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Abstract:

Surface/interfacial engineering is an essential technique to explore the fibre materials
properties and fulfil new functionalities. An extensive scope of current physical and chemical
treating methods is reviewed here, alongside a variety of real-world applications. Moreover,
we also introduce a new surface/interface engineering approach; self-assembly via n—n
stacking, which has great potential for the surface modification of fibre materials due to its
non-destructive working principle. This review also introduces a new fibre family member,
MOF fibres, which show promising candidacy for fibre based wearable electronics. This
review advances the understanding of surface/interfacial engineering techniques on fibre
materials and will be expected to guide the rational design of future fibre based wearable

electronics.
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1. Introduction
Fibre, a natural or man-made substance with a high aspect ratio (its length is normally longer

than its width), are often present in the preparation of other materials. For instance, two of the
strongest engineering materials, carbon fibre (CF) and ultra-high-molecular-weight
polyethylene (UHMWPE) both incorporate fibres.!!! They have been used to fabricate light-
weight and high modulus products for both military and civil applications such as
aerospace!?, car seat!®!, concretel™, and textiles.’! Fibres can be sorted into two categories,

depending on their origin: natural fibres and synthetic fibres.

Bast fibers

Flax

Fruit fibers

Distillers dried grains  Lignin
with soluble (DDGS)

Figure 1 General classification of naturally existed fibres. Reproduced with

permission.®! Copyright 2015, Elsevier.

With increasing technological advances, clothes made of both natural and synthetic fibres
have also become a platform for wearable electronics that are in close contact with skin to

monitor human activities, as well as providing warmth and changing aesthetic appearance.*!]
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In theory, the perfect wearable electronic device is entirely self-contained within the textile,["
which can function as a sensor to detect human motion and physiological signals.®! Therefore
the fibre-based wearable electronics - or so called smart textiles - are able to interact with the
environment or user by being embedded within the final products such as natural/synthetic
fibres based on their woven, knitted, or non-woven structure.

Natural fibres collected and produced from plants, animals, and geological processes
are essential in modern industries.™ The raw materials for producing natural fibres are cheap,

abundant, and easy for collection. Varieties of natural fibres are shown in Figure 1.
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Figure 2 Typical synthetic fibres with their birthdays and chemical schemes.

Synthetic fibres, on the other hand, are significantly modified in their chemical
composition, structure, etc., during the production process. Several typical synthetic fibres are
shown in Figure 2. One of the recent popular choices is cellulose fibre, which is the most
abundant biopolymer on earth and comes from green, low-cost, easy-collecting, renewable,

and biodegradable natural resources,Error! Reference source not found.
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The final products of natural fibres are normally biodegradable, non-toxic, and
lightweight, with high specific strength and fatigue resistance. However, the limitations of
natural fibres are also obvious, in particular their high moisture absorption, non-regular
mechanical properties, poor chemical/fire resistance, and poor interfacial interactions with a
polymeric matrix.[*? Synthetic fibres have a wider variety of applications than natural fibres
but also suffer from a decrease in comfort during wear, in exchange for higher mechanical
strength, conductivity, water repellency, etc. These drawbacks significantly decrease the
performance of current textile-based wearable electronics. Therefore, it is pertinent to achieve
better-performing materials through fibre modification to improve the original drawbacks of

both kinds of fibres; since fibres are the key component of textile-based wearable electronics.

Global Market Forecast/(billion US dollars)

m2012 =2013 2014 2015 m2017 m2018 m2018

Figure 3 The global market forecast (billion US dollars) of smart/intelligent/digital/
interactive fabrics or textiles between 2012 and 2018. Reproduced with permission.[*4!
Copyright 2016, Elsevier Science.

Smart textiles can sense and respond to changes under certain external conditions, so

have attracted widespread interest and investment (Figure 3).'1 Smart textiles can be

catalogued as either passive or active. Passive smart textiles can change their properties in
5
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response to external environmental variation: typical examples include shape memory
materialst*® and hydrophobic/hydrophilic*®! textiles. The collected data can include, but is not
limited to, temperature, light intensity, pressure, humidity, and pollution.[*] In contrast, active
smart materials can directly change their surrounding environment — for example various
textile-based actuators, including textile displays, micro-vibrating devices, light-emitting
diode (LED), organic light-emitting diode (OLED). More examples of these smart materials
are shown in Figure 4. Furthermore, smart textiles which are embedded with electronic
circuits used for power generation, communication, etc., can be fully self-operational or

controlled remotely via wireless connection to clouds containing data bases or Al.[2%
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Figure 4 Common applications of smart textiles for human body?°%71 a) Assembly
techniques for GFSC devices. Reproduced with permission.?”ICopyright 2018, Elsevier.
b) CNT/TPU fibre motion sensor. Reproduced with permission.lCopyright 2018,
Elsevier. c) Stretchable woven FCB. Reproduced with permission.*2Copyright 2019,
MDPI. d) A fibre heartbeat monitor. Reproduced with permission.*ICopyright 2017,
KSU. e) A stretchable nanogenerator based on PU fibre & AgNW. Reproduced with
permissioneICopyright 2017, Elsevier. f) The strain sensor of rGO/cotton fabric.
Reproduced with permission.” Copyright 2016, Elsevier.

Since smart materials created solely from either natural fibres or synthetic fibres each

have their own drawbacks, it is highly desirable to improve the performance of fibre-based



WILEY-VCH

wearable electronics through modification of the fibre properties via techniques including
chemical addition, coating, and surface modification. In this review, we will focus on the
surface modification of fibres, and how these modifications can improve fibre-polymer
bonding in an attempt to gain insight into how best to improve smart textiles for future
developments.

During surface modification, the interaction forces upon the fibre surface include, but are
not limited to, Van der Waals forces, covalent bonding and n-n stacking. This technique is
mainly used to reduce the water absorption of fibres and enable them to combine with
polymeric matrices with an increased interfacial adhesion.*3]

In general, there are three main approaches for the surface treatment of fibres; physical,
chemical, and biological. Since biological treatments typically require very different techniques
and are often used in unique environments, only physical and chemical treatments are discussed

in detail here due to their wider relevance.

2 Physical Treatment

The fibres can be reinforced by two main types of treatment, one of which is physical
treatment. Methods of physical treatment include using plasma, irradiation, annealing, surface
covering and nanocrystal generation (Figure 5). The mechanical bonding of polymers to the
fibres is affected after physical treatments due to the change of structure and surface of the
fibre. However, the chemical composition of the fibres is left unchanged. Thus, the physical
techniques generally enhance the interface through the increased mechanical bonding between

the fibre and the matrix.
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Figure 5 Different Methods and Common Approaches for Physical Treatment, a)Plasma
activation. Reproduced with permission.8Copyright 2019, Wiley-VCH. b) Irradiation.
Reproduced with permission.®ICopyright 2017, Elsevier. c) Annealing. Reproduced
with permission.[*° Copyright 2018, Elsevier. d) Surface Covering. Reproduced with
permission** Copyright 2016, Elsevier. ) Nanocrystal generation. Reproduced with
permission.[*l Copyright 2019, Wiley-VCH.

2.1 Plasma Activation

Plasma is one of the four fundamental states of matter, and was first mentioned by chemist
Irving Langmuir in 1920s.1*l Plasma has two categories, thermal and non-thermal plasma,
which are classified depending on the temperature.[*4l[*l Thermal (hot) plasma is generated

via sources of direct/alternating current or radio frequency/microwave at high pressure(>10
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kPa) and high temperatures(~2000—20,000K).[6147] Non-thermal (non-equilibrium) plasmas
are low pressure status and produced through high electron temperatures, low ion and neutral
temperatures.[*’15% Plasma contains four main different components, as shown in Table 1:51

Table 1 Plasma components

Component Wavelength/nm Energy/eV
Electrons / 0-10
lons / 10-30
uv 200<A<400
3-40
Vacuum UV A<200

These components are able to carry a large amount of internal energy, enabling facile
fibre surface modification using plasma.® The ionized gaseous substance of plasma is highly
electrically conductive, so that long-range electric and magnetic fields decide the behavior of
the matter. Plasma activation, also known as plasma functionalization, is a method of surface
modification to employ plasma processing, which can improve surface adhesion properties of
many materials, including metals, glass, ceramics, a broad range of polymers, and textiles.[*%]
Even natural fibres like wood and seeds can be treated. Figure 6 presents a theoretical model
to explain how ions interact with the material surface and result in surface modification. The

example here features a modified carbon fibre.
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Plasma are a mixture of reactive species
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Figure 6 The theory model of plasma effects on modified fibre with different kinds of
species from plasma. Reproduced with permission.[3l Copyright 2019, Henniker Plasma.
(top)/The example details of plasma effects on modified carbon fibre to improve the

dyeability of fabric. Reproduced with permission.>3ICopyright 2013, IntechOpen.
(bottom)

Plasma treatment is used widely during industrial production to treat surfaces for
bonding, gluing, coating and painting. The treatments work through a combination of
reduction of metal oxides, ultra-fine surface cleaning from organic contaminants,

modification of the surface topography and deposition of functional chemical groups. More

10
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importantly, the plasma activation can be performed at atmospheric pressure using air or
typical industrial gases like hydrogen, nitrogen and oxygen. Therefore, expensive vacuum
equipment or wet chemistry are not needed for plasma surface modification. This significantly
reduces the process costs and environmental impact, and increases the safety of the process. A
fast processing speed also leads to more potential industrial applications. This method uses
the characteristic of plasma to directly hit the surface of fibre. The electrons within the fibre
molecules are activated, and interact with electrons of plasma and transfer energy. The
substances within the plasma then form strong bonds or are embedded within the surface of
the original fibre to form a new material. Specific textile properties can be improved after
such treatment. For example, in a graft-polymerization procedure induced by Ar-plasma, two
kinds of modified cotton fabric were fabricated by the cold plasma technique to attach
polyDEAEPN and polyAC8 on the fibre surface for improving the textile’s fire- and water-
resistance properties.>4

The sodium battery remains a popular topic across the world for energy storage research,
with many groups exploring more efficient new materials to replace the traditional lithium-ion
battery. As part of this research, a facile and rapid carbon-plasma strategy to generate
hierarchical graphene (hG) bundled onto tin sulfide networks was proposed in Figure 7a.[%%!
Compared with the previous works, this hG/SnS battery could maintain 93% capacity after
1600 cycles of high-rate long-term cycling, while pure SnS only 19%/250 cycles and
rGO/SnS 68%/650 cycles. Therefore, this work is a very successful example for physical fibre
surface modification. lon plasma beams were also used for fluorocarbon coatings on PET
fabrics with good hydrophobicity®® which were good for waterproof breathable fibre
materials. Additionally, plasma treatment can establish various functional groups on the
natural fibre surface, which are able to form strong covalent bonds with a polymer matrix.
The strong fibre/matrix interface will improve the performance of fibre. It was reported that

plasma method could graft amine functional groups on cellulose acetate fibres.’1  The
11
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NHas/He or mixture of No/H> gases were used to graft amine functional groups on the surface
of CA fibres as shown in Figure 7b.71 The density of grafted amines was proved as stable
after a period of 60 days.

