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Abstract
Study on development of highly conductive materials via electroless deposition technique

for advance wearable devices.

Recently, characteristics and synthesis of nanomaterials specially nanofibers into
membrane are getting intensive attraction to explore potential applications that can work under
mechanical deformation such as medical implants, flexible and wearable electronics, energy
storage, electronic skins, sensors, biological actuators, deformable capacitors, and antennas,
and point of care diagnostics. Nanofibers are being widely used because of their unique
characteristics, fine diameter, high surface area and multifunctional properties such as
biomedical, surgical, filtration, tissue engineering, membranes engineering, sensors, but their
electrical properties such as electroconductive properties has remain challenge for researcher.
In the past a wide range of polymers and facile techniques are used to fabricated high-
performance conductive materials. However, in consideration of electroconductive

performance, low cost, metal has remains first choice of materials.

In the view of above, the most effective approaches have been used to fabricate the
conductive material. Here in, we report a versatile, novel, and easy approach to fabricate highly
durable and electrically conductive aramid nanofibers (ANFs). The ANFs were firstly
fabricated via electrospinning and afterward, the conductive ANFs were prepared using
electroless deposition (ELD) technique. The copper (Cu) metal was used to prepare conductive
ANFs due to its significant advantages i.e. conductance. During the ELD process, parameters
including time and temperature were studied to optimize proper deposition and performance.
The optimized ANFs samples were characterized by FE-SEM, EDX, XRD, XPS, FTIR, TGA,
water contact angle, and electrical conductance. Copper (Cu) deposition on ANFs achieved
high electrical conductivity. The as ANFs shows good candidate for copper (Cu) deposition

and provide good stability in terms of electrical conductance. The as-prepared Cu-ANFs could



be used in various applications such as wearable electronics, flexible displays, and energy

storage.

Plastic bottles are generally recycled by remolding them into numerous products. In
this study, waste from plastic bottles was used to fabricate recycled polyethylene terephthalate
(r-PET) nanofibers via the electrospinning technique, and high-performance conductive
polyethylene terephthalate nanofibers (r-PET nanofibers) were prepared followed by copper
deposition using the electroless deposition (ELD) method. Firstly, the electrospun r-PET
nanofibers were chemically modified with silane molecules and polymerized with 2-
(methacryloyloxy) ethyl trime-thylammonium chloride (METAC) solution. Finally, the copper
deposition was achieved on the surface of chemically modified r-PET nanofibers by simple
chemical/ion attraction. The water contact angle of r-PET nanofibers, chemically modified r-
PET nanofibers, and copper deposited nanofibers were 1400, 800, and 1380, respectively. The
r-PET nanofibers retained their fibrous morphology after copper deposition, and EDX results
confirmed the presence of copper on the surface of r-PET nanofibers. XPS was performed to
analyze chemical changes before and after copper deposition on r-PET nanofibers. The
successful deposition of copper one r-PET nanofibers showed an excellent electrical resistance

of 0.1 ohms/cm and good mechanical strength according to ASTM D-638.

On other hand, we report the synthesis of conductive Nylon 6 nanofibers (N6 NFs)
using the electroless deposition (ELD) method. We fabricated the N6 NFs by electrospinning
technique and modified the surface with [2-(methacryloyloxy) ethyl] trimethylammonium
chloride (PMETAC). After surface modification of N6 NFs, copper metal was successfully
deposited using the ELD process. Parameters including time, temperature, volume, and pH
concentration were optimized for copper deposition. SEM images revealed smooth
morphology of neat N6 NFs and copper-coated N6 NFs. EDX spectrum was performed on neat

N6 NFs and copper-coated N6 NFs to ensure the qualitative and quantitative presence of copper
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nanoparticles. Furthermore, advance characterization methods such as FTIR, XPS, water
contact angle, and tensile strength were performed to analyze the successful copper deposition

on N6 NFs.

One of the contributions of nanotechnology to our daily life is the preparation of a large
variety of polymer-based nanofibers which could be the basis of future wearable devices.
Wearable electronics are a great part of smart textiles research. Herein, we have reported an
easy method to fabricate electrically conductive cellulose nanofibers (CNFs). To fabricate
CNFs, we firstly prepared cellulose acetate nanofibers (CANFs) by using the electrospinning
technique and later, the deacetylation process was done to obtain the CNFs. The electroless
deposition (ELD) technique was then used to create the conductive nanofibers. Copper (Cu)
was used to coat the CNFs because of their high conductivity and low cost. The ELD process
parameters including time, temperature, volume, and pH were optimized to obtain a nanofiber
with higher conductivity. The optimized condition was temperature: 40°C, time: 10 min,
volume: 600 ml, and pH: 13 to obtain a nanofiber web with 983.5 S/cm conductivity. Cu
coated CNFs were characterized by Scanning Electron Microscope (SEM), Energy-dispersive
X-ray spectroscopy (EDS), Fourier-transform infrared spectroscopy (FTIR), water contact
angle (WCA), antibacterial activity, tensile, and electrical conductivity. The bending cycle test
was performed to quantitatively demonstrate the durability and flexibility of the Cu coated
nanofibers. Cu-coated CNFs exhibited great performance to be used as a conductive layer with

antibacterial activity..
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CHAPTER 1. General Introduction

Figure 1. Scheme diagram of Conductive Materials Via Electroless Deposition Technique
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Recently, high performance technologies in the field of energy and advanced
electronics demands the ability to control features at the nanoscale 10~° m [1]. Automotive,
aerospace, sports, cosmetics, , and smart textiles require the use of such materials with suitable
properties viz. Chemical/heat/corrosion resistance, mechanical strength, and presence of

funtional groups on the surface to perfom/assess the significant funtional applications [2-8].

To improve materials performance a substantial flexiblity with suitable
electroconductivity is required to prepare a wearable electronics with functions such as energy
storage, skin implantable electronics, sensors, biological actuators, and deformable capacitors
[9-11], and in past, most research can be found mainly on incorporation of conductive
materials such as metal [12], carbon materials [13], nanoparticles [14], nanowires [15], and
conducting polymers into flexible, stretchable, and wearable substrates [16-18], where metals
are still considered as the first choice of material to impart electroconductive properties in

advanced materials because of their high conductivity, stability, and low cost [19].

Generally, metals are rigid, but they become very flexible, stretchable, and thin when
structured into proper shapes. vacuum deposition [20], resist casting [21], patterning [22],
pattern transfer through etching [23], and lift-off are some common approaches that had been
used in past for depositing thin metal conductors on different soft substrates. When it comes to
depositing thin metal conductors on polymeric substrates especially elastomers, it arose some
serious challenges as such substrates have poor dimensional stability when exposed to heat,

organic solvent environments, or vacuum[24].

This problem had been partially solved by researchers by using the transfer printing
technique [22]. In this technique, transfer patterns that are pre-defined on a mother Si wafer to
a targeted polymeric substrate in a pick-and-print manner [16]. Addiotnally, in printable

electronics, some researchers have applied roll-to-roll strategies which use solution-based
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processes rather than vacuum-based technologies. In this technique, low-cost printing tools
such as inkjet and screen printers are used to directly deposit the thin metal conductors on

different substrates such as plastics, elastomers, papers, and textiles [25].

The established technology in roll-to-roll strategies is printing inks of metal
nanoparticles or precursors onto soft substrates, followed by thermal annealing and/or chemical
reduction. However, drawbacks in these approaches include the need of post-thermal annealing
and the difficulty in fabricating Cu interconnects with high conductivity[22]. polymer-assisted
metal deposition (PAMD), has also been used to fabricate flexible, foldable, stretchable,

compressible, and wearable metal (especially Cu) conductors with very high conductivity [24].

Synthetic and natural polymers and blends of these polymers can be used in this method.
Nanofibers have been utilized for a variety of advanced applications. Due to their lightweight,
the flexibility of function, three-dimensional structure, and ease of production using the
electrospinning method [25]. Nanofibers have been utilized for aerospace, advanced wearable
devices, smart electronics, advanced apparel, environmental, biomedical, sensor, agriculture,
tissue engineering, filtration, batteries, cosmetics, food, pharmaceutical but there is still a big

research gap to be addressed.

Textile-based flexible devices have many advantages over conventional conductive
materials. But low surface area and high porosity are the main drawback of Textile based
devices, which can limit metal deposition rate. On the other hand, Electrospun nanofibers can
be the alternative to Textile-based flexible devices as nanofibers have a high surface area and
they can create a high metal deposition which can ultimately cause our product more
conductive. In addition, nanofibers also have gained adequate attention because of sufficient

availability, higher mechanical strength, flexibility, thermal resistance, chemical resistance,
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lightweight, and three-dimensional structure. Keeping well properties of nanofibers, the aim of this

research to develop the flexible and highly conductive the nanofibers with different polymers.

1.1 Electrospun Nanofibers

There are various methods of nanofibers production. One of the most flexible and cost-
effective is electrospinning. It is an efficient technique that produces continuous nanofibers
with lengths in the range of 5-100 nm. These fibers are 100—-10000 times smaller than fibers
fabricated by solution or melt spinning [26-30]. Electrospun nanofibers are created from
electrically charged jets of polymer solution or polymer melt. A typical electrospinning scheme

is given in Figure 02.

I
T

Power Supply

Figure 02. Scheme diagram of electrospinning
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1.2 Electroless Deposition

The deposition of a metallic coating by a controlled chemical reduction that is catalyzed
by the metal or alloy being deposited is called electroless deposition. In this method, selective
reduction of metal ions at the surface of a catalytic substrate immersed into an aqueous solution
of those metal ions is happened [24]. The deposition takes place continuously on the substrate
through the catalytic action of the deposit itself. This process has been used to produce deposits

of Ni, Co, Cu, and Ag as well as some alloys containing these metals plus P or B.

In the past, some common metals including gold (Au), silver (Ag), copper (Cu) and
nickel (N1) metals, were used to develop a soft device by using ELD method. The high electrical
conductivity at low cost is a fundamental requirement for any metal electrode
device.Considering the conductivity to cost ratio, copper metal is a better choice as compared
to noble metals (Au, Ag, Pt, and Pd) [25]. The Cu is a typical transition metal, exhibiting a
significantly higher electrical conductivity that is only 6% lower than Ag but has an outstanding
conductivity to cost ratio. Because of these unique properties such as excellent conductivity
and corrosion resistance, electroless deposition of copper is one of the most important metal
that can be deposited by using ELD process [25]. Wang et al. have successfully developed
conductive fabric from cotton while depositing Cu metals using the ELD technique. Coating
of nanofiber surface with Cu metal as conductive material can increase the conductivity and
performance of nanofibers. In this research work we  have successfully

developedhighly conductive nanofibers by using electroless deposition of Cu.
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1.3 Conductive Nanofibers

Nanofibers from any polymer, which can be synthetic or natural can be produced by
electrospinning with sizes at the nanoscale [31]. Flexible and highly conductive nanofibers will
be widely applied in the flexible consumer electronics, smart clothing, energy harvesting, and
sensors in the future. In the recent conductive nanofibers not only must retain their high-
performance such as conductivity, flexibility, but also have light weight, low cost, and
capability for large-scale manufacturing. Most importantly, these materials should have
environmentally friendly features. However, traditional conductive films (such as ITO) cannot
fulfill the requirements of the next-generation flexible electronic device because of low surface
and high porosity. In this study, flexible conductive nanofibers have been successfully prepared
with different polymers such as aramid, cellulose via ELD technique. These prepared
nanofibers have been utilized for aerospace, wearable devices, advanced apparel,

environmental, biomedical, sensor, solar cell, batteries, and fuel cell.

1.4 Objectives

Conclusively, the main object of our research to reduce the metal consumption from
electronic and advance textile industry. Furthermore, aim of our research is to promote the
fabrication, optimization, synthesis, and structural/physicochemical analysis of functionality
and advancement of electrospun nanofibers related to potential applications for advance

wearable devices.

The main objectives of the research are listed below;

Our research group is working on various applications of nanofibers,
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1-

chapter of dissertation are: A novel, and easy approach to fabricate highly durable and
electrically conductive aramid nanofibers (ANFs). We successfully prepared highly
durable and electrically conductive aramid nanofibers (ANFs). Copper metal particles
were deposited on aramid nanofibers by electroless deposition. This study was

approach in wearable electronics, flexible displays, and energy storage.

