at different irradiation times (b) on dry fabrics and (e) in solution forms. An
indication of 50 % reduction in MB absorption have been provided. (c) Self-cleaning and (f) water

purification with sample NPs50 after 10 h of visible irradiation.

Likewise degradation of MB stains, test samples NPsO, NPs25, NPs50 and NPs50W also exhibit
similar degradation kinetics of MB dye in solution forms replicating a water purification effect. For
this, the test samples were immersed into 50 mL MB dye solutions separately and irradiated with
visible light. Fig. 4.8d show degradation kinetics of MB into solutions with samples NPs0O, NPs25,
NPs50 and NPs50W, respectively. As in the self-cleaning test, sample NPsO did not show any
degradation of MB dye in solution under visible light, whereas, samples NPs25, NPs50 and
NPs50W demonstrates similar degradation patterns, see Fig. 4.8d. Sample NPs25 exhibits 67%
reduction of MB in the solution after 10 h. Meanwhile, sample NPs50 and NPs50W are able to
reduce more than 90% of MB dye in aqueous solutions, as shown in Fig. 4.8d and 4.8e.
Interestingly, besides complete discolouring of the MB solution, the sample NPs50 and NPs50W
also degrade the adsorbed MB dye on their surfaces replicating a self-cleaning effect, as can be seen
in Fig. 4.8d (sample NPs50). Samples NPs25, NPs50 and NPs50W also displayed equivalent self-
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cleaning and water purification effect under UV irradiations as shown in Fig. S9 and Fig. S10 (see
in appendix-1). The rate of degradation under UV irradiation was slightly higher than under visible
irradiation. This enhanced photocatalytic activity of the TiO,:Mn NPs is attributed to higher photo
energy of UV light and is in accordance with previous studies of doped TiO2 NPs, either on

121,206 99,212

textiles , or water purification

The repeatability of the self-cleaning and water purification process was also tested and sample
NPs50 was subjected to 3 complete MB degradation cycles. As shown in Fig. 4.9, the TiO,:Mn
NPs functionalized cotton fabric (sample NPs50) exhibited highly maintainable photocatalytic
activity for 3 cycles under visible light. It is worth noting that, in subsequent cycles, the process of
MB degradation is slightly faster. In other words, it takes less time to degrade 50% MB dye in 2™
cycles as compared to degradation time in the first cycle. This effect is ascribed to removal of

possible external impurities present on the surface of tested sample in the first cleaning cycle®**?!,
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Figure 4.9. Repeatability of sample TiO,:Mn NPs (sample NPs50) for water purification under visible light.

Each sign indicates one hour of irradiation.
4.5 Conclusion

Cotton fabrics were successfully modified using TiO,:Mn NPs nanoparticles immobilized into
PDMS matrix for water de-coloring, self-cleaning and antibacterial properties. Anatase TiO2:Mn
NPs were exploited for their extended feature, such as, visible spectrum photo-activation, low cost
(as titanium oxysulfate is used as precursor), environmental stability and non-toxicity. TiO,:Mn
NPs functionalized cotton fabrics demonstrated antibacterial properties and decomposition of MB
model dye in aqueous solutions under visible irradiation. Furthermore, the prepared cotton fabrics

were also able to self-clean from MB stains under similar conditions. Nevertheless, the applied
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functional coatings could hardly alter the physical properties of the fabrics, like, mechanical
strength, breathability, color and aesthetic. The prepared cotton fabrics also maintained their
multifunctional characteristics after several laundry cycles. Convincingly, TiO,:Mn NPs deposited
cotton fabrics have potential for applications in hospital apparel, military uniforms, sports wears
and purification of industrial effluents.
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Chapter: 5

Thermal interface materials (T1Ms) for regenerated cellulose

5.1 Introduction

Thermal interface materials (TIMs) are placed between two contacting surfaces to increase their
thermal conductivity (k) at the interface. TIMs absorb thermal energy from a hot surface and
transfer it to the cold surface, resulting a significant decrease in temperature of the hot surface®>%*,
They are widely implemented in almost every electronic device, such as, mobiles, monitors, LEDs,
computers, communication and entertainment equipment, vehicle and aircraft powered

component3215'216. As per Moore’s law?’

, increase in energy densities drives the requirement of
highly efficient TIMs for thermal management. Therefore, a large number of TIMs are
commercially available in the form of thermal greases, gels, pads, solders®*®**°. Unlike other
materials, thermal pads have excellent physical features, like, reusability, good replaceability,
thermal stability, structural integrity and mechanical strength?*?'°. Although, thermal pads are
more useful than thermal greases or gels, normally their thermal conductivities remain in the range
of ~3 W/mK?#“. This happens because thermal pads are normally particle loaded polymer
composites??’, in which thermally conductive nanomaterials (ceramics, carbon, metallic and hybrid
fillers) are imbedded into insulating polymer matrices (epoxy, silicon resins, polyurethanes,
acrylics). This affects the thermal conductivity of the prepared TIMs and a high mass loading of
conductive filler is always required to reach above 5.0 W/mK level. In turn, at high mass loading,

mechanical properties are increasingly effected?.