Meanwhile, the plasma method has also been performed during smart textile
manufacture. A wearable graphene-coated fibre sensor®®! was fabricated to monitor the key
motions of human body during sports activities like basketball and soccer using this process.
The wound polyester (PE) fibres around a polyurethane (PU) core fibre were etched via air
plasma treatment, which generated oxygen-containing polar functional groups on the fibre
surface, meaning that the hydrophilicity of fibre was significantly increased. This facilitated
the combining of fibres with GO, resulting in an easier and lower cost fabrication process.
The final product PDCY-RGO fibre was light (at only 0.28 g/m) enough to be worn on any
position of human body. During stretching tests, the resistance of fibre increased
proportionally with the change in strain up to 50%. Relatively good linearity was observed
and gave the sensor great sensitivity. Regardless of the strain, the fibre maintained stable and
accurate performance. The results of motion monitoring were also ideal, with a rapid response
time of up to 1-2 seconds and maintenance of a high sensitivity over many cycles. The fibres

showed great potential for sports motion monitoring.

12
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Figure 7 a) Schematic illustration of three types of electrode configurations and their
structural evolutions of pure SnS, rGO/SnS and hG@SnS. Reproduced with
permission.®® Copyright 2018, Wiley-VCH. b) low pressure plasma 13.56 MHz
radiofrequency discharge and low pressure inductively coupled RF reactor with optical
emission analyzer. Reproduced with permission.5 Copyright 2019, Elsevier. c¢) The
structure and mechanism of wearable triboelectric generators made of polyester/AgNWs/
graphene. Reproduced with permission.>® Copyright 2016, American Chemistry Society.
d) Schematic diagram of the PST using a transparent e-fabric with a polyester/Ag-NW
film/graphene core-shell structure as a transparent anode. Reproduced with permission. ]
Copyright 2017, Elsevier.

Wu’s research group used PE textilessAQNWs/GO to fabricate wearable electricity

generators and wearable solar textiles (Figure 7c,d).’%l% The PE fibres were treated by

13
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plasma surface treatment under an oxygen atmosphere to generate oxygen-containing polar
functional groups. The surface of fibres could then form a better connection with the
PE/AgNWs/graphene, which made the product more stable and lead to excellent performance.
During these applications, plasma treatment is normally used to produce a uniform coating or
etching. The generation of specific functional groups improved the stability of the bond

between the fibres and other layers, and improved the quality of final product.

2.2 Irradiation

Irradiation is the process which an object is exposed to radiation. Usually, there are two types
of radiation; ionizing radiation® and non-ionizing radiationl®?. lonizing radiation carries
enough energy to detach electrons from atoms or molecules and ionize them. lonizing
radiation includes gamma rays, X-rays, and the higher-energy ultraviolet part of the
electromagnetic (EM) spectrum. Conversely, all of the EM spectrum below UV, along with
the lower ultraviolet part, are non-ionizing radiation. This includes visible light, laser,
infrared, microwaves, and radio waves. Obviously, as its name described, non-ionizing
radiation lacks the energy to ionize molecules or atoms.[%¥] An example of UV irradiation is its
use on polymer optical fibres made of PMMA/Gold is shown in Figure 8h.[%* The functional

groups on the surface of PMMA fibre were modified after irradiation treatment.

By using the characteristics of radiation, surface modification of fibre at different
radiation frequencies can be used to combine or detach specific functional groups, depending
on the properties of fibres. With irradiation, the structure of fibre surface will change, as
evidenced from the surface modification of polyacrylonitrile carbon fibres.[®] A 10-30 keV
Ar+ high fluence ion irradiation was performed at normal and oblique incidence with PAN-
fibres between room temperature and 400 °C. Radiation exposure significantly changed the

structure of graphite-like materials up to full amorphization. Recrystallization and crimping of

14
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the material shifted the peaks of fibre further from typical graphite-like materials as observed

in the material’s Raman spectrum.

Through selectively reducing graphene oxide (GO) fibre through laser irradiation, a high-
performance graphene fibre power generator (GF-Pg) was produced as in Figure 8a-f.[® The
highly oriented GO sheets assembled within the fibre could provide ideal channels for
efficient ion transport to harvest energy from the moisture. A single GF-pg(less than 1 mm,
diameter = 80 um) was produced 355 mV output due to the humidity variation. This voltage
was increased to 1.3V by adding more device units. Another moisture-activated application!®’]
was made of GF, which was half reduced via direct laser reduction. The laser writing
reduction process has been used for the manufacture of GF or GO/rGO fibre and relevant
smart textiles applications for a long time. Like the novel bamboo-like series of in-fibre
graphene supercapacitors,’® GO/rGO fibre was fabricated through the laser reduction and
checked by energy-dispersive X-ray spectroscopy. The high energy of the laser can transfer
enough energy to break the bond of functional groups, enabling the GO to be reduced to rGO.
The degree of reduction was controlled through the laser energy level, effect time, and
position. The high capacitance was formed due to the stacking layers of rGO, which
prevented penetration and transport of electrolyte. A similar supercapacitor was made of
hollow GO fibre, which was treated with high intensity laser for reduction.® It also had high
specific capacitance of 76.1 F/g. The similar laser method was used to prepare flexible and
wearable humidity sensor made of graphene as shown in Figure 8h,"® which had such high

sensitivity of only 250 ms response time to detect human breath.

15
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Thioglucose Bound POF Concanavalin A Bound POF

Figure 8 (a-f) Schematic illustration of the fabrication of a GF-Pg. H* was ionized from
the oxygen-related groups and directly transported from the oxidized end to the reduced
end derived by the concentration gradients while GO part absorbed moisture. Reproduced
with permission.[®®! Copyright 2017, Elsevier. g) Reaction designs for POF surface
modification and binding tests, PMMA fibre was treated with UV radiation to attach
EDC, then could be coated with gold. Reproduced with permission.[4Copyright 2019,
UNSW Australia. h) Laser-induced graphene for wearable humidity sensor. Reproduced
with permission.[” Copyright 2020, Journal of the American Chemical Society.

Cellulose nanofibres (CNFs) can be provided with new features after polymer grafting.
However, the process requires large amount of organic solvent which presents a threat to the

environment. Instead, UV was used to irradiate an aqueous suspension of CNFs, which

16
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generated radicals on the surfaces of the CNFs to further initiate polymer grafting without the
use of solvents.’*] The aggregation of CNF-g-PMMA in water facilitated the dewatering
process. The resulting dry product had better compatibility with polymers and was easier for

storage and supply of CNF materials.

2.3 Annealing

Annealing is a heat treatment to change the physical and sometimes chemical properties of
materials, which raises the ductility and reduces the hardness, making materials more
workable. [l The annealing process involves heating a material above its recrystallization
temperature, maintaining this temperature for a certain time, then cooling and
recrystallization. During annealing, atoms migrate in the crystal lattice and the number of
dislocations decreases, leading to a change in both ductility and hardness. For fibre surface
modification, annealing treatments are usually done by hot pressing or infiltration. Hot
pressing is a simple method which directly uses high pressure and high temperature to melt
target compounds (typically polymers) on the surface of fibres, which then form strong
interface connections through simple adhesion.’®! For some porous fibres, the target
compounds are melted and immersed inside fibres. After cooling, the infiltration is finished
and new material is produced.["¥ Annealing treatments can improve poor bonding at the
interface of composites and increase the efficiency of load transfer from matrix to fibre,

resulting in better mechanical properties and environmental attack resistance.

17
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Figure 9 a) Experimental setup to strain and anneal the POFBG: The POFBG was kept in
the water at room temperature (25+2°C). After 40 minutes, the Bragg wavelength had
stopped shifting due to water absorption, then the annealing began. Reproduced with
permission.l”® Copyright 2018, The Optical Society. b) nano-clay embedded inside the
PU matrix. Reproduced with permission.® Copyright 2010, MDPI. c¢) The process of
MOF-derived ZnCo0204/C anchored on carbon fibre via a facile and subsequent annealing
treatment. Reproduced with permission.l®2iCopyright 2019, Chinese Chemical Society. d)
The chelating functional groups in chitosan and frozen samples, alongside the illustration
of annealing process. Reproduced with permission.[®! Copyright 2020, Wiley-VCH.

The crystallinity of fibre will change after annealing, alongside the structure and
functional groups on fibre surface (although this is dependent on annealing temperature). A
typical example of natural fibre is Kraft lignin. The glass transition temperature of Kraft

lignin is at 142 °C,["8] this increases if the proportion of moisture inside the fibres is decreased
18
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using a heat treatment. Degradation of the lignin occurs at approximately 214°C, so some
softening is expected to be observed at 200°C.'1 During this heat treatment,
depolymerization of the lignin and some hemi-cellulose occurs, producing lower molecule
aldehyde and phenolic-functionalities so that only cellulosic microfibrils are left after
annealing. [ When fibres undergo thermal treatment close to the glass transition temperature
of lignin, it is assumed that lignin will be released from the fibre bundles and the remaining
fibre constituents are free to produce new single fibres. In this case, the single fibres have
greater strength and stiffness than the fibre bundles, which is proven by a study of

unidirectional long Kraft fibre reinforced polylacticacid through hot pressing process.[”

Polymer optical fibres (POFs) are important in the sensors research field. POF Bragg
grating (POFBG) sensors have high sensitivity in pressure, stress and acoustic-wave
detection.[”® The phase-mask technique is the most reliable and simplest method of creating
these sensors. However, for specific POFs, the wavelength is unique and a new phase mask
must be created, which brings a heavy cost. Since 2011, annealing has become a new method
for production like in Figure 9a. POF was exposed above its glass-transition temperature.
Then the polymer molecules become mobilized, the fibre shrinks in length and the Bragg
grating period becomes shorter. The fibre shrinkage possibly occurs due to the removal of
residual internal stress, which can be produced during the POF drawing stage. The conditions
of annealing here determine the fibre stretching, which is a key factor for the direction and
degree of Bragg wavelength shifting and which determines the final properties of POFBG

Sensors.