Chapter of dissertation are: Plastic bottles are generally recycled by remolding them
into numerous products. In this study, Synthesis of Highly Conductive Electrospun r-
PET Nanofibers. Waste from plastic bottles was used to fabricate recycled polyethylene
terephthalate (r-PET) nanofibers via the electrospinning technique, and high-
performance conductive polyethylene terephthalate nanofibers (r-PET nanofibers) were
prepared followed by copper deposition using the electroless deposition (ELD) method.
It would be greatly helpful towards the environmental issue of waste drinking bottles

and played significant role in the field of electronic technology.

Chapter of dissertation are: In this study, we tried to modify the surface properties of
Nylon-6 nanofibers. And take advance of nylon 6 properties because of its ease of
production, eco-friendly character, economic viability, unique molecular structure,
suitable transition temperature, and mechanical properties. We report the synthesis of
conductive Nylon 6 nanofibers (N6 NFs) using the electroless deposition (ELD)
method and fabricated the N6 NFs by electrospinning technique and modified the
surface of Nylon 6 nanofibers with [2-(methacryloyloxy) ethyl] trimethylammonium
chloride (PMETAC). After surface modification of N6 NFs, copper metal was
successfully deposited using the ELD process. Thus, our proposed material copper-
coated N6 NFs can be used in many electrical applications such as flexible and wearable

devices.
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4- Chapter of dissertation are: We tried to bring the multifunctional properties such as
flexible conductive and antibacterial activities on cellulose nanofibers by deposition of
copper to the nanofibrous platform. Cellulose is an abundant natural polymer which has
attracted more and more interest from academia and industry. The work introduces
unique technique to decorate cellulose nanofibers with metal copper nanoparticles and
assesses the flexible conductive and antibacterial effects of the resulted composite
nanofibers. The results demonstrated that the Cu-coated cellulose nanofibers could be

a great candidate for wearable electronics for biomedical application.
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CHAPTER 2

A Facile Approach to Synthesize Highly Conductive Electrospun Aramid Nanofibers via

Electroless Deposition
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Scheme 1. Fabrication process of the conductive ANFs
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2.1 Introduction

Flexible electronics are being promoted and show much demand due to their wide range of
new applications that can work under mechanical deformation such as medical implants,
flexible and wearable electronics, energy storage, electronic skins, sensors, biological actuators,
deformable capacitors and antennas, and point of care diagnostics. [1-7]. A key challenge of
these acquiescent flexible devices are to produce high efficiency of conductive
interconnections, contacts, and electrodes that are known to be one of the most important
components with stable conductivity (i.e. bending, twisting, folding, compressing and folding)
[8]. Recently many researchers have put their efforts to improve the properties of flexible
electronics. Various organic and inorganic conductive materials were investigated to improve
industrial growth including metals, carbon materials, nanoparticles, nanowires, and composite
polymers into wearable, flexible, and stretchable conductive substrate [9]. Nonetheless, due to
their extremely high conductivity and performance, metals are known as promising materials
to synthesis a flexible conductive device. The fabrication and design of well-marked metal
structures or thin films for flexible substrates has taken attention and many developments have
been made by applying various methods of metallization, such as physical deposition of vapors,
[10-12] chemical vapor deposition, [13] electrochemical plating and electroless deposition
(ELD) of metals [14-17]. Among the above-mentioned techniques, ELD process has also got
attraction due to versatility, site-selectivity, easy process-ability, low-cost, and scalability.
These characteristics made the ELD process a suitable method for fabricating large scale metal
structures on flexible textile surfaces. [18-21]. Many polymers thin films, paper, rubber, foils,
and fabrics have been developed as a flexible electrode device [22]. Among the various
available textile fabrics, polyethylene terephthalate (PET), cotton, and polyimide (PI) show
much attention due to versatile available structures, low cost, lighter in weight, high strength,

and readily processable [23-24]. In the past, some common metals including gold (Au), silver
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(Ag), copper (Cu) and nickel (Ni) metals, were used to develop a soft device by using ELD
method. The high electrical conductivity at low cost is a fundamental requirement for any metal
electrode device. Considering the conductivity to cost ratio, copper metal is a better choice as
compared to noble metals (Au, Ag, Pt, and Pd). The Cu is a typical transition metal, exhibiting
a significantly higher electrical conductivity that is only 6% lower than Ag but has an
outstanding conductivity to cost ratio[25-26]. Wang et al. have successfully developed

conductive fabric from cotton while depositing Cu metals using the ELD technique [21].

Although, textile-based flexible devices have many advantages over conventional conductive
materials. But few drawbacks were also identified in previous reports i.e. low surface area and
high porosity, which can limit metal deposition rate. Electrospun nanofibers gain attraction in
wide applications due to its high surface area and it can create a high metal deposition which
can ultimately cause our product more conductive. Among other electrospun nanofibers,
aramid nanofibers (ANFs) have gained adequate attention because of sufficient availability,
higher mechanical strength, flexible, thermal resistant, and chemical resistant [27]. Therefore,
ANFs have a neutral fiber surface which is suitable for metal deposition using electroless

deposition technique for flexible electronics.

In this work, we report the possibility of copper deposition on flexible electrospun ANFs via
electroless deposition technique after surface modification of ANFs. Before the ELD process,
polyelectrolyte brushes were covalently attached to the surface of ANFs. Subsequent metal
particles were attached to these polymeric brushes on the surface of ANFs via the ELD

technique and made AFNs conductive. The ANFs shows the lowest resistance of 1.5 ohm/cm?.

23



2.2. Experimental work
2.3.1 Materials

Aramid polymer solution (20%) was purchased from Yantai Taihenxin Materials Co., Ltd.
Dimethylacetamide (DMAC) was obtained from Sangon Biotech (Shanghai) Co., Ltd. Other
all chemicals including 2-methoxy ethanol (C>HeO2), ammonium tetrachloropalladate -II
[(NH4)2PdCl4], Vinyltrimethoxy silane (VTMS), [2-(methacryloyloxy) ethyl] trimethyl
ammonium chloride (METAC), Potassium persulfate (K>S>Og) KPS, Sodium hydroxide
(NaOH), Copper(Il) sulfate pentahydrate (CuSO4-5H>0), potassium sodium tartrate
tetrahydrate (KNaCsH4O6°4H20) and formaldehyde (HCHO) were purchased from Sigma-

Aldrich.

2.3.2 Fabrication of Conductive Aramid Nanofibers (ANFs)

Scheme 1 indicates the complete fabrication process of the conductive ANFs which is divided
into 5 steps (electrospinning of ANFs, plasma treatment, silanization, polymerization and

electroless deposition) that are explained in the experimental section.

2.3.3 Electrospinning of Aramid Nanofibers (ANFs)

Aramid nanofibers were obtained by electrospinning technique [28]. Briefly, a 13 wt% aramid
polymer solution was prepared with DMAC and stirred for 1 h to ensure homogeneity. The
prepared solution was placed in a 5 ml syringe attached to a 22 mm gauge needle. A positive
electrode was attached to the needle and a negative electrode was attached to the rotating
metallic collector. The distance between the tip of needle and metallic rotating collector was
15 cm and a high voltage of 13 kV was used to prepare the aramid nanofibers membrane at 0.3
ml/h flow rate. The nanofibers membrane was fabricated at 30.6 £2 °C under 50-60 % relative
humidity. As prepared aramid nanofibers were collected on aluminum foil wrapped around

rotating metallic cylinder and finally, carefully peeled-off for further use.
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2.3.4 Plasma Treatment

The electrospun ANFs are hydrophobic in nature and needed to be treated with air plasma
before silanization to create functional hydroxyl groups for further reactions. ANFs were

treated in plasma for 5 mins with constant pressure (30 Pa) and power (45 W).

2.3.5 Silanization

The Plasma-ANFs were immersed in an ethanol solution containing 2 % (v/v)
vinyltrimethoxysilane (VIMS) for 15 min. After VIMS treatment, the surface of ANFs
becomes largely hydrophobic owing to the presence of dense vinyl groups. The VTMS-ANFs

were finally rinsed with DI water and immediately dried at 60 °C for 15 min.

2.3.6 Polymerization

The VIMS-ANFs sample was immersed into 100 ml of 20 % (v/v) METAC solution
containing 60 mg potassium persulfate (KPS) and placed at 80 °C for 1 h to carry out the
polymerization of PMETAC brushes while stirring. Finally, the polymerized samples were

carefully washed with DI water and dried at 45 °C in a vacuum dryer for 2 h.

2.3.7 Electroless Deposition

The Copper (Cu) deposition via the ELD technique was followed with previously reported
methods [26,13]. PMETAC-ANFs were immersed in a 5 mM (NH4),PdCly solution for 15 min
for the ion-exchange process. During an ion-exchange [PdCl 4] %  catalytic ions were
immobilized onto the quaternary ammonium groups of PMETAC polymer chains and samples
were gently washed with DI before further process. ELD bath was prepared by pouring two
different mixtures (A and B) with a ratio of 1.1 v/v into the bath. Briefly, solution A (13 g/l
copper (II) sulfate pentahydrate, 29 g/l potassium sodium tartrate tetrahydrate, and 12 g/l
sodium hydroxide) and solution B (9.5 ml/L formaldehyde in water) were mixed equally into
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the ELD bath. Finally, the ANFs were immersed in the ELD bath for 15-60 min at 10 - 60 °C.
Upon successful ELD process, samples were washed with DI water, ethanol, and dried before

measuring the conductive ANFs performance.

2.3.8 Characterizations

SEM images were taken using S-4800 Hitachi Ltd japan Field emission Scanning electron
microscope. EDX images and spectrum were obtained using S-3000N Hitachi Ltd Japan X-ray
Spectroscopy. All the SEM and EDX samples were sputtered with Au before the examination.
FTIR spectroscopy measurement was analyzed with Thermo Nicolet 5700, Thermo Fisher Scientific

Inc. USA. All the FTIR samples 1-2 mg were ground with 0.1g KBr and pressed into a pellet of
which transmission FTIR spectrum was measured. X-ray photoelectron spectroscopy
measurement was analyzed with Axis ultra by Shimadzu equipped with a dual anode X-ray
source Al/Mg and HAS hemispherical sector analyzer detector. The thermal properties of the
samples were investigated by a thermal analyzer (Diamond 5700, PE Co., Ltd., USA). XRD
measurements performed on the Rigaku X-ray diffractometer (D/MAX-IIB). Plasma treatment
was carried out on Harrick Plasma cleaner PDC-002. An OCA -40 Contact angel instrument
(Data physics Germany) was applied to determine the water contact angle. Nanofiber resistance

value measured using ST-225*C multifunctional Digital 4 Probe meter.