In the past, different combinations of polymer matrices and nanofillers have been successfully
adopted to achieve highly conductive thermal pads. For instance, Ishida et la. reported a ceramic
based boron-nitride filled polybenzoxazine thermal pads®??. The prepared nanocomposites achieved
highest thermal conductivity of 32.5 W/mK at 88% filler’s mass fraction. A large particle size
distribution of boron-nitride particles is attributed to achieve this high thermal conductivity.
Whereas, in other studies, this value of k remained well below 4 W/mK at 60% mass

fractions?21223.224

. Unlike ceramic counter parts, metallic nanoparticles/wires filled polymer
matrices can achieve thermal conductivities of 2 order of magnitudes at very low mass loading. As
such, Xu et al. have reported thermal conductivities of 38.5 W/mK and 86 W/mK at 10% and 20%
volume fraction of silver nanowires (AgNWs) into polycarbonate films, repectively??>. Herein, high
aspect ratio of metallic nanowires and their intrinsic thermal conductivity displays improved

transportation of the thermal energy. Similarly, Wang et al. prepared AgNWs/polyacrylate
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nanocomposites with 1.10 W/mK thermal conductivity at just 0.9 % volume fraction of AgNWs??°,

Whereas, copper nanowires (CuNWSs) produced 2.46 W/mK thermal conductivity at equal volume
fractions. Likewise, nickel and gold nanowires also have been demonstrated for thermal pads with
high k values at low volume fractions?"??®. Despite their highly conductive nature, metallic fillers
add significant weight, cost, stiffness and wear abrasiveness to the prepared thermal pads.
Alternatively, carbon based nanofillers (graphite, graphene, nanotubes) have garnered a
considerable attention of the researchers for TIMs applications. They are light weight, non-toxic,
thermally stable and have very high intrinsic k values, such as, 1000 W/mK to 3000 W/mK for

graphene and multiwall carbon nanotubes (MWCNTS), respectively??®

. Nevertheless, in the
composite forms, thermal conductivities largely depends on their mass loadings and type of carbon
fillers. Such as, Hong and co-authors have studies the effect of single wall carbon nanotubes
(SWCNTs) and MWCNTs on thermal conductivities in polymethyl methacrylate (PMMA)
matrix?*°. They observed that, at 4 wt.% mass fraction, values of k were 0.78 W/mK and 3.44
W/mK for SWCNTs and MWCNTS, respectively. On contrary, the nanocomposites prepared with
SWCNTs displayed thermal conductivity of 2.43 W/mK at 1 wt.% mass fraction. This negative
effect was regarded as poor dispersion of SWCNTSs in the polymer matrix at elevated mass
fractions. In another work, Jakubenik et al. have used SWCNTSs to enhance the thermal conductivity
of polystyrene films®!. The prepared composites were reported to have thermal conductivity of
0.25 W/mK at 1 wt.% mass fractions. As mentioned above, depending on their intrinsic value of k,
epoxy resins loaded with graphene were characterized to have 5.0 W/mK at 30 wt.% mass
fractions®*2%®, Likewise metallic nanowires, high aspect ratio graphene nanoplateslets (GNPs) and
carbon nanofibers (CNFs) demonstrate high values of k, for instance, thermal conductivities of 6.44
W/mK for GNPs and 21 W/mK for CNFs have been report previously?*?%. It is important to note
that in thermal pads, synthetic polymer are commonly used as supporting matrices that thermally

degrade on elevated temperatures®’

. The thermally degraded polymers leave huge carbon footprints
behind. Therefore, it is increasingly emphasized to replace fossil-fuel based plastics with natural
bioplastics. In contrast, recently developed regenerated bioplastics with good mechanical and
thermal properties'®%"2%° have huge potential to replace synthetic metrics in TIMs applications

and have not been reported previously.
5.2 Objectives

In this chapter, a simple and easily scalable process for sustainable TIMs from waste cotton fabrics
will be demonstrated. Cellulose based regenerated films are prepared by dissolving cotton fabrics

into trifluoroacetic acid (TFA) solutions, mixed with GNPs and then solvent casting. After complete
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evaporation of TFA, cellulose/GNPs based nanocomposite films have been characterized for their
electrical and thermal conductivities. The prepared films also have been investigated for their
surface topology, chemical structures and mechanical properties.