Shape memory polymers (SMPs) are able to deform and recover their shapes under
certain environmental conditions. They have attracted large interest across the world. Due to
the requirements of low-cost processing, low-density, excellent shape memory ability and

flexibility, polyurethane (PU) becomes the most suitable material for SMPs. Figure 9b
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demonstrates Xu’s work, which featured PU and clay, the latter of which was first heated at
850°C for 2h and held for 12 h under 100°C.[% The clay and PU were then treated at 200°C
under mechanical mixing and formed a SMP through a hot-pressing method. The clay content
significantly improved the strength of the SMPs and reached peak performance with 30 wt%.
After two test cycles, the shape recovery reached 97%, meaning almost full recovery. The
annealing treatment was used as a simple method to achieve such a material by improving the
connection of the clay and PU. The high temperature melted the surface and made them

interact with each other to form stronger bonding.

Annealing is also an ideal treatment method for improving layer-to-layer connections
within a smart textile. For wearable electronics power supply, body heat can be effectively
transferred into electrical energy using a thermoelectric (TE) power generator. Bi>Tesz (n-type)
and Sh.Tes (p-type) were two precursors.[ Both TE films were processing annealing at
530°C/500°C under N2 atmosphere for crystallization and densification of the film. Because of
the high thermal tolerance of the glass fibre (600°C), the fibre remained undamaged and
combined better with the precursors. Due to the high temperature, the liquid-like paste of
precursors easily infiltrated the glass-fabric meshes through the force of capillary action to
form films of several hundreds of microns in thickness. The final product was thin (about 500
um), light (about 0.13 g/cm?), flexible, and with a remarkable output (28 mW-g* at a A=50

K). The design also significantly reduced the thermal transfer loss.

Similarly, new anode materials of lithium-ion batteries were produced by annealing
treatment as shown in Figure 9¢.®2 The ZnCo,04/C@CF was obtained by annealing the as-
synthesized sample at 400°C for 3 h under N flow. This sample exhibited outstanding cycling
stability with capacity of 463 mAh/g at 50 mA/g after 100 cycles (201% higher than pristine
CF). The hydrophobic coatings of CNFs were made by hot-press with a pressure of 1800

kg/cm? at 100°C for 2 h.%%l The nitrogen-doped mesoporous carbon (NMC) was modified by
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2D transition metal selenides to form catalysts.[®l NMC was first annealed at 900 °C for 1 h
using a ramp rate of 5 °C/min in Ar atmosphere, then nanosheets (CoSe, FeSe, or FeCoSe>)
were added in liquid under stirring and 150 °C annealing for 10 h to facilitate strong bonding.
CoSe@NMC possessed 1.52 V potential for OER and 0.90V half-wave potential for ORR
even after 5000 ADT cycles, further presenting annealing as a promising, simple technique

for high performance electrochemical applications.

Lastly, the correlation between the crystallization-precipitation graphitization period
process and the spatial graphitization of a carbon network was determined by the annealing
treatment of different temperature from 300 to 900°C with Ni/Co/Cu metal atoms as shown in
Figure 9d.[% The structure and properties of the formed carbon networks were influenced
through different crystallization mechanisms of transition-metal catalysts, which showed great
potential for customizing carbon networks to meet different requirements of the applications

of energy storage/conversion systems.

2.4 Surface Covering

The surface covering technique is also known as surface coating. This method involves
coating a particular material onto another material for a specific purpose, such as improving
hardness, acid and alkali resistance, chemical shield, light penetration, etc. [ The purpose of
applying the coating may be decorative, functional, or both. Functional coatings may be
applied to change the surface properties of the substrate, such as adhesion, wettability,
corrosion resistance, or wear resistance. Surface coating of textiles can be defined as physical
or chemical depending on whether the coating forms crosslinks with fibres. If the chemical
reaction occurs away from the fibre, the final product is simply coated on the fibre surface -
this is a kind of physical method. If chemical reactions occur at the fibre surface, it is a

chemical method. The typical physical methods are physical vapor deposition (PVD) and
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chemical vapor deposition (CVD). When coating natural and synthetic fibres, wetting and
adhesion of the surface, along with the coating thickness, are key factors for high product
quality. For improved adhesion, the fibre and matrix should maintain a constant

intermolecular distance.

In Figure 10, a typical CVD process is described, which begins with reactants in different
tanks, including an initiator (red) and one or more monomers (purple and blue). These are the
building blocks of the desired polymer coating. Through heating or reducing the pressure, the
reactants are vaporized. After that, they are introduced into a vacuum chamber containing the
material to be coated (the substrate material). The function of the initiator is to increase the
speed of process by increasing the rate of monomer linkage. Finally, polymers form on the

surface of the substrate material.
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Figure 10 The theory model of CVD process. Reproduced with permission.7ICopyright
2015, Massachusetts Institute of Technology. (top)/ The illustration of PVD process.
Reproduced with permission.&Copyright 2018, MDPI. (bottom)

Boron nitride (BN) is a potential interface material for preparing continuous fibre
reinforced ceramic matrix composites (CFCCs or CMCs). However, the coating of BN on
ceramic fibres remains uncontrollable. Recently, a low temperature CVD method was used to
produce controllable coating BN on alumina fibres by using BH3NH3z as single source
precursor under atmospheric pressure. The results from XPS and FTIR have confirmed the
high purity of coatings obtained at the deposition temperature of 700 °C. A variation of
deposition temperature and duration can control the thickness and structure of the BN
coatings. The tensile strength retention reached up to 94.9%, which proved the great potential
for this method to fabricate high performance CFCCs or CMCs. Figure 10 describes a typical

PVD process. The usual three steps involve: 8%

(1)Using a high temperature vacuum or hitting a solid source of the coating material with

gaseous plasma to vaporize it.
(2) Transfer the vapor to the substrate surface under full/partial vacuum situation.

(3) Produce thin films by condensation on the substrate surface.
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The two most common PVD processes are thermal evaporation and sputtering. Thermal
evaporation relies on heating the material through appropriate methods in vacuum to generate
vapor. Sputtering generates a vapor by hitting the source with accelerated gaseous ions

(typically Argon). Then, the coating is achieved after proper cooling setting.

The PVD method is a successful method for creating protective coatings. Carbon fibre
reinforced polymers (CFRP) have poor wear resistance and can cause severe problems while
the material is subjected to solid particle erosion. Coatings of Ti, Al, Cr & Ti/TiN were coated

on CFRP by PVD.® The results showed that Ti/TiN hybrid coating had the best performance

to prevent erosion.
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KFs/AgNPs/CNTs/PPy. Reproduced with permission.[®*ICopyright 2019, Elsevier. d) the
chemical modification of a CNF filament with TC and DC. Reproduced with permission.
P4Copyright 2018, American Chemical Society.

Surface covering was also used to forge anti-UV radiation smart textiles as well.’!]
Unlike the current fabrication process, this technique didn’t require complicated equipment,
complex procedures and hazardous chemicals (Figure 11a). Instead, the raw materials were
simply mixed for 10 min and the O-In functional groups inside the metal-oxide framework
(MOF) interacted with hydroxyl groups on the cotton surface and amide groups on the
aramid/polyester surface, resulting in the final product being stable enough to be used for
many cycles. The modified cotton and polyester textile samples were all reached UPF >>50,
which displays excellent anti-UV properties for use as wearables. The test results also
indicated that the water vapor permeability remained almost unchanged, which is optimal for
human comfort. Separately, a new smart textile with excellent protective and sensing
performance was designed by Kevlar.®2 Their final composite achieved the maximum
resistance force of 1232 N in dynamic impact resistance test through its single-layer structure;
approximately 65.15% higher than pristine Kevlar (746 N). The results were notable since the
composite was fabricated through a simple dip-dry process repeated several times, as shown

in Figure 11b.

Sometimes, nanocrystal generation also occurs during the fabrication of smart textiles by
alkaline treatment, such as in Figure 11c, with nanocrystals of KFs/AgNPs/CNTs/PPy.[%]
This smart textile exhibited excellent cyclability and wearability whilst the capacitance
retained 94.0% after 1000 cycles and 93.2% after bending 500 times. Cellulose fibres possess
a high moisture sorption capacity,[®*°1 which is beneficial in wearable textiles. Many
methods have been performed for obtaining textile filaments from CNFs through spinning.[®¢)-
[1111 A simple CVD method using Trichloromethylsilane and dimethyldichlorosilane could

cover the hydrophobic CNFs with a smooth and soft coating like PDMS as shown in Figure
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11d.1*41 The results indicated that water contact angles up to 116° could be achieved with
lower surface energy requirements, which was caused by the unique fibre surface of
continuous, homogeneous coating layers or 3D hair-like assemblies. The wet strength of the
samples was increased by almost 200% than pristine CNFs. Equivalently,
polymethylsilsesquioxane (PMSQ) nanofilaments were coated on cotton, wool, 2,5-acetate
and PEG fibres via simple one-step approach under gas phase for creating superhydrophobic
textiles.'*?l The property of hydrophobicity was further promoted for functional textiles.

These methods have continued potential applications on many different fibre-based materials.

2.5 Nanocrystal Generation

This method is used to create a nanocrystal seed layer on the surface of fibre through a
specific approach like dip-coating. The layer can then grow in an environment of precursor

chemical solutions as shown in Figure 12:
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Copyright 2014, Elsevier. b)The hydrothermal process of the formation of the PDMS/Ag/
textile/ZnO fabric. Reproduced with permission.[*'61 Copyright 2015, American Chemical
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growth. Reproduced with permission.[*2ICopyright 2020, Wiley-VCH. d) The fabrication
step of PFW/PDMS-b-PEO-treated fibre paper. Reproduced with permission. %2
Copyright 2016, MDPI.