2.3 Results and Discussion
2.3.1 Water Contact Angle

Water contact angle measurements reveal their dramatic difference in surface wettability of
each process involved in the fabrication and can confirm the successful ELD process. Fig 1
indicates the water contact angle of neat ANFs, plasma-treated, silanized, polymerized, and

Cu-ANFs. ANFs are hydrophobic in nature but for surface coating of VIMS on ANFs,
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hydroxyl groups (hydrophilic nature) must be needed. The plasma treatment is widely used to
alter the hydrophobic nature of material into hydrophilic nature by simply creating hydroxyl
groups on the surface [29]. In our experiments, the original ANFs showed an angle of 138° but
after plasma treatment, the water contact angle is decreased dramatically to 1.3°. This change
in water contact angle indicates successful plasma treatment on our samples and creates
hydroxyl groups that are helpful for the VIMS process. After plasma, the P-ANFs were
immersed in 2 % (v/v) vinyltrimethoxysilane (VTMS) in ethanol which allows the reaction of
silane molecules with hydroxyl groups on the surface of the substrate. The 2 % (v/v) VIMS in
ethanol allows the hydroxyl groups of plasma-ANFs to make a chemical attachment with silane
molecules. As VITMS nature, the material will be again giving hydrophobic nature in VITMS-
ANFs and it is presented in Fig 1, VIMS-ANFs show an angle of 144° which indicates proper
attachment with plasma-ANFs. This hydrophobic nature is mainly due to the presence of vinyl
groups in VIMS [30]. The next step is polymerization, in which VIMS-ANFs was then
immersed in a polymerization solution containing a METAC monomer and a potassium
persulfate (KPS) initiator for a certain time, leading to the fabrication of PMETAC-ANF
substrate. Moreover, in the polymerization step, METAC monomers and potassium persulfate
(KPS) combine to bind chemically onto VTMS-ANFs. The successful surface modification
was verified by consequent measurement from water contact angle and PMETAC-ANFs
showed an angle of 88°. This decrease in angle is may be due to some hydroxyl groups present
in PMETAC [31]. The successful surface modification of ANFs with PMETAC allows Cu
particles to densely pack and cover on the surface of ANFs. The Cu-ANFs show an angle of
146° and it is mainly due to the presence of Cu particles on the surface of ANFs [32-33].
Overall results of the water contact angle are good evidence of the successful process involved

in each fabrication step and ELD process.
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Figure 1. Water contact angel of each process involved in fabrication and electroless deposition
on ANFs

2.3.2 Surface morphology
Surface morphology of AFNs was examined through FE-SEM. Fig 2 (A) shows the surface

morphology of pure AFNs and Fig 2 (B) shows the surface morphology AFNs after the ELD
process. As can be seen in Fig 2 (A), electrospun ANFs have a smooth and bead free
morphology with an average diameter of 100-150 nm. Though, as anticipated, the diameter of
ANFs was increased up to 200 — 250 nm after the ELD process (Fig 2B). This increase in
diameter after the ELD process indicates successful deposition of Cu particles onto the surface
of ANFs [34]. Fig 3 shows smooth a morphology of plasma ANFs, VTMS-ANFs, and
PMETAC-ANFs. The plasma-ANFs showed negligible increasing diameter after plasma

treatment. Similarly, VTMS-ANFs has shown slightly dense morphology and overall VTMS-
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ANFs retained nanofibers morphology. Moreover, PMETC-ANFs has shown more dense
morphology and fibers are overlapping each other. This may be due to numerous chemical
interactions with ANFs. It was observed that ANFs retain its fibrous morphology after Cu
deposition which can introduce flexibility in conductive Cu-ANFs membrane and a better

choice in flexible devices.

100 m—

. G TR

Figure 2. (A and B) Surface morphology of Pure ANFs and copper deposited ANFs. Figure 2
(i and ii) Magnified surface morphology of Pure ANFs and copper deposited ANFs.
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Figure 3. (C-E) Surface morphology of plasma-ANFs, VIMS-ANFs and PMETAC-ANFs.
Figure 3 (iii-v) Magnified surface morphology of plasma-ANFs, VTMS-ANFs and PMETAC-
ANFs.
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2.3.3 Element Mapping:

The EDX was performed to confirm the presence of copper metal after electroless deposition.
Fig 4 shows the EDX spectrum of Cu-ANFs and the main compositions on Cu-ANFs. The
EDX spectrum confirms the rich presence of Cu particles with 69.8 % total weight of other
components of ANFs. This rich presence of Cu particles on ANFs is much higher than Cu
deposited on conventional textiles [35]. This higher deposition may be due to the higher surface
area of ANFs [36] and it will help produce high-performance ANFs. Moreover, element

mapping indicates uniform deposition of Cu particles on the surface of ANFs.
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Figure 4. Energy-dispersive X-ray spectra of ANFs after electroless deposition and element
mapping

31



2.3.4 Chemical Analysis

The FTIR was used to analyze chemical structural changes of prepared samples at different
processing stages. The FTIR spectra of prepared samples at each step could be explained by
the interaction of different functional groups as shown in Fig 5. The FTIR spectra of pure ANFs
showed the four main peaks observed at 3320 cm™!, 1540 cm™, 1340 cm™!, and 780 cm™'. The
stretching peak observed at 3320 cm™ indicates the presence of N-H group, the peak at 1540
cm! indicates the bending vibration of N-H bonding, the strong stretching peak observed at
1340 cm'is due to Ph-N vibration, and the peak observed at 780 cm™ indicates intensive
bending of C-C bonding which correspond to the presence of aromatic rings [37-39]. Further,
the plasma-treated sample presented the same spectra with higher intensity of O-H bonding
that ensures plasma treatment. Furthermore, in the third step of VTMS processing, the observed
FTIR spectra showed one additional peak of 1014 cm™! that indicates in-plane C-H vibration.
Similarly, the FTIR spectra of PMETAC-ANFs also showed one more additional peak at 1656
cm’! which indicates C=0 stretching [40]. In addition, referring to Fig 5, it is proposed that the
treatment of ANFs with VITMS and PMETAC helps 1onize the N-H groups of ANFs nanofibers
for the ELD process [41]. Finally, when the Cu was deposited after the PMETAC-ANFs stage,
the FTIR spectra did not show any of the above-mentioned peaks, it may due to deposition of

Cu on the surface of the sample.
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Figure 5. FTIR spectrum of ANFs fabrication and electroless deposition.

Fig 6 (a) indicates the XRD pattern of ANFs before and after ELD respectively. The diffraction
peaks of as-prepared electrospun ANFs was observed at 22.5°. Whereas, Cu-ANFs showed

two more new peaks exactly at 43 °and 50.5 °© that indicates the (111), (200) crystal plane of

Cu [42].

We also used photoelectron spectroscopy (XPS) to further evaluate the chemical structure and
identify the elemental composition of ANFs before-after copper deposition. Fig 6 (b) indicates
the XPS peaks of aramid nanofibers before and after electroless deposition. The ANFs shows
the main two peaks at 281 eV and 530 eV corresponds to Cls and Ols respectively; are nearly
similar to those reported for ANFs [43]. Moreover, Cu-ANFs showed the same peaks at C 1s

and O 1s spectrum but two new peaks appeared at 933.06 eV (Cu 2p 3/2) and 952.96 eV (Cu
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2p '5) corresponds to Cu 2p. These results validate the existence of Cu particles onto ANFs

[44].
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Figure 6. (A) XRD spectra of Pure ANFs and Cu deposited ANFs and (B) XPS spectra of pure
ANFs and Cu deposited ANFs.

2.3.5 Thermal Gravimetric Analysis

The analysis of thermal degradation rate and total combustion of pure ANFs and Cu ANFs
were performed with thermogravimetric analysis as shown in Fig 7. The thermogravimetric
analysis graph is saturated in phases to demonstrates the weight percentage and temperature
range. The first phase determines a small increase in weight, which transpires in the
temperature range when it is increased from ambient to 120°C due to air moisture into both
nanofiber samples. However, the rate of absorbed moisture is frequently evaporated at the
temperature range of 140 C. The temperature of the thermal degradation rate of pure ANFs and
Cu-ANFs was found at 370 °C While, the decomposition rate proceeded up to total combustion

was found at 438 C.
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Figure 7. Thermal Gravimetric Analysis of pure ANFs and Cu deposited ANFs
2.3.6 Effect of Time and Temperature

The effect of time and temperature on the deposition rate of copper on ANFs was optimized
Fig 8. The results were compared with plasma-treated Cu deposited and without plasma-treated
Cu deposited on ANFs. The results show that plasma treatment has a significant effect on the
deposition of Cu on ANFs [45]. At the start, the influence of temperature was observed at a
fixed time (30 min). Fig 8 (a) indicates a change in weight on ANFs due influence of
temperature during Cu deposition. The weight is gradually increased with increasing
temperature from 10 °C to 30 °C and thereafter decreased slowly. While Fig 8 (b) indicates a
change in resistance on ANFs due to the influence of temperature during Cu deposition. It was
observed that resistance is gradually decreased with increasing temperature 10 °C to 30 °C and
thereafter increased slowly and this may be due to instability of solution caused by higher
temperature which ultimately caused poor Cu deposition [37]. After analyzing the results, the

30 °C temperature was optimized for Cu deposition.
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Deposition time has also a significant effect on weight and resistance in the ELD process, which
needs to be optimized. Fig 8 (c) indicates a change in weight on ANFs due influence of time at
constant temperature (30 °C) during Cu deposition. The weight is gradually increased with
increasing time up to 20 mins and thereafter no obvious change in weight was observed. While
Fig 8 (d) indicates a change in resistance on ANFs due to the influence of time during Cu
deposition. It was observed that resistance is gradually decreased with increasing time up to 30
mins and thereafter it remained constant. This may be due to a saturation limit on functionalized
ANFs and there are no more sites available after 30 mins [37]. Overall analyzing the results,
the 30 °C temperature and 30 mins time were optimized for proper Cu deposition. At optimum

electroless deposition, Cu deposited aramid nanofibers show low resistance of 1.50hm Q /cm?.
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Figure 8. (A) Effect of ELD temperature on weight of ANFs, (B) Effect of ELD temperature
on resistance of ANFs, (C) Effect of ELD time on weight of ANFs and (D) Effect of ELD time
on resistance of ANFs.
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2.4 Conclusion

We successfully prepared highly durable and electrically conductive aramid nanofibers (ANFs).
Copper metal particles were deposited on aramid nanofibers by electroless deposition. The
parameters including time and temperature were studied and optimized. The characterizations
of prepared material including FE-SEM, EDX, XRD, XPS, FTIR and TGA were performed.
Significantly, the deposition of Cu particles attained low electrical resistance about 1.50hm/cm?
and provided flexibility. The as-prepared Cu-ANFs has a good electrical conductance and
could be used in various applications such as wearable electronics, flexible displays, and energy

storage.
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CHAPTER 3

Synthesis of Highly Conductive Electrospun Recycled Polyethylene Terephthalate
Nanofibers Using the Electroless Deposition Method
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Figure 1. Schematic diagram of copper-coated r-PET NFS.
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3.1. Introduction

Flexible electrically conductive materials have gained significant demand for electronics and
telecommunication systems because of their capability to convey electrical properties in this
century [1]. The increasing demand of materials for smart electronics that can work under
mechanical deformation with high efficiency and the required conductivity has become a high
stream/demanding field of research [2]. The polymer and metal composites have been
extensively explored [3] with a variety of new applications including flexible displays,
wearable electronics, energy devices, biological actuators, and smart electronic skin [4-8]. The
parameters of these smart materials can work under mechanical deformation and interconnect
with great mechanical flexibility (i.e., bending, stretching, twisting, and compressing) [1].

Wearable electronics rely heavily on metal-coated textiles to produce textile materials with
special functional properties. In the previous research studies, textile based conductive
materials were widely fabricated via various deposition methods [9,10]. Currently, some
advanced techniques have been introduced to fabricate smart conductive textile materials such
as atomic layer deposition [11], galvanic deposition, and electroless deposition (ELD) of metals
[12,13]. Among the above techniques, ELD is the most utilized technique because of its low
cost and easy process of fabrication at room temperature [14,15]. The ELD technique has been
extensively explored in many advanced applications including electrically conductive textiles
[16], EMI shielding [17,18], telecommunication frequencies, and electrostatic discharge [19].
Generally, the ELD method is carried out in three steps: the functional polymer anchoring layer
by surface modification, the filling of catalyst on the polymer anchoring layer with ion
exchange, and the deposition of site selective metals. Previously, ELD with different textile
fabrics such as polyester, cotton, nylon, and Kevlar showed electrical properties with low cost

at room temperature [20-23].
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The previous textile based conductive fabrics contain a low surface area and high porous
structure, which can limit the metal deposition rate. Electrospun nanofibers have gained much
attraction in wide applications due to their high surface area and can create a high metal
deposition rate [2]. Recently, polyester nanofibers have been achieved from waste drinking
bottles having good mechanical strength and flexibility [24]. This is an alternate method to
produce products from waste material and minimize solid waste in the environment. In 2019,
the global market of recycled polyethylene terephthalate (r-PET) was valued at USD 7.34
billion, with a growth projection of 7.9% until 2027. These data show the importance of the r-
PET market with consumers being more conscious about environmental sustainability [25].