5.3 Experimental
5.3.1 Materials

Plain woven, bleached, 100% cotton fabric with 120 + 5 g/m? mass density (Cotoneficio Albini,
Italy) was used as model cotton fabric for regenerated cellulose composites. GPNs were donated
form DirectaPlus (Italy). Shortly, GNPs are characterized to 21 nm thickness, 340 nm lateral size
and more than 8 graphene layers®*’. TFA (Sigma Aldrich) were used as common solvent for
dissolving cotton without further purifications. A commercially available thermal pad (ARCTIC)
and nanoclay (Sigma Aldrich) were used as a reference materials with thermal conductivities of 6.0
W/mK and 1.0 W/mK?*, respectively .

5.3.2 Sample preparation

Before dissolution, cotton fabrics were washed with normal laundry cycle to remove any possible
contaminations. After that, washed and oven dried cotton fabrics were dissolved into TFA solution
at concentration of 1 wt.%. It takes 4 to 5 days for complete digestion of cotton fabrics into TFA at
room temperature. Hereafter, GNPs were mixed with the solution at mass fractions of 5% to 50%
w.r.t. total weight of the prepared nanocomposites on dry basis. The prepared solutions

(cellulose/GNPs) were bath sonicated (Savatec, Italy) for 10 h at room temperature.

Subsequently, the prepared solutions were casted and left under aspiration hood for complete
evaporation the TFA. A graphical demonstration of the fabrication process have been shown in Fig.
5.1. After complete evaporation, regenerated cellulose/GNPs nanocomposite films were produced
with =0.500 mm thickness. All nanocomposite films were conditioned at 23 °C and 65 % relative

humidity for 24 h before further characterizations.

Graphene + Polymer
dissolved in TFA

Flexible cellulose/graphene film

Solution casting
&
evaporation
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Fig. 5.1. A solution casting route for regenerated cellulose/PPC films

Hereafter, the prepared films are named according to their GNPs mass fractions, for instance,
GNPs0% (only regenerated cellulose films) and GNPs25% (containing 25 wt.% GNPs fraction w.r.t
total dry weight).

5.3.3 Characterization
5.3.3.1 Electron microscopy

Morphological characterizations were performed by Scanning Electron Microscopy (SEM, JEOL-
6490AL,Japan). The sample were frozen dry before SEM analysis to preserve the composite
structures. Energy dispersive X-ray (EDX) analysis was also performed for certain samples in order

to analyses the TFA residues.
5.3.3.2 Chemical and structural characterization

Infrared spectra of different samples were obtained with a FTIR spectrometer (Equinox 70 FT-IR,
Bruker, Germany) equipped with an ATR accessory (MIRacle ATR, PIKE Technologies). All
spectra were recorded in the range from 4000 to 600 cm™ with 4 cm™ resolution, accumulating 128

scans. To ensure the reproducibility of obtained spectra, five samples of each type were measured.

The prepared cellulose/GNPs nanocomposites were further characterized using pRaman
spectroscopy (Renishaw Invia, United Kingdom). 514 nm laser excitation line through a 100x
objective lens (numerical aperture 0.75) was used to excite the specimens, at low power of 0.4 mW.
The spectral region scanned was 3500400 cm * with a spectral resolution of approximately 1 cm™.

All the spectra were normalized to their maximum.

The crystallinity of the nanocomposites was analyzed by X-ray diffraction (XRD) using a
diffractometer Rigaku SmartLab X-Ray Diffractometer equipped with a copper rotating anode. The
X-ray source was operated at 40 kV and 150 mA. A Gobel mirror was used to obtain a parallel
beam and to suppress Cu K radiation (1.392 A). The measurements were performed using a 26

scan.
5.3.3.3 Mechanical strength

Mechanical characteristics of the cellulose/GNPs nanocomposites were measured with an Instron
dual column table top universal testing System 3365 (USA) at 5 mm/min™ strain rate. The tensile

measurements were conducted on five different specimens for each sample according to ASTM
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D3505 standard test methods. Young’s moduli (slope of the curves before yield point) were

extracted from engineering stress-strain curves and reported with standard deviations.
5.3.3.4 Electrical conductivity

Electrical properties of the prepared samples were measured by using Signatone 1160 probe station
(Microworld, France). A Keithley 2612A sourcemeter (Tektronix, Inc. US) was used to record
voltage-current curves during measurements. Square samples of 5 x 5 mm? sheet area were
prepared and fixed by double stick adhesive tape onto glass slides. Silver paint (RS silver
conductive paint, resistivity ~ 0.001 Q/cm) electrodes of 5.0 x 2.5 mm? size were painted on the
conductive surfaces 5 mm apart (see supporting information Fig. S2) in order to minimize contact
resistances between the probes and the fabrics. An electrical voltage of 2.0 V was applied on
contacts. The bulk resistance of the samples was calculated by taking the slope of the recorded V-1
curves. Three samples for each GNPs mass percentage were measured and average values are
reported with standard deviations.. The sheet resistance (/0 or €/sq.) was calculated by using the

formula;