The most common approaches for this employ the dip-coating method for ZnO seed
generation on fibre surfaces and the hydrothermal method for nanowire growth. The CF/ZnO-
ZnSel'*®l was a typical flexible nanogenerator device with high-output current ~333 pA (66%
increase) when the device was subjected to a -0.55% tensile strain via simple two-step
hydrothermal method. The ZnO nanoarray acted as the anchor for ZnSe nanocrystals and
formed a strong connection as shown in Figure 12a. Ehlert’s work used this method to coat
the ZnO nanowires interphase on carbon fibres.[*** The results showed that the growth of
ZnO does not affect fibre strength. Meanwhile, the interfacial shear strength can be increased
by 113%, plus 37.8% and 38.8% increase on the laminar shear strength and modulus. Due to
piezoelectric and semi-conductive properties of ZnO, embedded functionality was also
enabled at the interface. Another new ZnO reinforced CF was fabricated with varying
nanowire dimensions.''® The interfacial shear strength was significantly increased by up to

228%. More importantly, the tensile strength of the ZnO nanowire coated fibres was
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unaffected during all growth procedures. For wearable electronics, a new TENG-cloth was
produced through ZnO seed nanocrystal generation at 95°C during 3h in Figure 12b.[1*¢! The
results indicated that output voltage and current were as high as 120 V and 65 pA on a
nanopatterned PDMS/Ag/textile/ZnO fabric, while non-nanopatterned fabrics only achieved
30 V and 20 pA — indicating a significant improvement when using nanocrystal functionality.
Additionally, cotton fabric was dip-coated with Chitosan/TPP for antibacterial purposes,i**”]
with an easy and low cost method for large scale of production. Even the hydrophilic cotton
fabric could be changed to superhydrophobic through dip-coating to produce a ZnO nanorod
array.l81 The ZnO nanorod/PVDF nanofibres was produced by dip-coating three times in
zinc acetate and converted the mechanical movements effectively, especially human motions,

into electricity.**®1 Multiple applications may be produced via this treatment method.

However, it is difficult to control the size and shape of ZnO seeds by the dip-coating
method. The alignment and properties of hybrid fibres with ZnO nanoarrays will also be
decreased by a low seeding quality. To overcome this, atomic layer deposition (ALD) was
used to produce ZnO nanoarrays on hybrid structural fibres in Wang’s work.'?% ALD has
been well accepted as a micromanufacturing technology to grow thin films. It is able to meet
the requirements for sequential and self-limiting surface reactions to control atomic layer and
conformal deposition. ALD can be performed at low temperatures, which benefits sensitive
materials and substrates. The results indicated that regardless of changes to the reagent
concentrations and hydrothermal process time, the crystal structure remained the same. ALD
has been further promoted to deposit ZnO, Al203 and TiO2 on the surface of polypropylene
for coupling VOC oxidation catalysts in Figure 12c.[!?] The thin films combined MnO-
crystals with the largest fraction of available surface oxygen groups, resulting in 99.5%
reduction of formaldehyde after 60 min, which was a huge improvement. This offered a good

solution to fabricate light-weight structural composites with enhanced interfacial properties.
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Cellulose fibres also offered a benefit from dip-coating. The relevant networks with two
unique layers of paraffin wax and poly(dimethylsiloxane)-b-poly(ethylene oxide) (PDMS-b-
PEQ) diblock copolymer on the surface showed oil separation efficiency up to 99% via a two-
step dip-coating in Figure 12d.11??1 The sample presented superhydrophilicity and underwater
superoleophobicity. Compared with the chemical treatment through methyltrimethoxysilane,

dip-coating method was easier and had 11.1% higher oil separation efficiency.[!?*]

3 Chemical Treatment

Chemical treatment, as evidenced by the name, is a method to treat fibres with a variety of
chemicals for surface modification. The chemicals include alkalis, silane, water repelling
agents, peroxides, permanganates, et al.[*®! It has been reported that the mechanical properties
of natural fibres can be improved using this method by modifying their crystalline structure,
along with removing weak components like hemicelluloses and lignin from original structure.
In addition, moisture absorption and subsequent swelling of natural fibres, as previously
mentioned, can be reduced through selective chemical treatments (like water repelling
agents). Moreover, the fibre & matrix interfacial interactions can be strengthened by
formation of strong chemical bonding after specific chemical treatments (such as silane
coupling agents), which result in considerable improvement in terms of mechanical

performance. The relevant methods are introduced as listed in Figure 13.
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Figure 13 Typical methods of chemical treatment for fibre surface modification

3.1 Alkaline & Acid Treatment

Alkaline treatment, also known as mercerization, is a method to increase interfacial bonding
strength between ligno-cellulosic fibres and thermoset resins. It is one of the most widespread
chemical treatments of natural fibres, particularly for reinforcement of thermoplastics and
thermosets. After alkaline treatment, the fibre diameter is reduced,®®! and lignin,
hemicellulose, wax and oils covering the surface of the fibre are removed. Alkaline treatment
disrupts the hydrogen bonding in the network structure, which increases surface roughness:
the development of a rough surface topography leads to better fibre—matrix interface
adhesion. The proportion of cellulose exposed on fibre surface is increased so that the degree
of bonding between fibre surface and polymer increases as well. Therefore, fibres are often
treated with NaOH alkaline solution to improve their physical and mechanical properties like

in equation (1):
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OH ONa
; + NaOH —» ; + HZO (1)
Fibre Fibre

In this case. the cellulose fibril, the degree of polymerization and the extraction of lignin
and hemi cellulosic compounds are directly affected by alkaline processing.*? In nature,
banana fibres are directly gathered from the stems of banana trees, which are cheap and
abundant. However, due to the drawbacks of natural fibre, banana fibres are highly unlikely to
be used as a single-component strong material. However, the used agricultural waste of
banana fibres was used for matrix composites reinforcements after alkaline treatment, 25 with
5wt % of sodium hydroxide used to treat the fibres. Various fibre loadings of composites were
prepared and tested ranging from 5 wt % to 20 wt % in Figure 14a. The alkaline treatment of
the banana fibres caused better adhesion of the epoxy and created surface roughness, which
enhanced the bonding between fibre and matrix and led to better tensile and yield strength.
Another successful example of alkaline treatment reinforced a resin matrix through the
inclusion of kenaf fibres pre-treated in a 6wt% NaOH solution at room temperature for 48h
and 144h.11%61 The alkaline treatment increased the mechanical properties of the composites
because of improved fibre—matrix compatibility. The composites with randomly oriented
fibres with length of 40 mm increased the tensile strength and modulus by 36% and 12%
respectively, compared to the composites with untreated fibres; an obvious enhancement. A
similar method was used to obtain thin and uniform cellulose nanofibres with 6wt% KOH.271
Firstly, hemicelluloses were formed into a solution, with the mixed 12-16nm width nanofibres
then easily separated by a simple mechanical treatment to isolate the 15nm width samples, as

the strong hydrogen bonding between the bundles post removal of the matrix was broken.
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MAT & (d) UD. Reproduced with permission.[*28lCopyright 2014, Elsevier

With the alkaline treatment, selected parts of the fibre surface can removed to change
specific properties. The laminated hybrid composite materials based on Rafia fibres and glass
fibres in a sandwich structure successfully demonstrated this idea, as shown in Figure 14b-
d.*?81 The removal from the fibre surface of a certain amount of wax, hemicellulose, pectin
and lignin was confirmed by FTIR. Compared with untreated samples, the flexural modulus
increased by 3.4 GPa—3.6 GPa after alkaline treatment, along with a sharp increase of 38% in

shear stress and a decrease in the thermal conductivity.

Alkaline treatment was also used to produce smart textiles. A fibrous electrochemical
capacitor (FEC) of aramid fibres (KFs)/AgNPs/CNTs/capacitive polypyrene (PPy) was
fabricated through alkaline treatment.[®?l Sodium/ammonium hydroxide was used to treat the
surface of KF fibre to produce functional groups and form a stable connection with PDA,
which was then exchanged for Ag. The capacitance retention was 94.0% after 1000 cycles
and 93.2% after bending for 500 times, which were excellent performances as a wearable

FEC.
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Surface functionalization with acid is the most widely used carboxyl
functionalization method, especially for carbon fibre.[*?®] Due to the smooth surface and lack
of oxygen-containing functional groups, the interfacial adhesion of carbon fiber—reinforced
materials is poor. HNO3z was used to generate oxygen-containing functional groups on the
surface and a greater polymer content was added to the composite (5% to 30%), resulting in
an increase in tensile strength and tensile modulus.[*3 A coupling agent AMAP was used to
facilitate the covalent bonding between carbon fibres and vinyl ester by the treatment of
H2SO4/HNO3, which exhibited 19.4% and 90.5% increase of flexural strength and interface
shear strength than pristine CFs/VE composites.*3Y1 CFs/VF could also be enhanced by
grafting acrylamide with epoxy sizing agent on CFs surface as shown in Fig 15al'®? with
similar acid treatment. The surface functional groups such as carboxyl and hydroxyl increase
the activity of the carbon electrodes due to an enhanced electron transfer.**¥ In this case, acid

treatment is also effective for the carbon electrode materials.
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However, HNOs is such strong oxidant that it can cause over-oxidation:
H3PO4/H2S04/HNO3(v:v:v=1:9:3) were used together for prevent this.'**1 The carboxyl
groups and other acidic functionalization groups were generated by H>SOs and HNO:s.
Through the formation of a cyclic structure with carbon-carbon bonds and prevention of
bonds breakage, H3PO4 hindered the formation of defects on the turbostratic structure of
carbon fibres so that the tensile strength of carbon fibres was preserved and a better
electrochemical performance was achieved. This method may be generally applicable to other
graphene-containing materials, including CNTs and HOPG, by using similar H,SO4/HNO3

ratios, such as is shown in Figure 15b.[*%]
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To preserve the tensile strength, increase the capacity, display a positive effect on
electrochemical kinetics, decrease the charge-transfer impedance, and ensure the stability and
reversibility of the capacity, an acid treatment is a good choice, as it can enhance the bonding
between carbon fibres and other suitable materials such as polymers. In addition, the acid
treatment is necessary for the oxidative polymerization of nanofibrous membranes (typically
polyaniline (PANI) attached on the surface of cellulose nanofibres (CNF)), such as
PANI@CNT-CNC/PVA-PAA,* PANI@CNF-PVA [ PANI/CNF nanopapers38l as
shown in Figure 16 and etc.'*°1 The HCI was applied on pretreatment of CNF to form CNF-
COOH as initial regents with sufficient functional groups as in Figure 17.12401 To further
decrease the energy requirements, dilute oxalic acid was used to pretreat a kraft bleached
Eucalyptus pulp (BEP) fibres**] The mechanical fibrillation process was facilitated by
pretreatment and the natural chain length of fibres wasn’t decreased by the acid hydrolysis

and milling in general. Meanwhile, the mechanical strength was retained.[42
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Figure 17 a) Counterion-exchanged with alkali metal (Na*)/quaternized ammonium
(TBA™) for CNF-COOH suspensions at neutral pH. b) The CNF network was infiltrated
by the Pu resin during water evaporation and formed PU/CNFs via cross-linking
interaction. Reproduced with permission.%Copyright 2019, American Chemistry
Society
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3.2 Silane Treatment