Nanotechnology has deep roots in every field of life and in helping the research community to
solve a wide a range of challenges [26]. Electrospinning is a simple technique to produce fibers
with diameters in the range of a few tens to hundreds of nanometers. Electrospun nanofibers
have a range of applications such as food packaging, wound dressings, tissue engineering,
water filtration [27-30], air filtration, facemasks, flexible electronics, and sensors [31].
Keeping in the broad scope of electrospun nanofibers, the aim of this study is to investigate the
ELD performance on electrospun nanofiber to fabricate flexible and conductive materials. The
r-PET nanofibers were fabricated via the electrospinning technique, and copper metal was
deposited by following the ELD method. The deposition of copper metal on r-PET nanofibers
was characterized using scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), water contact angle, and tensile
strength. Finally, the surface conductivity of metal deposited r-PET nanofibers was assessed

using a four-point probe meter.
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3.2. Experimental Section

3.2.1. Materials

Recycled polyethylene terephthalate (r-PET) was obtained from water bottles at a convenience
store in Japan and were utilized directly without further purification. Trifluoracetic acid,
chloroform, vinyltrimethoxysilane (98%), (2-(methacryloyloxy) ethyl) tri-methyl-ammonium
chloride solution (METAC), ammonium tetra-chloro-palladate (II), and copper (II) sulfate
pentahydrate were purchased from Sigma Aldrich USA (St. Louis, MI, USA). Chemical
reagents, potassium sodium tartrate tetrahydrate, formaldehyde, potassium persulfate, and
sodium hydroxide were purchased from Sinopharm Chemical Reagent Co., Ltd. (Huangpu,

Shanghai, China).

3.2.2. Fabrication of r-PET Nanofibers

The r-PET nanofibers were fabricated by following the previous protocol [24]. Briefly, r-PET
bottles were cut into small pieces (approximately 1 X 1 cm2) and dissolved in the
TFA/chloroform with a ratio of 1:3 in order to make a 15% w/w polymer composition.
Electrospinning was performed using a high-voltage power supply (Har — 100 % 12, Matsusada
Co.; Tokyo, Japan) at room temperature. The prepared solution was poured into a syringe with
a capillary tip attached having an internal diameter of 0.6 mm and keeping a 0.5 mL/h flow
rate with a supplied voltage of 15 kV. The as-prepared r-PET nanofibers were collected on
aluminum foil wrapped over a rotary collector system, and the capillary tip to collector distance
was set as 15 cm. After electrospinning, the r-PET nanofibers were peeled off and dried

overnight before further use.
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3.2.3. Fabrication of Conductive r-PET Nanofibers
Graphical abstract represents the complete fabrication process to prepare conductive r-PET
nanofibers and characterized by 4 steps (plasma treatment, silanization, polymerization, and

electroless deposition). Each step is explained below.

3.2.3. Plasma Treatment

The obtained r-PET nanofibers were hydrophobic, and to create hydroxyl groups before the
silanization process, plasma treatment was needed. Previously, plasma treatment was used to
create hydroxyl groups on textile substrates [2]. The r-PET nanofibers were treated with air
plasma using Harrick Plasma cleaner PDC-002, and the parameters for plasma treatment are
listed below in Table 1.

Table 1

Table 1. Plasma treatment parameters.

Gas Pressure (Pa) Power (W) Time (min)

Oxygen 30 45 5

3.2.4. Silanization

The plasma treated r-PET nanofibers were placed in an ethanol solution having 10% (v/v)
vinyl-tri-methoxy-silane (VTMS) for 20 min. The VTMS-treated r-PET nanofibers were rinsed
with DI water and immediately vacuum dried at 50°C. The successful VITMS treatment
provided the hydrophobic surface of r-PET nanofibers due to the presence of dense vinyl

groups.

3.2.5 Polymerization

The silanized-treated r-PET nanofibers were immersed into a polymerization solution, which
contained a mixture of 20% (v/v) METAC aqueous solution (100 mL) and 60mg of potassium

persulfate (KPS) for 60 min to carry out the polymerization of METAC (PMETAC) brushes
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while stirring at 60°C. Finally, the polymerized r-PET nanofibers were washed with DI water

and vacuum dried at 50 °C for 2 h.

3.2.6 Electroless deposition
The electroless deposition (ELD) of copper was carried out on PMETAC r-PET nanofibers by

following previous protocols [20,22-24]. Briefly, the PMETAC r-PET nanofibers were
immersed in a SmM aqueous solution of ammonium tetra-chloro-palladate (II) (NH4)2PdCl4)
for 20 min for the ion-exchange reaction. During the ion-exchange, [PdC14]2- catalytic ions
were immobilized onto the quaternary ammonium groups of PMETAC polymer chains, and
the samples were gently washed with DI water. Further, an ELD bath was prepared to contain
Solutions A and B (Table 2) with a ratio of 1:1, where Solution A consisted of 13 g/L copper
sulfate pentahydrate, 12 g/l sodium hydroxide, and 29 g/L. potassium sodium tartrate
tetrahydrate, while Solution B contained formaldehyde 9.5 mL/L in DI water. A detailed
summary of the chemicals used during the fabrication of the conductive r-PET nanofibers is
given in Tables 2 and 3.

Table 2Table 2. Chemicals used for functionalization. VTMS, vinyl-tri-methoxy-silane; METAC,
(2-(methacryloyloxy) ethyl) tri-methyl-ammonium chloride solution.

Chemicals Formula Process Concentration
VTMS C5H1203Si  Salinization 20% (v/v in ethanol)
METAC CO9HI18CINO2 Polymerization 20%

Potassium persulfate K2S208 Ion Exchanger 60 mg/100mL
Ammonium tetrachloropalladate(II) (NH4)2PdCl4 5SmM
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Table 3Table 3. Chemicals used for functionalization.

Chemicals Formula Concentration

Potassium sodium tartrate KNaC4H406-4H20 29 g/L
Solution A tetrahydrate NaOH 12 g/L

Sodium hydroxide

Copper(Il) sulfate pentahydrate CuS04-5H20 13 g/L
Solution B

Formaldehyde HCHO 9.5¢g/L

3.2.7. SEM Morphology

Scanning electron microscopy (S-3000N; Hitachi, Tokyo, Japan) with an acceleration voltage
of 30 kV was used to observe the surface morphology of the neat r-PET nanofibers and copper-
coated r-PET nanofibers. The EDX images and spectrum were obtained using an S-3000 N,
Hitachi Ltd. X-ray spectroscopy, Japan. All samples of SEM and EDX were sputter coated

with gold before analysis.

3.2.8. XPS Analysis

The X-ray spectroscopy (XPS) (S-3000 N, Hitachi, Tokyo, Japan) was performed to analyze

the chemical composition of the neat r-PET nanofibers and copper-coated r-PET nanofibers.

3.2.9. Water Contact Angle

An OCA-40 contact angle instrument (Data physics Filderstadt Germany) was applied to
determine the water contact angle of neat r-PET nanofibers and each process involved to

fabricate the conductive r-PET nanofibers.
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3.2.10. Tensile Strength Properties

The mechanical properties of neat r-PET nanofibers and copper-coated r-PET nanofibers after
the ELD process were tested by a Titan Universal Tester 3-910, Titan Company Ltd., Germany.
The tensile strength was measured according to the ASTM D-638 standard. During the test, the
speed was set at 5.0 mm/min. The values of the stress-strain curves and Young’s modulus were

calculated by using the following Equations (1)—(3), respectively [29,31].

E=T (1)
o= @
E=2 3)

where €, 6, and E represents the stress, strain, and Young’s modulus, respectively. Al represent
the change in length, and | shows the original length of the specimen. F is the applied force on

the specimen, and A is the area of the specimen.

3.2.11. Shrinkage Test

The shrinkage test was performed by taking 5 x 5 cm2 r-PET nanofibers with an average
thickness of 120 um. The shrinkage of r-PET nanofibers after the ELD process was calculated

by using Equation (4) for lengthwise shrinkage and Equation (5) for widthwise shrinkage,

respectively.
Ls === x 100, (@)
Ws =" % 100, (5)

Rs =+/Ls? + Ws?2 (6)
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In Equation (4), Ls is lengthwise shrinkage, L is the original length of the samples, and AL is
the change in the original length after the ELD process. In Equation (5), Ws is widthwise
shrinkage. W is the original width of the samples. Aw is the change in the original width after

the ELD process. In Equation (6), Rs is the residual shrinkage after the ELD process.

3.3. Results and Discussion

3.3.1. Scanning Electron Microscopy

In this study, neat r-PET nanofiber samples were assessed by SEM (scanning electron
microscopy) and analyzed to identify the surface morphology before and after the copper ELD
process. The SEM images are shown in Figure 2A, which indicate that neat r-PET nanofibers
have a smooth surface area and good morphology with an average diameter of 350 nm, whereas
after electroless deposition of the copper, a conformal layer on the r-PET nanofibers was
produced while retaining the smooth nanofiber surface texture, as shown in Figure 2C, with an
average diameter of 700 nm. The copper-coated r-PET nanofibers had a diameter around 700

nm, which is slightly higher than the pristine r-PET nanofibers due to copper deposition on the

nanofibers [24].
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Figure 2. (A) SEM image of neat recycled polyethylene terephthalate (r-PET) nanofibers; (B)
magnified SEM image of neat r-PET nanofibers; (C) diameter distribution of neat r-PET
nanofibers; (D) SEM images of copper-coated r-PET nanofibers; (E) magnified SEM image of
r-PET nanofibers; and (F) diameter distribution of copper-coated r-PET nanofibers.

3.3.2. EDX Analysis

The EDX elemental mapping was applied to verify the presence of copper metal in r-PET
nanofibers as shown in Figures 3 and 4, respectively. Based on the characterization of the
results, the r-PET nanofibers were composed of carbon and oxygen with no other impurities,
as shown in Table 4. On the other hand, in Figure 4, the copper-coated r-PET nanofibers were
composed of copper, carbon, and oxygen. As presented in Table 5, copper particles were
uniformly distributed on the surface of r-PET nanofibers and contained 71% of copper by
weight. r-PET nanofibers had a high surface area [31]; therefore, the deposition rate of copper
nanoparticles was higher on the copper-coated r-PET nanofibers than the deposition on

conventional textile [32].
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Figure 3. EDX elemental mapping and spectrum of neat r-PET nanofibers. (A), (B), and (C)
show the oxygen, carbon, and gold elemental mapping, respectively. (D) EDX full spectrum

of neat r-PET nanofibers

Cu
Au Au

Figure 4. EDX elemental mapping and spectrum of copper-coated r-PET nanofibers. (A), (B),
(C), and (D) show the oxygen, carbon, gold, and copper elemental mapping, respectively. And
(E) EDX full spectrum of copper-coated r-PET nanofibers.

Table 4Table 4. Summary if the results of elemental mapping.

Element Weight% Weight% o Atomic%
Carbon 66.649 0.286 72.692
Oxygen 33.351 0.286 27.308
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Table 5 Summary of the results of elemental mapping.

Element Weight% Weight% o Atomic%
Carbon 16.098 0.352 46.818
Oxygen 5.786 0.158 12.633
Copper 71.685 0.379 39.409
Gold 6.430 0.242 1.140

3.3.3. XPS Analysis

To investigate the specific elements and the presence of the chemical bonds, the XPS analysis
was performed on neat r-PET nanofibers and copper-coated r-PET nanofibers to ensure the
presence of copper elements after the ELD process, which was also confirmed by the EDX
process. Figure 5 shows the spectrum peaks with a wide range for all samples of neat r-PET
nanofibers and copper-coated r-PET. The XPS spectrum of copper-coated r-PET nanofibers
revealed some additional peaks at a binding energy of (990.5-952eV), which could not be seen
in the neat r-PET nanofibers. Furthermore, to ensure the presence of oxygen, nitrogen, sulfur,
and carbon groups, along with their bond types, samples were investigated under XPS
spectroscopy separately with the respective region and range of the spectrum of the specific
elements. Figure 4 shows that the spectrum peaks at a binding energy of (529.4 —286.3) in the
region Ols, which revealed the same groups of C—O and C = O/O—C = O bonds for neat r-PET
nanofibers and copper-coated r-PET nanofibers. As shown in Figure 4, copper-coated r-PET
nanofibers revealed additional peaks at a binding energy of (990.5-952¢eV) in the region of 2p
Cu 2p3/2 Cu 2p1/2, which led to the overlap of copper particles on the surface of nanofibers,

which may show the presence of C-C double metallic bonds.
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Figure 5. XPS analysis of neat r-PET nanofibers and copper-coated r-PET nanofibers.