L
Ry=p Wt (5.1)

where, R; is sheet resistance, p is specific resistivity of the bulk, L is length, W is width and t is
thickness of the prepared films. Since our measurements were performed at a square fabric area
(W=L), and the thickness was kept constant, the value of sheet resistance becomes dependent only
on the specific resistivity (Rsecp). The bulk conductivity was calculated by inversing specific

resistivity.
5.3.3.5 Thermal properties

Thermal properties of the cellulose/GNPs nanocomposites and two reference materials (commercial
and clay film) are characterized by placing them between two carbon steel plates (size 4 cm x 4 cm
x 1 cm). The bottom plate was directly in contact with a hot plate at temperature 90 °C, whereas,
top plate was at room temperature replicating a real time application in electronics, as shown in Fig.
5.2. A pressing force of 3.5 kg corresponding to 2.15 kPa pressure was used during all

measurements.
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Fig. 5.2. A schematic diagram of thermal conductivity setup, replicating a real application in electronics.

After placing the prepared TIM in between the two plates, as shown above, decrease in temperature
of the bottom (hot) plate and increase in temperature of the top (cold) plate were recoded as a
function of contact time using an infrared (IR) camera (315 FLIR, UK). The relative changes in
temperature of the two plates were also recorded by Thermocouple (ThorLabs, US) and were in
agreements with IR camera measurements. Temperature difference (AT) has been calculated using

following equation,

Where T, and T, are average temperatures of the bottom and top plates near interface, respectively.
This change of temperature (AT) with time (t) will be used to estimated thermal conductivity of the

prepared nanocomposites according to the reference materials.
5.4 Result and discussion
5.4.1 Surface morphology

Fig. 5.3 shows SEM images of the prepared samples, namely, GNPs0%, GNPs10%, GNPs20% and
GNPs25%. The pristine film without GNPs (sample GNPs0%) demonstrates a flat surface, as such,
no large pores and cracks are appeared in the top and cross-sectional views as shown in Figs. 5.3a
and 5.3b. In contrast, when GNPs are mixed with the polymer matrix, GNPs equally disperse
throughout the nanocomposite structure. However at low mass fractions, as in sample GNPs10%,
GNPs clusters are present at distance from each other and are not well interconnected as seen in
Fig. 5.3c and 5.3d. These interconnected GNP-GNP junctions are very crucial for in-plane and out
of plane electrical and thermal conductivities. Finally, these GNP-GNP networks are achieved at 20
wt.% mass loading of nanofillers. Fig. 5.3e and 5.3f show surface and sectional views of sample

GNPs20% with 3D networking of the incorporated fillers, respectively. Similarly, at 25 wt.%
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addition of GNPs (sample GNPs25%) the surface appears to be more enriched with GNPs networks
(see Fig. 5.3g), whereas, cross section is not changed significantly. Further additions of the
nanofillers above 25 wt.% did not show any noticeable change in morphology and other properties,

as will be discussed next.

Fig. 5.3. Surface and cross sectional SEM images of samples GNPs0% with pure regenearated cellulose film
(a-b), GNPs10% (c-d), GNPs20% (e-f) and GNPs25% (g-h).

Elemental analysis of the prepared sample GNPs0% (see Fig. 5.4) exhibits two distinct peaks at
0.277 keV and 0.530 keV representing oxygen and carbon atoms, respectively®*®. The colour
mapping in Fig. 5.4 demonstrates equal distributions of carbon (red dots) and oxygen (blue dots)
throughout the surface and cross section. An additional peak at 2.12 keV in EDX spectra is
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attributed to the gold sputtering. It is worth noting that the EDX analysis did not show any peak at

0.677 keV corresponding to fluorine, indicating a TFA free nanocomposite films.
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Fig. 5.4. EDX mapping and spectra of sample GNPs0% (with only polymer matrix). Elemental
identifications for carbon and oxygen are given as red and green colours, respectively.

5.4.2 Chemical and structural characterization

In IR analysis, pure cotton fabric and the regenerated cellulose film show similar characteristic
peaks attributed to cellulose structure. As shown in Fig. 5.5a, IR spectra of cotton fabric shows
well-known distinct bands associated with cellulose-I structure, namely, O-H stretching at 3364 cm’
! C-H stretching at 2891 cm™, adsorbed water at 1645 cm™, ring breathing at 1157 cm™ and C-O