Silane treatment is the most effective method to reduce moisture uptake of fibres under humid
environments. Extended use of natural fibres is limited due to their hydrophilic properties,
which influences their adhesion with a hydrophobic matrix and decreases the mechanical
properties of the final composite material. Thus, the chemical coupling method has proved an
important surface modification method to improve the interfacial adhesion. The fibre surface
is treated with a compound which can form bridging chemical bonds between the fibre and
the matrix. Silane coupling agents are hydrophilic compounds, in which a silicon atom can be
bonded with various functional groups and act as a bridge: one end interacts with matrix and

the other one connected with hydrophilic fibre as shown in equation (2) & (3).114]

/o/\ /OH
Si——O + HyO ——— = Si OH + 3C,H:OH 2)
\/ ~ g -
\0\\ N A S Nox
OH OH <_.
N Si/ OH + | i pmp ®
N\ Fibre O

SiH4 is the chemical formula of silane. Silane coupling agents can reduce the number of
cellulose hydroxyl groups in the fibre/matrix interface: hydrolysable alkoxy groups attached
to the silane lead to the formation of silanols when in humid environments. The silanol will
react with the hydroxyl group of the fibre and form stable covalent bonds to the cellulosic cell
walls of the fibre; these are attached onto the fibre surface chemically.™4The details of this

process are shown in Figure 18a-d.

As mentioned above, the water absorption of the fibre can be reduced after silane
treatment. For this reason, Liu’s!**®! work examined silane-treated Corn Stalk Fibre (CSF)
reinforced polymer composites which exhibited a promising property of low density.
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Additionally, the apparent porosity of the polymer system was effectively decreased after
silane treatment. In this case, the formation of superhydrophobic fibre surfaces was highly
possible. Gao’s group created fabric samples by using silica sol nanoparticles and
nonfluorinated alkylsilane, which greatly increased the roughness of fibre surface as shown in
Figure 18f,g.[*4"1 The treated cotton and polyester samples were resistant to hydrolysis after 30
washing cycles, along with demonstrating a <10% reduction in the fabric tensile strength and
negligible changes in fabric whiteness and air permeability. Another superhydrophobic
modified cotton fabric was fabricated through SiO2 nanoparticles, ZnO nanorod arrays and
subsequent n-dodecyltrimethoxysilane(DTMS), to produce a static water contact angle of
>150° for a 5 mL water droplet.’8 For the epoxy-functionalized cotton textiles with a
coating of amino- and epoxy-functionalized silica nanoparticles, the hydrophobic samples
reached 170° for a 5 uL droplet.**¥] The 102° water contact angle cellulose nanofibrils (CNF)

were surface silylated with hexamethyldisiloxane by roll-to-roll plasma deposition.*5%
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Figure 18 a-d) The Mechanism of Silane Treatment. Reproduced with permission.[44]
Copyright 2017, Elsevier. 1e) The Formation Process of Siloxane Modified Al Layer,
which was treated under 120 °C for 20 min to modify the Al surface by siloxane groups.
Reproduced with permission.*>?1Copyright 2019, Elsevier. f) Formation of a
superhydrophobic surface of cotton based on Silica Sol and HDTMS & g) water angle
test for cotton/polyester samples before and after treatment. Reproduced with
permission.*7ICopyright 2009, American Chemical Society.

Correspondingly, Yimin Guo et al.[*5! developed a silane coated KH560 and carbon fibre
reinforced PA6 composite with 30% mass fibre (Cf/PA6) and AA6061-T4 (a common
aluminium alloy). Silane pretreatment improved the static strengths of the adhesive-bonded
Cf/IPA6-Cf/PA6 and Cf/PA6-AAB061 by 23% and 21% respectively, which corresponded to
the formation of Si-O-Si and Si-N covalent bonds on the surface of Cf/PA6 and enhancement
of the bond adhesion between the silane coating, adhesive, and adherends. Shape memory
polymers (SMPs) will deform their shape under specific environmental conditions and
recover after the change is reversed. Another new high efficiency method for the SMP based
on electrically resistive heating is shown in Figure 18e.1521 The recovery time was only 30s
with 6.0V applied, but increased to 150s when the voltage dropped to 4.0V. This could be
used as the control method of recovery behavior for SMP nanocomposite due to Joule's law.
The silane treatment of Al nanoparticles significantly enhanced the electrothermal efficiency
and improved the shape recovery performance of SMP nanocomposites. Silane surface
treatment also plays an important role on cellulose microfibrils,>3! which became readily
dispersible in low polarity solvents like THF. The final suspensions were stable and appeared

birefringent without flocculation.[*>4

3.3 Acetylation of Natural Fibres

Acetylation is the reaction which introduces an acetyl functional group into an organic

compound. Acetylation is used widely for plasticization of cellulosic fibres. The reaction
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generates acetic acid as a side product, which must be removed from the lignocellulosic
material before the fibre is used. The fibre surface modification is then performed using acetic
anhydride to replace the polymer hydroxyl groups of the cell wall with acetyl groups. The
product finally becomes hydrophobic.[**1 A general reaction formula is shown below:

_

N

o)
0 (o)
T )J\ )l\ L
N 6 — + CH;COOH @

Fibre ey

The acetylation treatment reduces the hygroscopic nature of natural fibres and increases
the dimensional stability of composites. Also, in fibre-reinforced composites, acetylation can
be used as a surface treatment. Stiffness, strength and fracture behavior of fibre-reinforced
composites is decided by the properties of the fibre/matrix interface; but the affinity between
the hydrophilic fibres and the hydrophobic thermoplastic matrix is still limited in cellulosic
composites, and the reinforcing capability of the fibres has potential for improvement.[*%?
Therefore, Thomas Joffrea et al.[***! indicated that acetylation clearly improved wood fibres’
hydrophobicity, and increased the strength of a wood-PLA composite. While the samples
were fully soaked in water, the strength was increased up to over 30%. The fibres were much
more dimensionally stable and maintained this adhesion with the PLA matrix under wet

conditions for better stress transfer after acetylation.*56]

Another cellulose nanofibre reinforced PLA demonstrated that the storage modulus could
reach up to 28 times higher than the pure PLA in 70°C.[*"] Partially acetylated CNF could be
strengthened to high toughness (33 MJ/m?) and stiffness (6 GPa) with high elasticity (30%
strain) via wet spinning.l*%l Therefore, acetylation pretreatment can also reduce energy
consumption with improved CNF properties and shorter blending times. Apart from higher

hydrophobicity, acetylated CNF had higher thermal stability and higher crystallinity.[5°-15]
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The bast fibres extracted from Grewia Serrulata trees could provide reinforcement to
unsaturated polyester resin.[*61 The tensile strength and tensile modulus of composites was
higher than untreated samples by 53% and 8% respectively, after acetylation treatment on
fibres. The fractography of the samples indicated that the bonding between the fibres and the
matrix were obviously improved after treatment. The surface of fibre may could be changed
to hydrophobic or hydrophilic through acetylation such as simple reactive ball-milling
technique,i*62F1631 and the change of this property could applied to nanopaper,i* oil

sorbents*¢71 and direct ink writing for 3D printing[™68l,

In Figure 19, development of a new heterogeneous sensor for metal ions and anti-
bacterial textile is shown.[*®l Under different polarities of organic solvents, the spectroscopic
characteristics of4-(2-N,N-dimethylamino)ethylamino-N-(2-hydroxyethyl)-1,8-naphthalimide
were investigated during the research. Acetylation treatment was completed by using
chloroacetyl chloride as a bridge between dye and cellulose macromolecules to induce new
functional groups on the surface of cotton fabric. The induction process included two removal
steps of -H & -ClI groups. During the anti-bacterial test, the growth of B. cereus, A. johnsonii
and P. aeruginosa were decreased, which proved that the samples were successful smart

textile for anti-bacterial applications.

Hydrophobic
CsHnCOCI [jfv\
OH = (
Ball m|II \
Cellulose O @V\ MOH
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Figure 19 Milling with hexanoyl chloride/DMF(hydrophobic) or succinic Anhydride/
DMSO (hydrophilic). Reproduced with permission.*%2ICopyright 2012, Wiley-VCH.
(top)/The manufacture process of sensor & NI dye chemical formula, the cotton fabric
was treated with chloroacetyl chloride and formed linking with NI dyes. Reproduced with
permission.®ICopyright 2019, Elsevier. (bottom)

(0]

3.4 Benzoylation Treatment

For benzoylation, benzoyl chloride is commonly used in fibre treatment. The benzoyl group
(CsHsC=0) is related to the decreased hydrophilic nature of the treated fibre, which improves
interaction with the hydrophobic PS matrix as well.l}*¥ The general reaction formulas are

shown in equations (5) and (6):

OH ONa™
; + NaOH —— ; + H20 (5)
Fibre Fibre
. CcOoCl o
Ah— >0
N 5 + NaCl (6)
Fibre
Fibre

In nature, the areca nut palm is the source of the common masticatory nut, which is
known as areca nut. Like other source of natural fibre, it is abundant and easy to obtain. To
improve its uses as a commercial plant, the effect of surface modifications of areca sheath

fibres through chemical treatments was explored.'’®! The experimental results showed that
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the tensile and flexural strength of samples are significantly influenced by surface
modifications: the tensile strength was increased as the bending strength was reduced after
benzoylation treatment. The modified areca sheath fibres have the potential to be used for
automobiles, in the packaging industry, as parcel, or panel boards, and many other
applications. Another natural fibre - sugar palm fibre (SPF) - was invented by benzoylation
treatment.l*"X] The SPF was used to hybridize with glass fibres to reinforce epoxy composites.
The experimental data indicated an increase of 9.86% & 9.92% of flexural maximum load &
flexural strength for 3:7:90 v/v% ratio of SPF/GF/Epoxy resin samples. In addition to benzoyl
chloride, different functional groups can be applied to a benzene ring, so that they are able to
further promote benzoylation under suitable conditions; one example of which is
benzylamine.['?l The periodate oxidation of cellulose led to the coupling with benzylamine
and produced hemiacetal groups, which could act as a platform for subsequent coupling with
other surface reactions. Up to five different bonding models were found in the research as

shown in Figure 20a-e.