3.3.4. Water Contact Angle Analysis

The water contact angle was used to examine each successful step required for the ELD process.
Figure 6 indicates the water contact angle measurement for each step in the ELD process. The
obtained r-PET nanofibers had a hydrophobic nature, and we needed to create hydroxyl groups
before the silanization process. Plasma treatment was used to create the hydroxyl groups on
the textile substrates, and the water contact angle of r-PET nanofibers changed from (140° +
5)° to (14 & 3)° [34]. This change showed that hydroxyl groups were created on the surface of
the nanofibers, which were helpful for the VTMS process. r-PET nanofibers were impregnated
mn a 20% solution of the VIMS in ethanol, which reacted with the silane molecules and
hydroxyl groups on the surface of the nanofibers, and the VTMS-treated r-PET nanofibers
showed a hydrophobic property, yielding (138 & 3)° due to the presence of dense vinyl groups,
as shown in Figure 6 [37]. Furthermore, the solution was prepared containing the METAC
monomer and potassium persulfate (KPS) initiator for polymerization. In the polymerization

process, the VIMS based r-PET nanofibers were impregnated for a certain time, and the
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chemical reaction happened in the meantime. After the polymerization, the water contact angle
reached (80 + 5)°, which might have happened due to the presence of some hydroxyl groups in
METAC [38]. In the final process, PMETAC based r-PET nanofibers were impregnated in an
ELD bath. After the ELD process, the r-PET nanofibers were fully covered with copper
particles, and the water contact angle was (138 &+ 5)°, which may be attributed mainly to the

presence of copper nanoparticles on the surface of the r-PET nanofibers [20].

1
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Figure 6. Water contact angle analysis of neat r-PET nanofibers and copper-coated r-PET
nanofibers.

3.3.5. Optimum Temperature and Time Study

In the electroless deposition, temperature and time had significant effects on the deposition of
copper on r-PET nanofibers. Figure 7 shows the results of the samples obtained with different
deposition temperatures and times. The temperature for copper deposition on r-PET nanofibers
was studied by keeping the time interval constant at 15 min. The effect on the masses at
different temperatures in the ELD process is shown in Figure 7A. As the temperature increased,
the mass of the r-PET nanofibers also increased and reached a maximum level of rapid increase
at 40 °C. Further, with the increase of the temperature, the mass of the r-PET nanofibers was
decreased, as shown in Figure 7A. Additionally, the change in the resistance at different
temperatures in the ELD process is also shown in Figure 7B. It shows that as temperature

increases, resistance decreases and reaches a minimum value at a temperature of 40 °C. By
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further increasing the temperature, the resistance of the r-PET nanofibers increased, and this
might be due to the instability of the solution caused by the higher temperature, which resulted
in the poor deposition of the copper [39].

After the optimization of the temperature, for the deposition of copper on the r-PET nanofibers,
time optimization was also equally important, as shown in Figure 7C,D. Figure 7C shows a
notably higher increase in the deposition of copper from 3 min to 15 min with the deposition
rate on the surface of the r-PET nanofibers, which gradually increased up to 30 min. As the
deposition time was extended to 30 min, almost all of the surface of the r-PET nanofibers was
covered with copper. Hence, in this study, fifteen minutes was the optimum time for the
deposition of copper on the r-PET nanofibers. In addition, the mass of the r-PET nanofibers
increased as the deposition time was prolonged, while the mass of the r-PET nanofibers
remained constant. This might be due to there being no more available sites for copper
deposition after 30 min. The plot of the resistance of the copper-coated r-PET nanofibers with
different deposition times is shown in Figure 7D. As the deposition time increased, a uniform
coating of the metal on the surface of the r-PET nanofibers was formed, which created a
conducting path on the surface, and as a result, the resistance decreased. The sample obtained
with a deposition time of 15 min showed minimum resistance.

According to the experimental results, continuous copper deposition could be obtained as the
deposition time was extended up to 30 min, but the optimal time was observed as 15 min for
the deposition of copper on the r-PET nanofibers at a temperature of 40 °C. In the optimum
condition, the deposition of copper was good, showing the lowest resistance. Figure 8A,B
displays the original photographs of an LED light on the surface of the prepared conductive r-
PET nanofibers and the comparison of the r-PET nanofibers after the copper deposition,
respectively. These results confirm that the copper was well deposited on the r-PET nanofibers

and is highly recommended for use in wearable and flexible electronics applications.
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Figure 7. (A) The effect of the weight of the r-PET nanofibers as a function of temperature; (B)
the effect of the resistance of the r-PET nanofibers as a function of temperature; (C) the effect
of the weight of the r-PET nanofibers as a function of electroless deposition time; (D) the effect
of the resistance of the r-PET nanofibers as a function of electroless deposition time.

Figure 8. (A) Conductivity of r-PET NFS (B) results of copper-coated r-PET NFS after the
ELD process.
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3.3.6. Tensile Strength

The mechanical properties of the pristine r-PET nanofibers and copper-coated r-PET
nanofibers were investigated. As shown in Figure 9, the tensile strength of pristine r-PET
nanofibers was around 1.04 MPa with a deformation of about 1.2%. On the other hand, the
tensile strength of copper-coated r-PET nanofibers was around 1.4 MPa with a deformation of
about 1.3%. These results depict that there was stronger bonding between the copper particles
and r-PET nanofibers. Young’s modulus (elastic modulus) was calculated considering elastic
regions of both types of nanofibrous mats. It was observed that the elastic modulus of Cu r-
PET nanofibers was slightly increased. This may be because of the presence of metallic

nanoparticles (Cu NPs).
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Figure 9. Stress—strain curve and Young’s modulus values of neat r-PET nanofibers and
copper-coated r-PET nanofibers after the ELD process.

3.3.7. Shrinkage Study

The r-PET nanofibers after being exposed to the salinization and the ELD process substantially
shrunk, so it was necessary to analyze the shrinkage behavior in the r-PET nanofibers after the

ELD process; there was exaggeration in documenting the finding. Table 6 shows the shrinkage
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results, which show that the shrinkage behavior was also dependent on the medium used
irrespective of the ELD process. In copper-coated r-PET nanofibers, the shrinkage percentage
was higher than in the neat r-PET nanofibers. Salinization and temperature caused a maximum
shrinkage within the copper-coated r-PET nanofibers after the ELD process. Ultimately,
shrinkage was also the reason for the greater strength and attachment of the copper particles on

the substrate compared to the neat r-PET nanofibers.

Table 6. Shrinkage of the r-PET nanofibers after the ELD process.

Shrinkage Lengthwise Widthwise

Cur-PET NFS 11% 12%

a The shrinkage study was calculated by using Equations (4) and (5).

3.4. Conclusions

In this research study, copper-coated r-PET nanofibers were successfully fabricated by the
process of electroless deposition. The optimized temperature was observed as 40 °C, and the
optimized time of 15 min was set for proper copper deposition on the r-PET nanofibers. The
SEM images evidently showed the fibrous morphology of the r-PET nanofibers with an average
diameter of 350 nm, and the copper-coated r-PET nanofibers retained the fibrous morphology
with a slight increase in the average diameter of 700 nm. The optimized copper-coated r-PET
nanofibers were composed of 71.6% copper and showed a low electrical resistance of 0.1 Q.
Moreover, the r-PET nanofibers were flexible and showed good mechanical strength. As-
prepared, conductive r-PET nanofibers have good potential and could be used in many

applications such as wearable electronics, flexible sensors, and energy storage.
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CHAPTER 4

Electroless Deposition: A Superficial Route to Synthesis of Highly Conductive
Electrospun Nylon 6 Nanofibers
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Figure 1. Schematic diagram of copper-coated N6 NFs.
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4.1. Introduction

Recently, the characteristics and synthesis of flexible and wearable conductive materials have
received much attention in potential applications in electronic devices [1]—-[3]. Because of their
incredibly high conductivity, suitable price, and comparatively outstanding stability, metal
materials remain a primary choice in this regard. Metal is flexible when it is well decorated in
a few layers on a polymeric substrate [4]. However, the metal may stretch or fold when
appropriately formed [5], [6]. For the advancement of electronics devices, numerous processes
have been reported for depositing metal nanoparticles on polymer-based substrates. Some of
these methods are atomic layer deposition [7], physical vapor deposition [8], electroless plating
[9]-[11], and electroless deposition (ELD). [12]-[14]. In this regard, physical vapor deposition
and atomic layer deposition need expensive equipment and complicated operation processes
[5]. Also, in this process, a relatively high annealing temperature must be considered, which
may bring severe damage to the polymeric substrates and metal delamination. Electroplating
is a process that is widely utilized at the laboratory and industrial scale. Nevertheless, for the
ideal developments of conductive materials required to work under mechanical deformation
for easy and economical processing, which is not applicable for most of the polymer-based
substrate [10]. Among the above methods, ELD is an excellent alternative for metal deposition
on polymer substrate regarding its low cost, easy process, and high conductivity. Furthermore,
the ELD method is an autocatalytic redox reaction to deposit a thin coat metal layer on a
catalyst-preloaded surface comprising almost all the versatile and rigid substrates. ELD is
carried out at low temperatures without the need for costly equipment and with a minimum, or
even no, substrate disruption. To date, ELD has been extensively studied on several versatile
substrates such as cotton [1], polyethylene terephthalate [6], paper [15], polyvinylidene
fluoride [16] and polyvinylpyrrolidone [17]. Besides, versatile devices built on textiles have

several advantages over traditional conductive materials. Previously studies have reported
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several problems, i.e., high porosity and low surface to volume ratio, which may cause a gap
between metal deposition levels. Polymer-based nanofibers [8] can be considered as a solution
to these problems. Polymer-based nanofibers have been promoting owing to their high surface
area with low volume ratio, small pore size, and multifunctional surface properties. Smart
electrically conductive materials are among the leading applications of nanofibers and have
received considerable attention from scientists because of their commercial abilities to
transport the electrical properties into polymer-based nanofibers [8], [16]-[18].

Among other polymer-based electrospun nanofibers, Nylon-6 (N6) polymer is one the
alternative and widely explored nanofibers because of its ease of production, eco-friendly
character, economic viability, unique molecular structure, suitable transition temperature, and
mechanical properties [12], [19]. Therefore, the properties of nylon-6 nanofibers feasible for
metal functionalization using electroless deposition technique for flexible and wearable
electronics.

In this research, we attempt to fabricate the conductive Nylon 6 nanofibers (N6 NFs) by the
electroless deposition technique. To this end, copper nanoparticles were deposited on the
surface of the N6 NFs substrate. To analyze the deposition of copper metal on N6 NFs,
characterizations such as scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), water contact angle, and tensile
test were performed. Finally, the surface conductivity of metal deposit N6 NFs was assessed

using a four-point probe meter.
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4.2. Experimental
4.2.1 Materials

Nylon 6 polymer with average MW 66000 and Formic acid, Vinyltrimethoxysilane (98%), [2-
(Methacryloyloxy) ethyl] trimethylammonium chloride solution (PMETAC), Ammonium
tetrachloropalladate (II), and Copper (II) sulfate pentahydrate were purchased from Sigma
Aldrich USA. Potassium sodium tartrate tetrahydrate, Formaldehyde, Potassium persulfate,

and Sodium hydroxide were purchased from Sinopharm Chemical Reagent Co. Ltd (China).

4.2.2 Electrospinning of N6 NFs

Electrospun Nylon 6 nanofibers (N6 NFs) were fabricated according to the method reported in
[20]. Briefly, 20% w/w of Nylon 6 solution was prepared in formic acid and placed at a
magnetic stirrer for 24 h until the solution was homogenized. Then, the prepared solution was
poured into a 5 ml syringe and put on an electrospinning setup. Afterward, a 22 kV voltage
was applied to the solution to produce N6 NFs, and the distance between the tip of the syringe
and collector was kept at 14 cm. The flow rate was maintained at 1 ml/hour solution. The N6
NFs were collected at a rotating drum. Eventually, the prepared N6 NFs were dried and used

for the ELD process.

4.2.3 Surface Treatment of N6 NFs

The surface treatment of N6 NFs was carried out in 3 steps, namely, plasma treatment,
silanization, and polymerization. The previous prepared N6 NFs were electrospun and then
treated with air plasma. Plasma was employed for 5 min on N6 NFs at constant pressure (30
Pa) and power (45 W). The prepared N6 NFs were silanized by immersing them in 10%
vinyltrimethoxysilane (VIMS) for 20 min. Later, the silanized N6 NFs were used for
polymerization after washing with double purified water and dried at 60°C. The silanized N6

NFs were immersed into a solution of 20% (v/v) PMETAC aqueous solution (100 mL) and
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potassium persulfate (KSP; 60 mg) for 60 min while being continuously stirred at 60°C. In the
next step, N6 NFs were treated with Ammonium tetrachloropalladate II (5 mM) for ion
exchange reaction. The resulted N6 NFs were washed with double purified water and dried at

50°C for the further ELD process.