1144208 However, after TFA digestion and regeneration, significant

stretching at 1026 cm
broadening of the peak attributed to O-H stretching at 3100-3400 cm™ appears (sample GNPs0%),
indicating transformation of cellulose-1 (crystalline) to cellulose-1l (amorphous) structures and

associated changes in inter and intra-molecular hydrogen bonds*®>24,

Raman spectra was also collected for sample GNPs25% (see Fig. 5.5b) and shows characteristic
bands associated to GNPs utilized. As discussed in the previous chapter, here again, GNPs are
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characterized as more like graphitic materials with intensity of 2D, > 2D; (Fig. 5.5b inset)

indicating more than 8 graphene layers *°*%, Three additional peaks around 900 cm™, 1100 cm™

and 2895 cm™ also appear in the collected spectra and attributed to cellulose structure®®.
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Fig. 5.5. Chemical characterization. (a) ATR-FTIR spectra of cotton, regenerated cellulose and
cellulose/GNPs nanocomposites. Assignments for cellulose vibrations (blue) have been indicated. b) Raman
spectra of GNPs25%. Inset shows deconvolution of 2D peak around 2700 cm™. (c) X-ray diffraction pattern

of cotton fibres, regenerated cellulose films and cellulose/GNPs nanocomposites.

Fig. 5.5¢ shows XRD profiles of the cotton fabric and regenerated cellulose films with different
GNPs mass fractions, such as, sample GNPs0%, GNPs5%, GNPs15% and GNPs25%. Cotton fabric
shows a sharp peak at 20 = 22.6° and two relatively weak diffraction peaks at 20 = 14.8° with a

shoulder at 16.4°, and at 34.0° associated to cellulose-I structure?®®24

. In contrast, regenerated
cellulose film (sample GNPs0%) shows a typical diffraction pattern of cellulose-11 including a
broad peak at 20 = 20.0°%*'. This alteration in the crystalline structure is attributed to the change in
inter- and intra-molecular hydrogen bonding networks by TFA dissolution and resulting a relatively
less ordered cellulose-11 structure. In addition to cellulose-1l peak, the XRD patterns of
cellulose/GNPs nanocomposites also demonstrate very intense peaks at 20 = 26.5° related to the

GNPs basal plane’*#%,
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5.4.3 Stress-strain properties

To investigate mechanical behaviour of the cellulose/GNPs nanocomposites, stress—strain curves
and Young’s modulus of different samples with increasing GNPs mass fraction are shown in Fig.
5.6. A pristine cellulose film with no GNPs (sample GNPs0%) and a commercial TIM sample have
also been included for comparison purpose. Fig. 5.6a shows a typical stress-strain curve for
regenerated cellulose film. As seen in Fig. 5.6a, in pristine cellulose film yield point occurs at
4.48% elongation with 56 MPa applied stress. Further extension beyond the yield point results in a
plastic deformation and finally, the film breaks at 28% maximum elongation. In the elastic region,
Young’s modulus of 1935 MPa is recoded for this pristine cellulose film, as shown in Fig. 5.6b. On
the other hand, when GNPs mixed are mixed with the cellulose matrix, mechanical properties are
increasingly affected by their incorporated mass fractions. It is observed that samples GNPs5% and
GNPs10% exhibit a noticeable increase of 16% and 27% in Young’s modulus reaching 2254 MPa
and 2466 MPa, respectively, see Fig. 5.6b. However, as the GNPs content increases, the maximum
strain dramatically decreases from 28% to 14% and 5.5% for 5 wt.% and 10 wt.% mass fractions,
respectively. Further increasing the GNPs content in nanocomposites negatively affects both
Young’s modulus and maximum elongation at break. Namely, Young’s modulus of samples
GNPs15% and GNPs20% are again reduced to ca. 1950 MPa with maximum elongation at break of
5.2% and 3%, respectively. This can be attributed to the large proportions of GNPs in the

nanocomposites.
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Fig. 5.6. (a) Stress-strain curves of different GNPs mass fractions (GNPs0% to GNPs30%). A commercial
sample also have been included for comparison purpose. Inset figure shows initial stress-strain zone with

fewer samples. (b) Young’s modulus of the corresponding samples.
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Similar to sample GNPs20%, sample GNPs25% breaks at 4% maximum elongation and Young’s
modulus is further reduced to 1506 MPa. Beyond this 25 wt.% addition, the prepared
nanocomposites lost their 90% elongation and 50% Young’s modulus. It is worth noting that the
compared commercial sample show no mechanical strength and ultimately breaks at 17%
elongation, see Fig. 5.6a. Whereas our best sample with 25 wt.% GNPs content maintained a high

Young’s modulus of 1500 MPa and 4% elongation at break, as shown in Fig. 5.6a and 5.6b.
5.4.4 Electrical conductivity

Pure cellulose sheet are highly insulating materials with sheet resistance ca. 10%-10° Q/sq and
practically zero conductivity. When GNPs are mixed with polymer matrix above a certain

proportions, due to high intrinsic electrical conductivity of GNPs?**

, the prepared cellulose/GNPs
nanocomposites exhibit transportation of electrical charges. As shown in Fig. 5.7, at very low mass
fractions of GNPs < 10 wt.%, the prepared nanocomposites demonstrate sheet resistance around 4
order of magnitude and less than 0.003 S/cm electrical conductivity. At this mass fraction, as seen
SEM images, GNP-GNP network were not established throughout the polymer matrix. Further

increase in mass fractions of GNPs could only produce surface resistance in the range of 1.5 kQ/sq.

corresponding to 0.03 S/cm, as shown in Fig. 5.7.
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Fig. 5.7. Electrical sheet resistances and conductivities at different mass fractions of the GNPs.