@ BRI NPR-
b o RV PRSI R

(c)

(d) W
(e) W

Figure 20 Model of carbonyl opening and intra-chain hemiacetal reorganizations: a)
opening at C2 and C3 of a given AGU unit; (b) hemiacetal cyclization bond at C2-O—
C60 (7-member fused ring) and C3—0-C600 (8-member fused ring). ¢) C2-O-C30
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(6-member fused ring) and C3—O-C200 (6-membered fused ring). d) C3-0-C6
(5-membered ring;) for the carbonyl at C2. e) C2—O—C6 (6-membered ring). The newly
formed hemiacetal moieties are colored in green. Reproduced with permission. 12
Copyright 2014, Springer.

3.5 Maleated Coupling Agents

Maleated coupling agents are used worldwide to strengthen composites. They have two
functions at the same time: to modify the fibre surface, and achieve better interfacial bonding
and mechanical properties by connecting with the PP matrix. The PP chain enhances the
formation of maleic anhydride grafted polypropylene (MAPP), then the covalent bonds are
generated across the interface through the treatment of cellulose fibres with hot MAPP
copolymers. The final product shows better wettability and higher interfacial adhesion of the
fibre because the increased surface energy of cellulose fibres is closer to the surface energy of

the matrix after treatment shown in equations (7) & (8). 1447
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. Second Layer: ;
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First layer: PP Binana Blber I Y/

Figure 21 Knitting of banana fibre mat(left)/the compression moulding process of ‘dog-
bone shape’ PP/Banana mat composite sample using compression molding. Reproduced
with permission.[*”l Copyright 2017, Elsevier.

In this case, banana fibres were again used. A PP/Banana fibre (PP/BF) composite was
developed by adding maleated coupling agents — MAPP as shown in Figure 21.174 The
bonding between the polymer matrix and the natural fibre was improved through the addition
of MAPP. The results of yarn form samples showed that tensile strength and flexural strength
were increased up to 294% & 72%, a highly notable result, and one which proves the great

potential for natural fibre and the good adhesion ability of MAPP.

Cellulose nanofibres(CNFs) are important fibre materials for various applications and
have attracted a great deal of interest because of their abundance, biodegradability,[*”®! robust
mechanical properties”®! and chemical tunability.[*””1 The chemical surface modification of
CNFs is thought to be the better choicel*”® to improve their hydrophilic surface limitsi*”® than
the introduction of a surfactant (which results in a decrease of mechanical properties)!*8% and
the modification of matrix for less hydrophobic (which sacrifices some characteristics of the
polymer).[*8 Pei’sl*82l work further reduced the drawbacks of chemical modification (which
often involves complicated procedures and hazardous chemicals, like chlorides).[*6? Instead,

the milder and safer acyl anhydrides were used for esterification. The ball milling process in
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organic solvents had a dramatic effect on nanoscale dispersion and surface derivatization of
CNFs, such as the succinylated NFs ((=—38.7 mV at pH = 5.5) and the dispersity in 0-xylene
of n-dodecyl succinylated nanofibres for nanocomposites preparation. The Young’s modulus
and tensile strength of nanocomposites could reach up to 7.93 GPa (83% higher than pristine
polyethylene) and of 44.7 MPa (28% higher than pristine polyethylene). This ball milling
method will likely have further applications on the chemical surface treatment of different

fibre materials.

3.6 Permanganate Treatment

Permanganate treatment is a method which uses the generation of MnO%* ion for the
formation of cellulose radical. The initiating graft copolymerization are performed by highly
active Mn®* ions as shown below: [16%]

(0]

Cellulose—H +KMnO4— 5 Cellulose—H—Q—Mn—OK* 9

o 0

Cellulosse—H—0—Mn—OK"—> Cellulose + j—(Q—Mn—OK" (10)
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' o . P Q R Mnzo Mn=0 Mnz0
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Figure 22 Detail mechanism of MnO> growth on MO@PP swatch. Reproduced with
permission.?Y1Copyright 2020, Wiley-VCH.
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This example of permanganate treatment is taken from a separate part of Mahesha’s[*%!]
work, which treated bast fibres extracted from Grewia Serrulata trees with permanganate. The
results clearly showed that the tensile strength, Young’s modulus, flexural strength and
flexural modulus of permanganate treated fibre were increased by 15.1%, 132.1%, 24% &
40% respectively. Li Meng et al. explored the effect of surface treatment of ultra-high
molecular weight PE fibre with KMnO4,1!% and showed that the surface roughness, tear
strength and the hardness of the composites were increased. The interfacial adhesion strength
was also greatly improved through permanganate treatment. In addition, KMnO4 could be
used to grow MnO2 on metal oxide/fibre surface via hydrothermal process as established in
Figure 22.1*211 The resulting three layers of fibre composite performed as metal oxide filters,
which provided excellent PM2s removal efficiencies up to 90% and PMzio up to 98%,
respectively. The permanganate treatment promoted this application to a new outstanding

high-level performance.

3.7 Peroxide Treatment

Peroxide is the chemical with the form of R-OO-R, which contains the divalent ion [0-O]?.
The free radicals of RO- are easily generated through self-decomposition of the peroxide: the
hydrogen group of the matrix and cellulose fibres are then reacted with RO- as in Figure

23.1431 |n this case, the examples of reaction are shown by the following schemes:

RO_—_QR—> 2RO° RO*+PE-H—>ROH+PE an

RO+Cellulose— H —s= ROH+Cellulose PE+Cellulose— PE—Cellulose 12)
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Figure 23 The Mechanism of Peroxide treatment of Natural Fibres Reproduced with
permission.[*#ICopyright 2012, Hilaris.

Among reagents which contain the divalent ion O-O, hydrogen peroxide H20: is the
most prevalent: it can even be seen in the chemistry lessons of middle school. Here, it has also
been used to treat polyacrylonitrile-based (PAN) fibres.[*®] Due to the excellent wettability
with hydrogen peroxide of PAN fibres, the surface modification was improved and reduced
the oxidation stabilization time, along with enhancing of the bulk density of the final product,
and forming a more conjugated structure. The Raman spectroscopy results indicated that the
fibres contained the fewest fibre defects after modification while RI value was 1.06. The
interfacial properties between carbon fibres and epoxy matrix were improved by supercritical
water/hydrogen peroxide treatment.[*®l The interfacial bonding was strengthened through
these connections, with the maximal interlaminar shear strength and interface shear strength
of CF/epoxy increased up to 70.46 MPa and 106.66 MPa, a 13.4% and 29.6% increase

compared with untreated CF.

3.8 Other Chemical Treatments

Chemical treatments have a wide variety of different methods based on specific compounds
and reaction environment: only some main methods are described in this article. Two final,

unique methods are introduced here.
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Figure 24 a) The Mechanism of PA6/GO Fibre to form -CONH- bonding. Reproduced
with permission.[*¥1Copyright 2017, Wiley-VCH. b) The Process of electro
polymerization treatment. Reproduced with permission.*®Copyright 2019, Elsevier.
c¢) The synthetic method of ASC and ASC/PDA-modified CNFs. Reproduced with
permission.[**1Copyright 2019, Elsevier. d) The fabrication of the PDA/TOCNFs
composite films for drug delivery. Reproduced with permission.[?°!iCopyright 2018,

American Chemical Society.

Firstly, graphene oxide was prepared to reinforce PA6 fibre by situ polymerization with

caprolactam, adipic acid, water and GO as shown in Figure 24a. [*8”1 The COOH groups on

the surface of graphene oxide were replaced by covalent bonds to the fibre, increasing its

strength. The highest strength of the final product was 5.3 cN/dtex with an elongation of

38.8%, a good improvement. Zhangping Wen, Xin Qian & et al.l*%] explored an

electrochemical deposition method to combine polyacrylonitrile (PAN)-based carbon fibres

(CFs) and graphene oxide (GO) with three different kinds of comonomers,

including

diacetone acrylamide (DAAM), acrylic acid (AA) and phenol (Pheno). The strong covalent

bonds generated by electrografting led to the increase of tensile strength of GO-DAAM, GO-

AA and GO-Pheno electrografted CFs by 5%, 22.6% and 17%, respectively. The whole
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process of electropolymerization treatment is shown in Figure 24b. For the native cellulose in
water phase, TEMPO-mediated oxidation led to a high density (0.54 C/m?) of the carboxylate
groups formed on cellulose nanofibre surface to provide stable dispersions.[*¥¥] The TEMPO
method was also used to connect PEG and CNF for high stiffness and tensile strength.*!
Another reinforcement of PVA was performed by using a cellulose derivate via allylation and
epoxidation.l*®t] The fibres were allylated using allyl glycidyl ether and epoxidized to yield
epoxy-NFC for surface coating. A conductivitive Ag-Cell/RGO-Cell paper was achieved by a
scalable conventional papermaking process to mix the Ag-modified pulp fiber and GO-
modified pulp fiber, and then follow the reduction of vitamin C.[**l The specific capacitance

of this paper-based supercapacitor reached 222.5 F-g~' at current density of 1 A.g™! and the

product could be easily stored and reactivated by drying at 80°C and wetting by 5 min.

Secondly, polydopamine (PDA) is a versatile coating material on the surface of various
materials via self-polymerization in aqueous conditions.[*®? This property was exploited for
the upscale production of next-generation green flexible electronics, in particular durable,
transparent conductive cellulose-based nanopaper (TCCNP) with a high performance as seen
in Figure 25a.[*! The versatile adhesion capability of PDA combined AgNWs and NPCs, and
facilitated mechanical robustness and long-term durability of TCCNP, which had a high
optoelectronic performance (14.2 Q/sq, 90.93% @550 nm). In addition, PDA@NFC-AgNW
TCCNP showed no obvious changes under large deformation (bending for 1000 cycles and
peeling for 100 cycles) and had excellent air and corrosion stabilities in dry and wet
environments. This is a promising TCCNP material made via an easy fabrication process for
green transparent electrodes in next-generation flexible and wearable optoelectronic devices.
PDA also has the benefit of strengthening the material properties, such as tensile strength,

Young’s modulus, and elongation at break.
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Figure 25 Genus-0 (A), genus-3 (B) and genus-5 (C) surfaces to cage catalyst-based
nickel seed crystal, and synthesis process of the PAMD fabrication through surface
modification, including three steps (D) to entangled graft of polymer networks across the
gaps and surfaces of cotton fibres, (E) immobilize catalysts in the polymer networks, and
(F) subsequent proceed ELD of nickel nanoparticles on the catalytic active sites to form a
nickel nanoparticle film on the surface of cotton fibres. Reproduced with permission. %]
Copyright 2020, American Chemical Society.