4.2.4 Electroless Deposition on N6 NFs

Electroless deposition (ELD) was carried out according to the previously reported protocol
[21]. Briefly, to prepare the copper ELD bath, two solutions ‘A’ and ‘B’ were prepared and
mixed with a 1:1 ratio. Solution ‘A’ contains 13 g/L copper sulfate pentahydrate, 12 g/L sodium
hydroxide, and 29 g/L potassium sodium tartrate tetrahydrate. In contrast, solution ‘B’ contains
formaldehyde 9.5 mL/L in double purified water. The mentioned surface treated N6 NFs were
immersed in a freshly prepared ELD bath. The effect of time, temperature, pH, and volume on

the ELD process was observed and optimized.

4.2.5 Material Characterization

Scanning electron microscopy (S-3000N; Hitachi, Japan) with a high voltage of 30 kV was
used to observe the surface morphology of electrospun N6 NFs and copper-coated N6 NFs.

The chemical structure of neat N6 NFs and copper-coated N6 NFs was analyzed using Fourier
transform infrared spectroscopy (FTIR) on an IRPrestige-21 device by Shimadzu, Japan. From
all nanofiber samples, 1-2 mg was ground with 0.1g KBr and pressed into a pellet to measure
its transmission FTIR spectrum. The X-ray spectroscopy (EDX) (S-3000N; Hitachi, Japan) was
performed to analyze the chemical composition of the neat N6 NFs and copper-coated N6 NFs.
Electrical resistance of copper-coated N6 NFs was measured using ST-225*C multifunctional
Digital 4 Probe meter. The following equation was used to calculate the values of conductivity

as gives below:
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R=— (1)

Where R is resistance, p denotes the resistivity of the material and I is the length, W is the
width and t is the thickness of the nanofibers.

The mechanical properties of neat N6 NFs and copper-coated N6 NFs were measured by Titan
Universal Tester 3-910 Company Ltd, Germany. The tensile strength was measured according
to the ASTM D-638 standard. During the test, speed was set at 5.0 mm/min. The following
equations were used to calculate the values of stress-strain curves and Young’s modulus [22].

Al

&= @)
_F

c=- ©
o

E= P (4)

where € and o is strain and stress, respectively, E is Young’s modulus, Al is length change, |
denotes the original length of the specimen, and F and A is for applied force and area of the

specimen, respectively.

4.2.6. Shrinkage test

The copper deposition is an ambitious chemical process. For the ELD process, a heating study
also was performed on the N6 substrate to examine the shrinkage. Afterward, the shrinkage
study was measured by taking N6 NFs with a sample size of 5x5 cm2 and a constant average
thickness of 110 um. After the ELD process, lengthwise shrinkage and widthwise shrinkage of

N6 NFs were calculated respectively.
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4.3 Results and Discussions
4.3.1 Surface Morphology

The surface morphology of neat N6 NFs and copper-coated N6 NFs was examined via SEM at
different magnifications (Fig. 2). As can be seen from Fig. 2, neat N6 NFs have smooth
morphology and an average diameter of 100-200 nm [20]. After ELD, as copper particles were
deposited on the surface of N6 NFs, the diameter of the nanofibers increased to 300-400 nm.
In general, the diameter of copper-coated N6 NFs was larger than that of neat N6 NFs,
suggesting the connection between copper nanoparticles around the nanofibers during the ELD

process. EDX results further confirm the copper deposition on the surface of N6 NFs.
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Figure 2. A SEM images of neat N6 NFs, 2B SEM images at different magnification and 2C
diameter distribution of neat N6 NFS. Figure 2D SEM images of copper-coated N6 NFs, 2E
SEM images at different magnification and 2F diameter distribution of copper-coated N6 NFs.

4.3.2 EDX analysis

EDX spectrum was employed on neat N6 NFs and copper-coated N6 NFs to ensure the

qualitative and quantitative presence of copper nanoparticles. EDX spectrum was produced for
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both neat N6 NFs and copper-coated N6 NFs. Fig 3 showed the presence of oxygen, carbon,
and gold in neat N6 NFS. In comparison, Fig 4 showed, a certain amount of copper particles
(73.438 % of total weight) was observed in copper-coated N6 NFs. Moreover, the central panel
of the EDX image shows the rich and uniform deposition of copper particles on the surface of
the N6 NFs. Therefore, uniform deposition of copper particles was confirmed by SEM and

EDX spectrum (Fig. 3 and 4).
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Figure 3. EDX analysis of neat N6 NFs.

74



Ch Sum Spectrum
Cu
0
C I Cu

0 2 4 6 8 10 12 14 16 18 20
Full Scale 15611 cts Cursor: 0.000 ke
Element Weight % Weight % o Atomic %
Carbon 14 533 0.391 38.810
Oxygen 12.028 0.202 24117
Copper 73.438 0.382 37073

Carbon Kal

, CopperKal &5

Figure 4. EDX analysis of copper-coated N6 NFs.
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4.3.3 Optimum temperature, time, pH, and Volume study for copper-coated N6 NFs

The parameters including temperature, time, pH, and volume were optimized on the ELD for
copper deposition. First, the influence of time was observed at a fixed temperature (40°C), pH
(13), and volume (500 ml) during the ELD process. Fig. SA shows the weight gain of copper
particles and changes in resistance caused by the effect of time during the ELD process. The
weight of copper particles gradually increased with increasing time from 2 min to 10 min and
became constant thereafter. Meanwhile, the resistance was decreased with increasing time from
2 to 10 min. The time for the ELD process was optimized at 10 min for copper particles. The
effect of temperature on copper deposition via the ELD process was optimized at 40°C, the
time (10 min), pH (13), and volume (500 ml). Fig. 5B shows the weight gain of copper particles
and the change in resistance caused by temperature during the ELD process. The weight of
copper particles frequently raised with increasing temperature from 20 to 40°C and decreased
thereafter. The resistance was decreased with increasing temperature from 20 to 40°C and then
start to decline. The weight loss of copper particles may be attributed to the uncertainty of the
solution due to higher temperatures (50°C) [21]. Hence, the temperature for the ELD process
was optimized at 40°C for copper particles. Furthermore, the influence of pH during the ELD
process was observed and optimized. It can be inferred from Fig. 5C that the acidic range is
not suitable for the ELD process and a better copper deposition can be achieved at a higher
alkaline range. The explanation for this result is that alkaline pH balances the charges on
PMETAC polymerized N6 NFs and attracts copper particles. The highest weight gain of copper
particles and the lowest resistance was observed at 13 pH [22], [23]. Finally, the influence of
volume during the ELD process was followed and optimized. Fig. 5D presents the weight gain
of copper particles and changes in resistance caused by volume during the ELD process. The
weight of copper particles gradually increased with increasing volume from 25 ml to 500 ml,

and become constant onward. Meanwhile, the resistance was decreased with increasing volume
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from 25 ml to 500 ml and continued to increase with the same trend. Fig. 6 displays the original
photographs for the flexibility in N6 NFs and resistance of copper-coated N6 NFs after the
ELD process. The results show that copper-coated N6 NFs have the highest weight gain for

copper particles of 12 mg/cm? and the lowest resistance 0.6 Q.
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Figure 5. The effect of ELD parameters on resistance and weight gain over N6 NFs (A) effect
of time, (B) effect of temperature, (C) effect of pH, and (D) effect of volume.
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Figure 6. (A) Flexible N6 NFs (B) resistance measurement of copper-coated N6 NFs after ELD
process (C) conductivity of N6 NFs.

Moreover, we have obtained 961.5 S/cm optimized conductivity of as prepared copper-coated
N6 NFs and results are presented in table 1. We have also performed a series of experiments
to know the effect of PMETAC for copper deposition and compare the result between copper-
coated N6 NFs with PMETAC polymerization and copper-coated N6 NFs without PMTAC.
Table 1 evidently shows that there is no conductivity 1.5 S/cm was found in copper-coated N6
NFs without PMETAC. The results validate the copper deposition due to surface
polymerization with PMETAC.

Table 2 shows the comparative studies between copper-coated N6 NFs with ELD and
previously reported methods. As shown in Table S2 that copper-coated N6 NFs not only offers

less resistivity but also have improved electrical conductivity and mechanical properties.
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Table 6

Table 1. Conductivity of copper-coated N6 NFs with PMETAC and without PMETAC

Samples Optimization of Optimization of Optimization of Optimization of
Time Temperature pH Volume
Cu N6 NFs min Conductivity (°C) Conductivity pH Conductivity (mL) Conductivity |
with PMETAC S/cm? S/cm? S/cm? S/cm?
2 0.3 20 71 7 0.3 100 0.4
3 0.4 30 694.4 9 0.3 200 326.7
5 225.4 40 961.5 11 771.6 300 578.8
10 961.5 50 77.4 13 961.5 500 961.5
15 769.2 600 939.2
2 0.1 20 1.0 7 0.1 100 0.4
Cu N6 NFs 3 0.1 30 1.4 9 0.1 200 0.7
without
PMETAC 5 0.2 40 1.5 11 1.5 300 0.8
10 0.3 50 1.4 13 14 500 1.5

15 0.2 600 1.2
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Table 7

Table 2. Comparative study of copper-coated N6 NFs with ELD method

Substrate Metal Method Resistance References

Nylon 6 NFs Cu Electrospinning & Electroless 0.6 Q/cm  This study
deposition
Nylon 6 NFs O-SWCNTs Electrospinning & dip coating method 950 Q/sq [36]
Nylon 11 NFs MWCNTs Self-assembled & Electrospinning 440 Q/sq [37]
Nylon 6,6 NFs PVP-GO Self-assembled & Electrospinning 8.6 Q/sq [38]
Nylon 6,6 NFs Ag Force spinning & Thermal evaporation 3-5 Q/sq [39]
Bending Test

To quantitatively demonstrate the flexibility and durability, the bending cycle test was
performed up to 1000 cycles, as shown in Fig 07. The copper-coated N6 NFs exhibit superior
bending durability. The resistance was measured by using a 4-point probe method with a
Keithley 2400 source meter with initial resistance 1.5 ohm/cm. After 1000 cycles, we have

found copper-coated N6 NFs retain 1.7 ohm/cm resistance with minor change of 0.2 ohm/cm.
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Figure 7. A Bending test of copper-coated N6 NFs. B. Original picture of Bending machine.
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4.3.5 Chemical Analysis

The surface treatment of N6 NFs and copper-coated N6 NFs is further supported by FTIR
investigation, as given in Fig. 08. In the FTIR spectra of neat N6 NFs, the bands at 3300 cm ™!,
1460 cm™!, and 750 cm™! are attributed to the stretching, deformation, and wagging vibrations
of N-H bonds, respectively. The bands at 2935 cm™! and 2860 cm ™! are associated with the
CH, stretching vibrations. The band at 694 cm ™! is indexed to the bending of O-C-N [24], [25].
As can be seen, the plasma-treated sample has a similar spectrum as N6 NFs except for higher

intensity at 3500 cm™!

, which represents the OH groups. In the silanization process, an
additional peak at 1014 cm™! was observed, which can be due to the plane vibration in C-H
vibration. N6 NFs after polymerization was ensured with C=O stretching group at 1656 cm’!
Peak [24]. The polymerized sample also has a characteristic peak of the N-H group, suggesting
the successful polymerization of N6 NFs [26]. Finally, copper-coated N6 NFs did not show

any of the above-described peaks probably due to the smooth overlapping of copper deposition

on the surface of the sample.
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Figure 8. TIR spectrum of N6 NFs for each process (1. neat N6 NFs 2. Plasma N6 NFs 3.
Salinized N6 NFs 4. Polymerized N6 NFs 5. Copper N6 NFs)

XPS analysis

The XPS study was examined to analyze the chemical structure of neat N6-NFs and copper-
coated N6 NFs. Fig. 9A shows the XPS spectrum of neat N6 NFs and the deconvolution of
each spectrum. The results reveal the neat N6 NFs containing carbon, nitrogen, and oxygen
peaks at 282 eV, 400 eV, and 531 eV, respectively. After deconvolution of the Cls spectrum,
apeak at 284 eV revealed three chemical conditions for carbon atoms. The peaks that appeared

at 284.7 eV, 285.97 eV, and 287.4 eV show CH2-CH2, C-O, and CH 2 -C=0, respectively.
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The high-resolution XPS spectrum of N1s at 400 eV can be attributed to N-C=0 (amide bond).
The Ols region was deconvoluted into two chemical states, i.e., 531 eV and 533.8 eV, which
are attributable to O=C-N and the terminal OH group, respectively [26]. Fig. 9B illustrates the
XPS spectrum and deconvolution of copper-coated N6 NFs. XPS spectra results confirm the
presence of the same components of N6 NFs with the addition of Cu2p peaks. The
deconvoluted Cu2p XPS spectra indicate three peaks at 934.36 eV, 944.66 eV, and 954.22 eV,
classified as the Cu2p3/2 signal, the Cu2p satellites, and the Cu2pl/2 signal, respectively.