Fig. 5.7 shows a significant improvement in electrical conductivity from 0.031 S/cm (corresponding
to 1.5 kQ/sq.) to 0.294 S/cm (170 Q/sq.) at 25 wt.% mass fraction of GNPs (GNPs-25%). As

discussed above, at this mass fraction, continuous networks of GNPs embedded in the polymer
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matrix were established (see Fig. 5.3g-h). It is worth noting that by adding GNPs > 30 wt.% into the
nanocomposites, electrical conductivity reaches to more than 0.50 S/cm, however, the prepared
nanocomposites loss their mechanical properties significantly. Therefore, the sample GNPs25%

with optimal electrical and mechanical properties is elected as best nanocomposite.
5.4.5 Thermal properties

Thermal properties of the prepared samples were measured by replicating a real electronic
application. We have prepaid a setup where bottom plate is at high temperature T, (like processor)
and top plate is acting as a heat sinker having room temperature T, as shown in Fig. 5.1. When the
two plates bottom and top come in contact with TIMs in between them, an efficient exchange of
thermal energy happens between the two plates. Consequently, bottom plate with high temperature

T1 cools down and the other plate at T, take up the heat and dissipate it.

Fig. 5.8 shows thermal kinetics of the top and bottom plates for the prepared nanocomposite used as
TIMs. Namely, samples GNPs0%, GNPs10%, GNPs15% and GNPs25% have been characterized
for their thermal kinetics. Two other samples with known value of k also have been used for
correlation purpose, such as, a commercial sample with k = 6.0 W/mK and another sample of pure
clay with k = 1.0 W/mK. As seen in Fig. 5.8, when commercial sample is used between the two
plates, temperature of top and bottom plates changes very quickly. As such, within first 60 s of
contact, the bottom/cooling plate reaches from 90 °C to 69 °C and the top/heating plate reaches at
52 °C form 24 °C. After 120 s, bottom and top plates reach at 67 °C and 59 °C, respectively. This
difference is further minimized after 300 s and both plates are in equilibrium at 67 °C and 62°C,
however, after 600 s both plates are reached to 70 °C and 64 °C, respectively, keeping a constant
temperature difference of 5 °C to 6 °C. On the other hand, the clay sample with relatively low
thermal conductivity (1 W/mK) demonstrate very slow thermal kinetic. As seen in Fig. 5.8, the
bottom and top plates with clay sample reach at 78 °C and 37 °C after first 60 s, 73 °C and 44 °C
after 120 s, 70 °C and 53 °C after 300 s and, 73 °C and 58 °C after 600 s, respectively. In contrast to
commercial sample, clay sample produces a temperature difference of 12 °C at the end of 600 s, as
obvious from its low thermal conductivity (k = 1.0 W/mK).

Our prepared cellulose/GNPs nanocomposites with 10 wt.% (sample GNPs10%) and 15 wt.%
(sample GNPs15%) of GNPs also produced somewhat similar thermal kinetics for both top and
bottom plates, whereas, pristine cellulose film (sample GNPs0%) is much slower than its counter
parts, as shown in Fig. 5.8. Interestingly, sample GNPs25% with 25 wt.% mass fraction

demonstrates an improved thermal kinetics and exchange of temperature between top and bottom



plates. In this case, the bottom and top plates are reached at 71 °C and 43 °C after 60 s, 67 °C and
51 °C after 120 s, 66 °C and 57 °C after 300 s and, 69 °C and 60 °C after 600 s, respectively.
Likewise commercial material, sample GNPs25% stabilizes after 600 s with a temperature
difference of 9 °C, as shown in Fig. 5.8. Thermal camera images of the corresponding materials are
shown in Fig. 5.9, where each pixel represents a certain temperature value given in the scale on the
right side. As can be seen in Fig. 5.9, at start of the contact time, that is O s, temperature of the
bottom plate is at 85 °C with top plate at 25 °C, corresponding to the pixel colours. During the 600 s
of contact, the TIM samples transfer thermal energy from bottom plate to top plate, resulting

decrease in the temperature of the bottom plate and relative increase in temperature of top plate, as

seen in Fig. 5.9.
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Fig. 5.8. Thermal kinetics of two sample with known thermal conductivity and the cellulose/GNPs based
TIMs. Change in temperatures of bottom/heat source (T;) and top/heat sink (T,) are indicated by solid and

hollow bullets, respectively.
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Fig. 5.9. IR camera images of the prepared nanocomposites samples and samples with known values of k.