Compared with the neat PVA film, PVA/PDA@CNC presented 75.8%, 69.2% and 58.1%

for these three properties, respectively.!%! Strong interfacial interactions significantly

improved the thermal stability, antioxidant properties and UV-resistance, which demonstrated

a better ability for preventing food spoilage and nutrient substance loss caused by oxygen and

water vapor. Poor interface strength and water resistance of natural fibre-reinforced

biopolymer composites were improved by the nanostructured layer of ASC/PDA as indicated

in Figure 24¢.1*1 This potential water-resistant biobased material achieved wet shear strength

up to 1.27 MPa, which was 189% and 95% higher than the neat resin and pristine fibre.

Nanocellulose fibres were also coated with PDA to combine them with Nafion, which
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increased the storage modulus of Nafion by 200% at 90 °C.[%81 Due to the wide number of
functional groups present in PDA, thermomechanical and chemical stability were enhanced
significantly as well. Additionally, PDA is a safe chemical for human body since it is a main
substance of naturally melanin and can be degraded in vivo,[%12%% and could be applied on
drug delivery in Figure 24d.2°Y The TEMPO-mediated oxidized CNFs (TOCNFs) were
combined with PDA to prepare pH/near-infrared-responsive film for the delivery of the drug
tetracycline hydrochloride. This material exhibited good flexibility and mechanical strength,
high biodegradability and biocompatibility, long period drug releasing (30h, maximum

Marug/Mfiim=70%) and sensitive pH/NIR responses.

Besides the treatment methods described during previous sections, more studies have
been undertaken using different chemical treatments. Liming Chen, Xuging Liu & et al.[1%]
have fabricated soft PDMS/Cotton fabric, which formed a covalent and hydrogen-bonded
entangled molecular topological cage to capture a catalyst-based nickel seed crystal through a
thermally induced radical polymerization technique as shown in Figure 25b. Fibre surface
modification succeeded in improving the adhesion and conductivity of metallic coating on the
fibre surface via topological genus-3 and genus-5 structures. The nanoparticles aggregated
into an extremely dense film (~500 nm thickness) and the maximum resistance reached ~3
Q/cm, which achieved excellent electrical properties of the conductive fabric and which was
then integrated into tights for human motion monitoring like breathing, speaking, blinking,

head motions and joint motions in rehabilitation training.

Since fibre-based materials are becoming more and more attractive in wearable
electronics because of reliable flexibility and excellent electron transport property, %2
thermoelectric (TE) conversion is considered as a promising energy harvesting approach for
wearable electronic devices. An all-organic TE fibre generator was made by PEDOT: PSS

and CNT fibres.l?l The p-type PEDOT: PSS-coated CNF (CNF/PP) and n-type CNT fibres
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were connected in regular order to form TE generator and provide a large power output of 375
uW. This promoted the further development of organic TE energy harvest in wearable
electronics: textile-based nanogenerators (NG) are one of the most popular research fields in
wearable electronics. There are two typical forms - triboelectric nanogenerator (TENG)-cloth
and piezoelectric nanogenerator (PENG)-cloth.[2%12%51  gych  relevant textile-based
applications involved different functions like heart rate monitoring/®l, flexible digital

keyboard[?°7l gesture idenfication!?® - details of which are shown in Figure 26 & 27:
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Figure 26 Different applications based on PENG-cloth, a) heart rate monitoring.
Reproduced with permission. %ICopyright 2018, Elsevier. b) flexible digital keyboard.
Reproduced with permission. 2%ICopyright 2017, Wiley-VCH. c¢) gesture identification.
Reproduced with permission. P%ICopyright 2019, Wiley-VCH. d) tactile sensing array.
Reproduced with permission. 2®lCopyright 2016, Wiley-VCH. €) pressure detecting.
Reproduced with permission. ?*Copyright 2015, Wiley-VCH. f) human motion
monitoring. Reproduced with permission. 2*Y Copyright 2020, Elsevier.

g) energy harvesting. Reproduced with permission.?*? Copyright 2016, Wiley-VCH.
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Excepting nanogenerators, other applications of textile-based wearable electronics for
personal entertainment, health monitoring, VR, human-machine interfaces and even Internet
of Things are rapidly being developed.?*3H2161 However, it is difficult to produce the ideal
wearable electronic device due to the need to fulfil so many key requirements. The core desire
is wearability, which means that the materials must be light-weight, soft and flexible.[*] The
user’s movement ability can’t be reduced while wearing, and it should feel comfortable. The
materials must withstand frequent deformation due to the motion of human activities.
Considering skin contact, the materials must be non-toxic for long-term use on human body,
in particular the skin-contacting layer.[?*] The desire for reusability demands water-resistance;
the wearable electronics should be designed to work under sweat or wet conditions and have
enough sensitivity, and normal washing of the textile shouldn’t damage the device.?*"!

In this case, the conventional battery is unable to act as the wearable power supply, since
it is unsafe and inconvenient due to the potential leak of electrode solution, large volume to
carry, and requires frequent exchanging once the battery is dead.[?? Solutions to the problem
of energy supply are technologies which can harvest mechanical energy from the surrounding
environment or human motion to generate electricity.[??!l For this purpose, nanogenerators are
ideal. In addition, the energy harvesting materials should have a high electrical conductivity
and must be relatively cheap to produce, otherwise common people are unable to afford the

cost of final product, leading to a lack of general interest.[???l
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Figure 27 Different applications based on TENG-cloth. a)Energy harvesting. Reproduced
with permission.?2ICopyright 2014, American Chemical Society. b) Pedometer/
speedometer. Reproduced with permission.[?2!ICopyright 2018, Elsevier. ¢) Real-time
human-interactive sensing. Reproduced with permission.?®ICopyright 2018, Wiley-VCH.
d) Electronic skin Reproduced with permission.[??ICopyright 2018, Wiley-VCH. €) Pulse
monitoring. Reproduced with permission.!??JCopyright 2014, American Chemical
Society. f) Motion tracking. Reproduced with permission.?261Copyright 2017,
Wiley-VCH. g) Wind energy. Reproduced with permission.??Copyright 2016,

American Chemical Society.

Considering these requirements, fibres stand out as the best choice. Using fibres as one
layer, with coating and support provided by other suitable materials based on unique
requirements of different research goals (like metal nanowires, polymers etc.) and even
combining them to be three or more layers of final composite is an ideal approach to develop

new wearable electronics.
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4. Self-assembling via 7—mt Stacking

However, regardless of physical or chemical treatments, fibres usually form strong
covalent bonds or combine with each other by similar molecular interactions. The covalent
attachments often destroy some of the original conjugated structure, which can greatly
compromise the properties of original materials. This situation is particularly serious in the
treatment of graphene.l?2% Its high conductivity relies on its unique 2D structure and carbon
sp? hybridization, so the introduction of covalently-bonded extra functional groups will
seriously influence the regularity of its structure and decrease the unique properties of
graphene.

In this case, a new method - m—m stacking interactions - was proposed and has been
successfully used for fibre surface modification. However, the interactions from non-covalent
modifications are typically weaker than from covalent interactions which may lead to some
lower properties compared with covalent modifications. In contrast, non-covalent
modifications are easy to be fabricated and reversible, so it can be predicted that more
applications can be achieved by non-covalent modifications rather than by covalent
modification. The common example of n—n stacking happens between two benzene rings

interact, which is shown below in Figure 28:

H H
)
0.33-0.38nm i
0.16-0.18nm
-2.46 Kcal 1
Interaction -1.48 Kcal/mol 6 Kcal/mo -2.48 Kcal/mol
face-to-f: edge-to-edge
energy ace-to-1ace (T-shaped) offset

Figure 28 Three different forms of typical n—m stacking interaction structures.
Reproduced with permission.!21Copyright 2017, Springer
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Besides hydrogen bonding, electrostatic interaction and coordination, m—m stacking
interactions have been applied as non-covalent approaches for surface modification. In
exploration of non-covalent approaches for surface modification, Yihe Huang, Xuging Liu &
et al.?®21 have done much work. In most aromatic systems, the cation—= interaction primarily
contributes to the electrostatic interactions. By exploiting this mechanism, a graphene/PBI ink
was successfully invented to coat on a PET substrate surface using a pulsed UV laser direct
writing technique, which achieved the S- and N-doped graphene patterns on thin (0.3 mm
thickness) polyethylene terephthalate (PET) and glass substrates from a specially formulated
organic polybenzimidazole (PBI) ink. This method removes the requirements for substrate
heating and use of a metallic precursor, which protects the substrate to avoid potential
distortion and damages. In Figure 29a, the top left image is the PBI ink written on PET before
laser irradiation, and the top right is the graphene pattern on PET after the irradiation on the
ink track. SEM images show the porous structure of the final product and Raman
spectroscopy revealed the presence of graphene and a reduction in the degree of disordered
carbon atoms. Due to the electrostatic interactions, the connection between graphene and the
PET are higher than through van der Waals forces. In addition, polydopamine (PDA) is a -
bond conjugated polymer and has a good potential to be performed as a medium for
improvement of the bonding between the graphene and PET. The n—n stacking interaction

became a key factor of the formation of the ink.
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Figure 29 a) Optical and SEM images of graphene grown on PET after irradiation.
Reproduced with permission.[?®21Copyright 2018, Wiley-VCH. b) Schematic of PDA-
treated aramid fibre in 1 and GO-PDA-treated aramid fibre preparation process in 2.
Reproduced with permission.[?*3ICopyright 2018, Springer. ¢) The process of the
fabrication of flexible conductors via TA modification and electroless deposition.
Reproduced with permission.[?**ICopyright 2019, Wiley-VCH
Another successful example of n—m stacking using poly(dopamine) (PDA) is in
Zeng’s?*3 research, which used PDA to coat aramid fibres and combine them with graphene
oxide (GO). The surface of aramid fibres was smooth and chemically inert, which led to a
weak interface with the matrix. PDA formed a coating layer on the surface of fibre through

pH-induced oxidative self-polymerization like in Figure 29b to enhance the interfacial

adhesion strength of aramid fibre-reinforced composites. Hydrogen bonding and n—r stacking
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interactions between benzene rings on different layers further increased the mechanical
properties of fibres, and the abundant functional groups on PDA surface strengthened the GO-
PDA-aramid combination fibres.