These results confirm the presence of Copper particles on N6 NFs [27].
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Figure 9. (A). XPS analysis of neat N6 NFs
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Figure 9. (B) XPS analysis of copper-coated N6 NFs.

4.3.6 Water Contact Angle

Water contact angle measurements show a significant variation in surface wettability of each
fabrication process and validate the effective ELD procedure. The water droplets employed on
each step, including neat N6 NFs, plasma-treated, silanized, polymerized, and copper-coated
N6 NFs, are presented in Fig. 10. Neat N6 NFs are hydrophobic in nature, but hydroxyl groups
(hydrophilic nature) may be required for surface functionalization of VIMS on N6 NFs [28].
Previously, plasma treatment has been used for generating hydroxyl groups. The neat N6 NFs
showed an angle of 128° in our studies. Also, the successful use of plasma treatment led to a
dramatic reduction in water droplet value at a water contact angle of 0°. This super formation
of hydrophilicity in N6 NFs suggests successful plasma treatment and usefulness of producing
OH groups for the silanization. After the silanization process, silane molecules are attached to
OH groups of plasma-treated N6 NFs. Due to the attachment of dense silane molecules, N6

NFs were again become hydrophobic, having a contact angle of 138°. This successful
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formation of hydrophobicity ensures that the presence of vinyl groups in VIMS on N6 NFs
[29]. Moreover, after getting a reaction in polymerization, the PMETAC monomer and
potassium persulfate (KPS), contribute to the successful fabrication of PMETAC (cation
polymerization) on the surface of N6 NFs. The OH groups present in PMETAC polymer help
polymerized N6 NFs to attain hydrophilic nature by showing a water contact angle of 72° [30].
Successful surface treatment of N6 NFs enables Cu particles to densely attach to the surface of
N6 NFs during the ELD process. The copper-coated N6 NFs displayed a water contact angle
of 140°, which is mostly attributed to the smooth deposition of copper particles on the surface
of N6 NFs [31], [32]. Resultant water droplet analysis ensured that each step has a significant

role for successful fabrication of copper deposition on N6 NFs.
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Figure 10. Water contact angle analysis of neat N6 NFs and copper-coated N6 NFs.
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4.3.7 Mechanical Properties

Fig. 11A and 11B present the stress-strain curve and Young’s Modulus of neat N6 NFs and
copper-coated N6 NFs, respectively. The neat N6 NFs present an average value of 1.02 MPa
for Young’s modulus with 1.1% elongation at break. Meanwhile, the copper-coated N6 NFs
show the value of 1.4 MPa for Young’s modulus with 1.3 % elongation at break. These results
reveal that copper deposition on N6 NFs has slightly higher mechanical strength and this may
be due to various temperature treatments during surface functionalization of copper-coated N6
NFs [34].Thus, copper-coated N6 NFs can be suitable in many electrical applications such as

flexible and wearable electronics electronic devices.
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Figure 11. A’ stress — strain curve and ‘B’ Young’s Modulus of neat N6 NFs, and copper-
coated N6 NFs

4.3.9 Thermal Gravimetric Analysis

Thermal deterioration rate and total combustion were employed to examine the change in the
thermal behavior of neat N6 NFs and copper coated N6 NFs. Fig. 12 presents the
thermogravimetric analysis graph obtained from TGA curves. TGA graph was studied with
two phases to determines the temperature range and weight percentage. The temperature range
of the initial phase was determined to be from ambient to 201°C for pure N6 NFs. This phase

indicates small weight increases and a temperature range increase up to 355.40°C, for copper-
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coated N6 NFs. This result can be attributed to the presence of moisture in both neat N6 NFs
and copper coated samples. Furthermore, the degradation rate for copper-coated N6 NFs
presents the copper nanoparticle was attached on the surface of N6 web. Moreover, the
temperature range for the thermal degradation rate of neat N6 NFs and copper coated N6 NFs
was between 201°C and 355°C. Although, the deterioration rate was keep followed up to total
combustion at 438.51°C for copper-coated N6 NFs. Resultant, Fig 12 shows the temperature
range between 355°C to 438.51°C revealed that copper coated conductive N6 NFs is highly

stable and can be used in many applications such as microelectronics and flexible sensors.
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Figure 12. Thermal stability of pure N6 NFs, and copper-coated N6 NFs

4.4, Conclusion

In this study, highly conductive N6 NFs were successfully fabricated by the simple ELD
technique. The SEM analysis showed bead-free neat N6 NFs with an average diameter of 200
nm. After ELD, the conductive N6 NFs showed an increase up to 400 nm. The EDX results

showed that N6 NFs have densely covered with aggregates of copper nanoparticles. Moreover,
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FTIR and XPS results confirm the copper deposition on N6 NFs. The water contact angle
results indicate a significant change in hydrophilicity/hydrophobicity of N6 NFs in surface
modification and the ELD processes, validating our successful copper deposition on N6 NFs.
Parameters including time (10 min), temperature (40°C), pH (13), and volume (500 ml) were
optimized for successful copper deposition on N6 NFs during the ELD process. The copper-
coated N6 NFs showed a high 12 mg/cm weight gain of copper particles and the lowest
resistance of 0.6 Q. Furthermore, copper-coated N6 NFs obtained 961.5 S/cm conductivity.
Thus, our proposed material copper-coated N6 NFs can be used in many electrical applications

such as flexible and wearable devices.
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CHAPTER 5

Conductive and antibacterial cellulose nanofibers decorated with copper nanoparticles

for potential application in wearable devices.
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Figure 1. Scheme. Fabrication of conductive and antibacterial cellulose nanofibers.
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5.1 Introduction

One of the smart textiles field is wearable electronics which have received a lot of interest .
Wearable electronics use to detect or observe the body conditions, or provide some tasks, such
as energy storage and transmission of information. One of the main characteristics of these
kind of products are their flexibility and comfort 2. One of the significant characteristics in
wearable electronics is conductivity®. Researchers have been focused on the application of the
mixture of conventional polymeric fibers and conductive nanoparticles. So that, the
combination of conductive nanoparticles with organic polymers can resolve the conductive
materials lack of flexibility and comfort %. In this regard, the nanofibrous mats have attracted a
huge interest because of high porosity and surface area which led to higher amount of metal
deposition and accordingly yield higher conductivity °. In the past few years, Au, Ag, Pd, and
Cu metals have been used as conductive coating. Among them, because of the outstanding
conductivity to cost ratio, Cu would be a great choice to use as a conductive metal in a wearable
electronics *®. Among the various kind of polymers, one of the prevalent organic polymers is
cellulose with permanent source, and biocompatible and environmentally friendly products °.
In recent years, cellulose based materials have been used to prepare nanofibers by means of
electrospinning technique '°. So, cellulose nanofibers have been used as a substrate for
electronics due to its outstanding features, such as low coefficient of thermal expansion, high
optical transmittance, thermal stability, and mechanical strength ''"!°. Furthermore, it has a
high compatibility with human skin, thus it can be used in wearable electronics'®. The
fabrication and design of flexible metal substrate has attracted a lot of attention and many
improvement have been made by application of different metallization methods, includes

1516 " chemical vapor deposition !7, electrochemical plating and

physical deposition of vapors
electroless deposition (ELD) of metals '®!°. ELD process is an attractive technique because of

the lower cost, site-selectivity, simple process, versatility, and scalability, which made it a
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proper method surface metallization of the soft materials %23, In this research, we deposited
copper nanoparticles on the cellulose nanofibers by electroless deposition (ELD) method as a
functional composite with high conductivity. As wearable electronics frequently are close to
users’ daily lives, so they are vulnerable to be contaminated with different bacteria and made
health problems for the users. In this regard, one of the important properties which can improve
their performance is antibacterial activity [39]. Cellulose nanofibers have not any antibacterial
activity, and it can promote microorganism’s growth which may cause health concerns. Hence,
the application of antibacterial materials in cellulose nanofibers can increase its safety. Many
researchers have imported the antibacterial activity to the cellulose nanofibers through

modifying surface **%°, blending bactericides 2°, and silver nanoparticles 272

, etc. Copper (Cu)
is a broad-spectrum biocide and can effectively inhibits the bacteria growth, fungi, and algae
293031 S0, Cu containing surfaces may provide hospital requirements **. Accordingly, the
application of Cu metal as a conductive material for coating on the cellulose nanofibers can
improve its functionality and create a multifunctional nanofibrous structure with high

conductivity and antibacterial performance. In this regard, we used electroless deposition of

Cu on the cellulose nanofiber to prepare highly conductive antibacterial nanofibers.

5.2. Experimental
5.2.1 Materials

Cellulose acetate (CA) (39.8% acetyl content having average Mw = 30 kDa), acetone and
dimethylformamide (DMF) were purchased from Sigma Aldrich USA. [2-(Methacryloyloxy)
ethyl] trimethylammonium chloride solution (METAC), Ammonium tetrachloropalladate (I1),
and Copper (II) sulfate pentahydrate, were obtained from Sigma Aldrich USA. Potassium
sodium tartrate tetrahydrate, Formaldehyde, Potassium persulfate, and Sodium hydroxide were

bought from
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5.2.2 Fabrication of cellulose acetate nanofibers

Preparation of cellulose acetate nanofibers (CANFs) was followed by previous methods 334

Briefly, CA polymer (17 % w/w) was dissolved in acetone and dimethylformamide (DMF)
keeping ratio 2:1 stirring until a homogeneous solution formed. CA solution was poured into a
Sml plastic syringe and supplied a high voltage of 16.6 kV using a power supply (Har-100*12,
Matsusada Co. Tokyo Japan) to the polymer solution. A capillary tip of ~0.6 mm diameter was
used for electrospinning. The electrospun nanofibers were collected on an aluminum foil and

capillary tip to collector distance was set 14 cm.

5.2.3 Surface Treatment of CANFs

The surface treatment of CANFs was carried out in 3 process, namely, deacetylation of
cellulose acetate (CA), silanization, and polymerization. The prepared electrospun CA
nanofibers were first deacetylated according to previous process . Briefly, CA nanofibers
dipped in NaOH (0.05 M) for 48 hours to get neat cellulose NFs. Then cellulose NFs web was
washed with distilled water to reach the neutral pH. Finally, prepared cellulose NFs were dried
and used for further process.

Silanization of the prepared cellulose NFs was done by immersing them in 10% vinyl
trimethoxy silane (VTMS) for 20 minutes. Later, the silanized cellulose nanofibers (SCNFs)
were used for polymerization after washing with double purified water and dried at 60 C. The
silanized cellulose NFs were immersed into a 100 mL of 20% (v/v) METAC aqueous solution
and potassium persulfate (KSP; 60 mg) for 60 min with continuous stirring at 60 C. After this,
cellulose NFs were treated with Ammonium tetrachloropalladate II (5 mM) for ion exchange
reaction. The resulted cellulose NFs (PSCNFs) were washed with DI water and dried at 50 C

for the ELD process.
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5.2.4 Electroless Deposition Copper on the nanofibers

Electroless deposition (ELD) was carried out according to the previously reported protocol 73

Briefly, to prepare the Copper ELD bath, we prepared two solutions, A and B. Both solutions
were prepared and mixed with a 1:1 ratio. Solution ‘A’ contains 13 g/L copper sulfate
pentahydrate, 12 g/L sodium hydroxide, and 29 g/L potassium sodium tartrate tetrahydrate.
Solution ‘B’ contains formaldehyde 9.5 mL/L in Double purified. Above mentioned treated
cellulose NFs were immersed into freshly prepared copper ELD bath in different condition to
prepare the optimized Cu-coated nanofibers (Cu-PSCNFs). To investigate the effect of
PMATAC on Cu deposition, ELD process has been done on the CNFs without polymer
treatment (CuCNFs).