To estimate the thermal conductivities of the prepared samples, AT for each sample have been
plotted against contact time of the bottom and top plates, as shown in Fig. 5.10. For instance, after
100 s, commercial sample with thermal conductivity of 6.0 W/mK and pure clay with thermal
conductivity of 1.0 W/mK reach a AT of 9.44 °C and 31.67 °C, respectively. On the other hand,
sample GNPs25% reaches to 18.50 °C in the same time as shown in Fig. 5.10. similarly, samples
GNPs0%, GNPs10% and GNPs15% reach to AT = 45.39 °C, 36.67 °C and 37.76 °C, respectively.
For these observations, it can be concluded that sample GNPs0%, GNPs10% and GNPs15% have
thermal conductivity of less than 1.0 W/mK. On the other hand, thermal conductivity of sample
GNPs25% with value of AT between commercial and clay samples can be characterized to k = 4.0
W/mK.
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Fig. 5.10. Temperature difference (AT) of corresponding TIMs as a function of contact time.
5.5 Conclusion

This preliminary part of the study is focusing on fabrication of regenerated cellulose/GNPs
nanocomposites based sustainable TIMs. The prepared nanocomposites display good electrical
conductivity (0.515 S/cm) and estimated thermal conductivity (=4.0 W/mK) at 25 wt.% mass
fraction of GNPs. At this mass fraction, good mechanical strength (Young’s modulus 1500 MPa)
ensures reusability, easy replicability and zero pumping out features. As the prepared
nanocomposite TIMs are very stiff and non-conformal to the applied surfaces, an issue of contact
resistance is still under study and will be resolved soon. We are also working to develop a

mathematical model to indirectly calculate thermal conductivities from AT vs. time graphs.
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Remarks and future works

This thesis aimed at the development of multifunctional cotton fabrics based on sustainable
materials. This study gives information on surface modification of conventional cotton fabrics
through alternative treatments involving eco-friendly and non-toxic materials. The fabrication of
superhydrophobic cotton fabrics using C-6 fluorinated chemistry combined with a silicone
protective layer (chapter 2) have special attraction. As such, the modified cotton fabrics by
sequential polymer treatment demonstrate good water repelling and physical properties. These
superhydrophobic cotton fabrics can be implemented for sports, uniforms, packaging and leisure
activities. Similarly, electro-conductive cotton fabrics (chapter 3) successfully prepared by
conductive polymer and graphene inks have several applications including power and signal
transmission, strain-sensing and textile based supercapacitors. The conductive polymer and
graphene based cotton fabrics exhibit high conductivity and wearability aspects. A special attention
have been devoted towards the mechanical strength and porosity of the prepared conductive fabrics.
Additionally, the conductive fabrics display good resistance against washing and folding-unfolding

cycles.

Multifunctional textiles with antibacterial and self-cleaning properties (chapter 4) have also been
realized in this research thesis. For this purpose, Mn-doped TiO, photocatalytic nanoparticles are
immobilized on the surface of cotton fabrics using silicone binder. The prepared multifunctional
nanocomposite fabrics display good killing kinetics against a gram-negative bacterium under
sunlight. Likewise, the functionalized cotton fabrics are able to discolour an organic dye stains on
their surface under UV as well as visible light. Here again, the prepared multifunctional cotton
fabrics maintain their physical features. In the last part of this thesis, an overwhelming issue of
plastic waste around the globe have been addressed by preparing a regenerated bioplastic form
waste fabrics. A simple and scalable route for cellulose based regenerated bioplastic have been
demonstrated using cotton fabrics dissolved into an acidic solvent and solvent casting techniques.
The prepared cellulose films demonstrate good electrical and thermal properties when mixed with
conductive nanofillers, here graphene. Although this work is currently under study, some important

milestones have been already achieved and discussed in this part.

Functional textiles discussed in this work exhibit several properties that make them attractive in
many applications. They represent an environmentally friendly alternative to conventional synthetic
materials. In future, the efforts will be devoted to develop materials with many other properties,
such as, impact resistance, flame retardancy and last but not least shielding effects. Furthermore,

combining the bio-based cellulose (cotton fabrics) with ecological production methods, by utilising
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biocompatible media, for example, will be the top most priority.
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Appendix-1
Supporting information