Flexibility plays a key role in wearable electronics. However, repeated bending usually
decreases the wearable device’s conductivity due to the numerous microcracks formed in the
metal coating layer. This is undesirable for flexible conductors. Thus, Chuang Zhu, Xuging
Liu & et al.?*¥ reported a novel, facile and universal strategy (Figure 29c) of preparing
conductive flexible substrates through tannic acid (TA) modification and electroless plating of
metals, with strong adhesion. Notably, TA was used as a bridge between the fibre surfaces
and seeds of Pd?* to capture Pd?* ions and partially convert Pd?* to Pd nanoparticles. Then,
high-quality metal coatings for flexible electronics were acquired by site-selective electroless
deposition (ELD) at room temperature. By varying the ELD time, highly stretchable
conductors were produced through cracking control, and the high conductivity was
maintained after repeated bending. From the analysis of XPS data, the Pd (0) and Pd (II)
species in the Pd-PET sample are anchored by cation—r interaction between benzene groups
in PET and Pd ions during the process. Zhu & Liuf?®! have done further research to link Pd?*
ions by PDA-modified substrates for catalyst application. Through immersing fibres into an
alkaline aqueous solution, PDA was coated on fibres and then the catalyst was anchored via
ion chelation. The polymer-bridged conductive composites was formed after the deposition of
metal nanoparticles on the catalytic area. This in-situ plating method ensures that metallic
nanoparticles are distributed on the surface of fibres continuously and uniformly. PDA/Pd
catalyst was first employed in surface-catalyzed reactions and shows better performance than
isolated Pd catalyst. This method of pH-induced polymerization of PDA could also be
performed on Ni/Cu coated yarns(wool, cotton, nylon, and PET). The cotton yarn sample
reached 0.05 Q/cm at 60 min ELD, which was incredible result. The adhesion and

enhancement effect of PDA shows great potential for surface catalytic reaction.
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Alongside these recent studies, previous work was also performed by Jizhen Zhang,
Yuanhong Xu and et al,[?®l who proposed a n—n stacking method for graphene sheets. PEG
macromolecules can be inserted into the interior of GO sheets’ skeleton through hydrogen-
bonding interactions between the GO nanosheet surface and PEG. However, the RGO and
PEG have limited interaction because the C=0 and O—H groups are removed during
reduction of the graphene oxide. Therefore, pyrene, a m-orbital rich group, is introduced to
increase interactions between PEG and RGO, as it has strong n— stacking interactions with
other polyaromatic materials. Although n—=m stacking modification increases the doping
density and the density of electron—hole puddles, it does not disrupt the sp? conjugation of the
graphene sheets. The strong m—7 interaction between graphene and FPEG significantly
improved the tensile strength of the composite film. The proposed model is shown in Figure
30a. In Chang’s®*" work in Figure 30b, wool fibres were coated with e-polylysine via
electrostatic interactions to enhance their antimicrobial, hygroscopic and finished properties.
The results indicated promising antimicrobial performance of 96.98% and 97.93% against

Escherichia coli and Micrococcus luteus, respectively.
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Figure 30 a) The cross-linking effect among the polymers and graphene sheets mediated

by the m—r interactions. Reproduced with permission.[?*¢ICopyright 2015, Elsevier.

b) The model of a e-PL layer adsorbed on wool fibres. Reproduced with permission.[?¥]

Copyright 2012, Springer. c) The example of hydrogen bonding & n— stacking

interaction in imidazolium-oxalatoborate ionic liquid. Reproduced with permission.[?l

Copyright 2017, American Chemical Society.

A hybrid layer of polyethyleneimine/polydopamine (PEI/PDA) could also be used to coat
carbon fibres, which improved the combination of CF and PU.[2% The interfacial adhesion
was improved and connection of CF/PU layers was strengthened by n—= stacking interactions
and hydrogen bonding. Besides fibre surface modification, hydrogen bonding & n—n stacking

interactions can exist simultaneously in ionic liquids to achieve stable status as shown in

Figure 30c.[%8
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5. MOF fibre for Wearable Electronics
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Figure 31 Potential metal ions for assembling with organic linkers into MOFs as shown
in the group of 3 & 4 periodic table. Reproduced with permission.[?**Copyright 2020,
Wiley-VCH.
MOFs(Metal Organic Frameworks) are a series of compounds which consist of
coordination of metal ions/clusters with organic ligands to form 1D/2D/3D structures,
meaning that the porous crystalline framework is linked by strong bonds between inorganic

and organic building blocks.[?*I?42(Figure 31) MOFs have become promising materials for

applications in energy storage, gas adsorption/separation, photocatalysis and drug delivery
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due to their large specific surface area, abundant and controllable porous structures, and
diverse topological structure.?*3124I |n particular, MOFs possess a large number of open,
active sites which can greatly support the access of different molecules such as electrolytes,
significantly promoting its applications for energy storage, such as supercapacitors.?4°!

A flexible fabric electrode is constructed with a sphere-flake-sphere structure formed by a
nickel-metal-framework (Ni-MOF) and reduced graphene oxide (RGO) as shown in Figure
32a.1%61 The sphere-flake-sphere structure improved the conductivity and enhanced the
electrochemical performance of flexible RGO/Ni-MOF/metallic fabric electrodes (RNMES),
reaching up to 260 mF/cm? at a current density of 4mA/cm?. The areal capacitance of RNME
samples showed a good cycle stability after undergoing 2000 charging/discharging cycles,
maintaining over 70% of its original areal capacitance after 1500 charging/discharging cycles.
This flexible AAFSC shows a promising future for wearable smart textiles. Compared with
another supercapacitor?*® made of CNT/Ni-MOF/GN, which was 898 and 230 mF/cm? at 1
and 20 mA/cm? and retained 93% after 4000 cycles, RGO/Ni-MOF demonstrated poorer
stability due to higher conductivity of the CNT, but better electron transport effect due the
graphene layer, changes of oxygen-containing groups and the better porous structure of

CNT/Ni-MOF/GN.
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Figure 32 a) The fabrication process of RGO/Ni-MOF fibre. Reproduced with
permission.[2*6ICopyright 2019, Elsevier. b) The example of 3D PANI/ZnO/ZIF-8/G/PC
electrode material. Reproduced with permission.**JCopyright 2018, Elsevier.

¢) The experimental process of PI/PDA/MOF fibre. Reproduced with permission.24°]
Copyright 2019, Elsevier.

Alongside Ni-MOF materials, Zn-MOF series of materials also proved successful. Figure
32b showed the example of ZIF-8.1#7] The polyaniline/ZnO/ZIF-8/graphene/polyester textile
electrode exhibited great electrochemical performance (areal capacitance: 1.378 F/cm? at 1
mA/cm?) and high stability under different mechanical deformations. A flexible all-solid-state
symmetric supercapacitor device was also fabricated, which showed a high energy density of
235 IWh/cm?® under the power density of 1542 IW/cm?®. The cobalt-based metal-organic
framework-67(ZIF-67) 281 proved successful too. To release ZIF-67 from the restriction of
poor conductivity and a limited cycling stability, a flexible and conductive textile carbon cloth
was used as a support platform through a simple dripping method. The results indicated that

the ZIF-67/CF achieved a very high areal capacitance (1756 mF/cm? in 2.0 M KOH/H,0 at
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most) and a great specific capacitance (829 F/g for ZIF-67 at a mass loading of 1.9 mg/cm?).
The materials also displayed excellent reusability, with 103% capacitance retention after
15000 cycles under current density of 40 mA/cm?.

As well as supercapacitors, MOF derived ZnCo0.04/C coatings on CF showed good
performance as structural lithium-ion batteries (SLIBs).®2 The MOF layer provided more
active sites for electrochemical reactions and the thin carbon layers provided additional
protection for higher durability, so that the final product possessed high reversible capacity of
463 mA h/g at 50 mA/g even after 100 cycles: which is 201% higher than pristine CF. The
sample was fabricated through simply mixing and stirring, and finally annealing at 400°C for
3 h under a N flow, a facile, low-cost method.

PDA has also been combined with MOFs. Xie’s group discovered a facile method to
assemble the MOF [NH2-MIL-101(Cr)] rapidly onto PDA dip-coated polyimide (PI) fibres at
room temperature as Figure 32c described.?*1 PDA performed well in the role of a
connecting layer, as expected. The hydrogen bonding interactions between PI fibres and MOF
were confirmed by FT-IR; this bonding strengthened the inter-layer connection and further
proved that PDA has great potential for non-covalent fibre surface modification. The MOF-
cloth also had a high surface area (measured using BET analysis) and high thermal stability
due to the characteristics of the MOF crystals. The resultant fibre-based filter was able to
capture the particulate matter at high temperature of 260 °C, with a working efficiency
reaching approximately 93% with a lower pressure drop of 57.5 Pa. This application may

prove to be a new solution of pollution control for some industrial manufacture processes.
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6. Future Work

Despite the n—n stacking method & MOF coating having such great potential, there are
still very few reports of these methods being used for fibre surface modification. The
applications are limited, and few materials have ideal results, especially for long-term
reusability. Surface modification relying on the formation of covalent bonds is still the most
widely used method across the world. Other suitable materials alongside PDA ought to be
found and combined with different fibres and polymers. More experiments can also be
performed with PDA to produce more n—= stacking compounds, and to take advantage of the
functional groups and self-polymerization characteristics of PDA. Discovery of other suitable

materials will help to rapidly advance the emerging field of wearable electronics.

7. Conclusions

The concept of fibre surface modification and wearable electronics has been proposed for
years, especially for cellulose nanofibres, and this research field is drawing increasing
attention across the world with more and more new samples being manufactured. This review
not only introduces the basic concepts of physical and chemical treatments of fibre surface
modification & relevant fibre-based wearable electronics, but also explores the n—r stacking
method, a novel non-covalent treatment method which, due to the absence of covalent bonds,
produces less by-product and decreases waste handling costs. Its ability to minimize fibre
surface damage and increase fibre/composite properties make it promising as a next

generation mainstream processing method.
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