i. Preliminary study by large water droplets

In this study two single layer samples namely PDMS and PDMS/SiO; treated cotton fabrics were
prepared. The amount of nanoparticles used for second sample was same as that of sample SiNPs30
(Chapter : 2) by weight. Third sample was prepared with multilayer approach where pretreated
nanocomposite fabric (with fluorinated acrylic copolymer and silica nanoparticles) was treated with
acetoxy-PDMS as a secondary layer (Sample SiNPs30). Prepared fabrics were subjected to a static
water blob of 200 pL for prolonged time (Fig. S1). Samples were covered with a large glass petri
dish to minimize water evaporation and fixed with double adhesive tape to get straight surfaces.
Cotton fabric treated with acetoxy-PDMS alone was infiltrated by water volume before an hour of
contact (Fig. S1a). However, nanoparticles addition to PDMS solution was helpful to double the
resistance time for water infiltration. Because of nanoparticles, the entrapped air packets present a
barrier to water infiltration. As the air packets are depleted, the result is same as that of PDMS
treated fabric (Fig. S1b). In contrast, the multilayer PDMS treated nanocomposite fabric (SiNPs30)
exhibited higher resistance to water infiltration than PDMS alone or with silica nanoparticles. In
Fig. Slc, water blob is still present after more than 2 hours of contact. Interestingly, there is no stain
of water infiltration (Fig. S1d) when droplet was removed after 2 hours as compared to first two

treatments.

(a) (b)

Fig. S1. Photographs of preliminary study for water infiltration with water blob of 200 pL volume in static

position. (a) acetoxy-PDMS treated cotton fabric after an hour of contact. (b) Silica nanoparticles blended
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acetoxy-silicone polymer treated fabric after 2 hours of water blob contact. (c) Multilayer treated cotton

fabric (SiNPs30) is more resistant to water blob. Water blob is unable to submerge.

(d) PDMS treated

nanocomposite fabric (SiNPs30) when water blob is removed after 2 hours.

ii. Surface wettability after ultrasonic washing test

(a)

-

-

(d)

-

Fig. S2. Surface wetting of Sample (a) control-F (b) SiNPs30 after ultrasonic washing process. Images were

taken after 1 minute of water blob (200 pL) deposition.

iii. EDX measurements of abrasion test
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Fig. S3. EDX analysis of treated cotton fabrics after abrasion test. EDX spectra of control fabric CF (a)
before and (b) after 17 abrasion cycles. EDX spectra of PDMS treated sample Si30 (c) before and (d) after
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30 abrasion cycles. Inset visual of SEM images and EDX overlaid images of corresponding samples are also

given with signal indication of silicon (green points) and fluorine (blue points).

iv. Transmission electron microscopy (TEM)

Fig. S4. TEM images of the graphene nanoplatelets (Ultra G*).

v. Raman spectra of unmercerized and mercerized cotton fabrics

—— pure cotton
—— mercerized cotton

1099
— 2897

3
— 1123
1380

Intensity (a.u.)

T T T T f
500 1000 1500 2000 2500 3000

wavenumber

Figure S5. Raman spectra of unmercerized (black) and mercerized (red) cotton fabrics. Inset image confirms
the vibrational changes occurred during transition from Cellulose-I to Cellulose-I1 structure by mercerization

treatment.

vi. Mercerization effect on sheet resistance of PEDOT:PSS and GNPs coated cotton fabrics
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Fig. S6. Sheet resistance of PEDOT:PSS and GNPs coated cotton fabrics. Sheet resistance of cotton fabrics
before mercerization (black square) and after mercerization (red circle) have been given as a function of
GNPs mass fractions (0-50 wt.%).

vii. Cyclic deformation of PEDOT:PSS and GNPs coated cotton fabric
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Fig. S7. Deformation stability of the conductive cotton fabrics (sample GNPs-20%) under 5% and 10%
strains for 1000 cycles.
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viii. Bacterial inactivation test
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Figure S8. Inactivation of Klebsiella pneumoniae under sunlight.

ix. Degradation of MB dye under UV irradiation (self-cleaning)
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Figure S9. Degradation of MB dye stains by TiO,:Mn NPs coated cotton fabric under UV light irradiation.

Reduction in relative concentration (C/C,) of MB model dye adsorbed on different samples is given as a
function of UV irradiation time.
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x. Degradation of MB dye in aqueous solution under UV irradiation (water purification)
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Figure S10. Degradation of MB in water (50 mL) by TiO,:Mn NPs coated cotton fabric under UV light
irradiation. Reduction in relative concentration (C/C,) of MB model dye in aqueous solution by different
coated samples is given as a function of UV irradiation time.
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List of publications

M. Zahid, E. L. Papadapoulou, A. Athanassiou, I. S. Bayer (2017). Strain-responsive mercerized
conductive cotton fabrics based on PEDOT:PSS/Graphene. Materials and Design, vol. 135, pp.
213-222.

M. Zahid, J. A. Heredia-Guerrero, A. Athanassiou, I. S. Bayer (2017). Robust water repellent
treatment for woven cotton fabrics with ecofriendly polymers. Chemical Engineering Journal, vol.
319, pp. 321 - 332.
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