5.2.5. Characterization

Scanning electron microscopy (S-3000N; Hitachi, Japan) with a high voltage of 30 kV was
used to observe the surface morphology of electrospun cellulose NFs and copper coated
cellulose NFs. The Energy Dispersive X-Ray Analysis (EDX) (S-3000N; Hitachi, Japan) was
performed to analyze the element mapping of the neat CNFs and copper-coated CNFs. The
chemical structure of neat cellulose NFs and copper coated cellulose NFs were analyzed using
Fourier transform infrared spectroscopy (FTIR) on an IR prestige - 21 by Shimadzu Japan. All
nanofiber samples 1-2 mg were ground with 0.1g KBr and pressed into a pellet of which
transmission FTIR spectrum was measured. An OCA-40 contact angle instrument (Data
physics Germany) was applied to determine the water contact angle of neat CNFs and each
process involved fabricating conductive CNFs. The electrical resistance of the nanofibers was
measured using ST-225*C multifunctional Digital 4 Probe meter. The following equation was

used to calculate the values of conductivity as gives below:

pl
R="— 1
- (1)
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Where “R” is resistance, “p” denotes the resistivity of the material and “I” is the length, “W”
is the width and “t” is the thickness of the nanofibers.

The bending cycle test was done up to 1000 cycles to show the durability and flexibility of the
coating. The conductive CNFs exhibit superior bending durability. Sample size 5X3cm. The
resistance was measured by using a 4-point probe method with a Keithley 2400 source meter
Initial resistance 1.5 ohm/cm?, After 1000cycles 1.7 ohm/sq.cm, Minor change 0.2 ohm/sq.cm
up to 1000 cycles.

The mechanical properties of neat cellulose NFs and copper coated cellulose NFs were
measured by Titan Universal Tester 3-910 Company Ltd, Germany. The tensile strength was
measured according to the ASTM D-638 standard. During the test, speed was set at 5.0 mm/min.
The antibacterial performance of neat cellulose NFs and copper coated cellulose NFs were
measured by disc diffusion method against gram positive Staphylococcus aureus and gram-
negative Escherichia coli bacteria. Both bacteria Escherichia coli and Staphylococcus aureus
were grown in nutrient broth at 37 °C for 24 h to reach the 1x10°cfu/mL number of viable
bacterial cells. By four serial dilution with 0.03mol/L PBS, the number of viable bacterial cells
were adjusted to 3x105cfu/mL - 4x105cfu/mL. The copper coated and the neat cellulose
nanofibers were soaked into a flask containing 5 mL suspension of prepared bacterial solution.
The flask was then shaken at 150 rpm on a rotary shaker at 37.8°C for 18h. After shaking, four
serial dilutions of 1:10 of each sample with 0.3 mM PBS (monopotassium phosphate) were
prepared. Finally, ImL of each bacterial suspension dilutions poured onto an agar plate. After

24 h of incubation at 37.8°C, the number of created colonies on the agar plate were calculated.

Antibacterial efficacy was determined based on duplicated test results. Percentage of bacterial

reduction was calculated according to the following equation:

B-A4

R(%) = x100 (2)
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Where R is the percentage bacterial reduction, B and A are the number of live bacterial cells

in the flask of treated and untreated sample after shaking.

Disc diffusion method was used to evaluate the antibacterial activity of the nanofibers against
Staphylococcus aureus and E coli bacteria. The sterile copper coated and un-coated nanofibers
with a diameter of 8 mm were cut and placed in the plates, which cultured separately with each

bacteria strain and incubated overnight (12 h) at 37°C.

5.3. Results and Discussions
5.3.1. Optimization of ELD process

The effect of time, temperature, volume, and pH on the deposition of copper onto the nanofibers’
surface were optimized by measuring the conductivity and weight (mg/cm?) of the treated

nanofibers (Figure 2).

The influence of ELD process time was observed at a fixed temperature (40 °C), pH (13), and
volume (500 ml). Figure 2A shows the changes of conductivity and weight of the nanofibers
by increasing the time of ELD process. Whatever we continued the treatment, more Cu was
coated on the fibers’ surface and the weight and conductivity of the nanofiber become more.
The effect of treatment temperature is shown in Figure 2B. By increasing the temperature up
to 40 °C, the weight gaining, and conductivity increased. But at the temperature of 50 °C, the
amount of Cu deposition as well as the conductivity decreased. A high temperature made the
solution instable which caused ultimately less Cu deposition. Figure 2C revealed the effect of
volume on the Cu deposition. By increasing the volume up to 500 ml, both the amount of Cu
deposition and conductivity increased well. Changing the acidity of the solution influences Cu
deposition. As shown in Figure 2D, at basic pH, the amount of Cu deposition increased

significantly. The acidic and light basic pH is not suitable for the ELD process. So, the higher
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Cu deposition can be obtained at a higher alkaline range (pH=13). This may because of the

alkaline pH balanced PMETAC charges on CNFs to attract more Cu atoms >,

Finally, the optimized condition for ELD process on PSCNFs was temperature: 40 C, time: 10
min, pH: 13, and volume: 600 ml to obtain a nanofiber with 983.5 S/cm conductivity.
Comparing the results of ELD process on the polymer treated nanofibers and the nanofibers
without polymer revealed the effect of PMATAC on Cu deposition. In the optimized condition
the amount of Cu deposition on the PSCNFs (weight 14 mg/cm) were higher than the untreated
one (weight 0.7 mg/cm). Accordingly, the conductivity of the Cu-CNFs was very low
(conductivity 2.5 S/cm). This can be because of the ionic affinity of the Cu to the cationic
PMATAC polymer. This test showed the necessity of the application of PMATAC polymer

before ELD process.
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Figure 2 Figure 2. Effect of ELD (A) Time, (B) Temperature, (C) volume, and (D) pH on the
conductivity and weight of the Cu-PSCNFs

5.3.2. Surface Morphology
Nanofibers microstructures were observed by SEM (Figure 3), showing that the CA, CNFs,

PSCNFs, and Cu-PSCNFs have medium diameters of 200-300nm, 200-300nm, 300-400nm,
and 500-600nm, respectively. CA nanofiber has a smooth and bead free morphology.
Deacetylating process did not damage the structure and the CNFs has a smooth surface with
ribbon like structure, which led to a little increase in nanofiber diameter. By introducing the
silane and polymerization process the fibers were overlapping each other and the structure
became denser accordingly the medium diameter of the nanofibers increased, confirming that
the chemical modification has been done on the nanofiber surface without destroying the
nanofibrous structure. It was observed that the nanofibers keep their fibrous structure even after
Cu deposition. The increase in nanofibers diameter and roughness revealed the successful ELD

process to create a flexible conductive membrane that can be used for wearable electronics.

iCA CNFs

(B)

200 300 400 BN b 00 300 400 500

Diameter, (nm) Diameter, (nm)

500 600

Figure 3. SEM images and diameter distribution of (A, B) neat CA, (C, D) CNFs, (E, F)
PSCNFs, (G, H) Cu-PSCNFs.
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5.3.3. EDS analysis

Elementary analysis of nanofibers was done using SEM-EDS, as shown in Figure 4. indicated
that carbon, and oxygen were the principal elements of the cellulose nanofibers. EDS analysis
of copper coated cellulose nanofibers indicated the presence of Cu on the Copper coated CNFs
surface, which confirmed the successful ELD of Cu on the fiber surface. Because of the high
surface area of the nanofibers, this method can yield a much content of Cu on the nanofiber
membrane surface leading high performance nanofiber with conductivity 7. Figure 4 surface

leading high performance nanofiber with conductivity ’.
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5.3.4 FTIR spectroscopy analysis

Figure 5 shows the FTIR spectra of the nanofibers. For neat CA nanofibers, there are the
characteristic peaks of cellulose acetate attributed to the acetate groups’ vibrations C-O at 1745
cm!, C-CHs at 1375cm™!, -C-OH stretching vibration at 1049.28 cm™! and C-O-C at 1235 cm”
13437 In the FTIR spectrum of the deacetylated nanofiber, the characteristic peaks of CA
disappeared, and new absorption peaks appeared at 3500 cm™! attributed to O-H groups.
Moreover, cellulose nanofibers indicted the characteristic absorption peaks of cellulose
structure at the 2917 cm™! for C-H stretching at and at 1316 cm™! for C-H wagging’®. These

changes confirmed the successful deacetylation process and synthesis of cellulose nanofibers.

The FTIR spectrum of the polymerized nanofiber revealed the extra peak at 1656 cm™! that
indicates C=0 stretching vibration®>. For Cu-PSCNFs the C=0 and OH stretching vibration
were disappeared, this can be because of high amount of Cu atoms on the nanofiber surface

which reduce the intensity of the other peaks.
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Figure 5. FTIR analysis of CANFs, CNFs, VCNFs, PSCNFs, Cu-PSCNFs.

5.3.5. Antibacterial performance

Conductive nanofibers have great potential to be applied in the next generation of sensors,
energy conversion, and storage devices in wearable electronics®. As wearable electronics
mostly exposed to daily-life environments, so they can be contaminated frequently with
different bacteria. Furthermore, wearable electronics can be used in biomedical applications.
In this manner, one of the important properties which can improve their performance is

antibacterial activity’®. The anti-bacterial properties of the CNFs and Cu-PSCNFs were
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examined against S. aureus and B. subtilis as model bacteria *°. Cellulose nanofiber did not
show any antibacterial performance (Figure 6A). The Cu coated nanofibers (Cu-PSCNFs)
showed clear bacterial inhibition rings against both bacteria (Figure 6B). So, it had a promising
antibacterial performance. For centuries, metallic copper has been used as an efficient
antimicrobial agent for water disinfection and wound treatment. The antibacterial activity
mechanism is the strong affinity of Cu to carboxyl and amine groups on bacteria wall*!.

Accordingly, the prepared nanofibers can be an appropriate candidate for application in

wearable devices, especially in the medical field.

Figure 6. Antibacterial properties of the CANFs, and Cu-PSCNFs against (A) S. aureus and (B)
B. subtilis

5.3.6. Tensile strength

The mechanical properties of the prepared nanofibers were studies through stress-strain test
(Figure 6). The CNFs approximately showed an elastic mechanical behavior with the tensile
stress of 1.92 MPa, breaking elongation of (6.8%), and Young modulus of 0.96. Cu deposition
increased the tensile stress (2.1MPa), strain (7.1%) and decreased the Young modulus to 1.3.
This may attributed to the interaction of Cu and the CNFs interactions which resulted in the

mechanical strength improvement !
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Figure 7. Tensile strength of the (A) CNFs, and (B) Cu-PSCNFs

5.3.7. Water contact angle (WCA)

Water contact angle determines that how each process can change the surface hydrophilicity
and wettability and thus it can confirm the successful ELD process. Figure 8 indicated the
WCA of the CANFs, CNFs, SCNFs, PSCNFs, and Cu-PSCNFs. In cellulose acetate at least
one of the OH groups per hexose unit is substituted by an acetate group. Accordingly, cellulose
acetate is hydrophobic whereas cellulose is more hydrophilic. The cellulose acetate showed an
angle of 137° in our studies. As shown in Figure 8, the water contact angle of the CNFs (10.5°)
was much lower than the CANFs, which confirmed that the deacetylation process has been
done properly. However, the application of VIMS led to decreasing the hydrophilicity by
increasing the WCA to 135°. This can be because of the reaction between silane groups with
the hydroxy groups of the cellulose and the presence of the vinyl group on the surface of the
nanofibers*’. So, the increase of WCA confirmed the successful attachment of VTMS to the
nanofiber surface. After polymerization step, the WCA decreased by showing a WCA of 64.3°

because of the PMETAC ionic structure **. The successful surface coating of CNFs with
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PMETAC led to deposition of Cu particles on the surface of the nanofibers and covering them
properly. The Cu-coated nanofibers had a WCA of 134.5°, which was due to the Cu presence
on the fabric surface**. Changes of the WCA after each process was a good evidence for

successful ELD process.
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Figure 8. Water contact angle of the nanofibers after each process

5.3.8. Effect of bending cycle on resistance

Electronic devices are usually constructed on rigid substrates. Nowadays, change of the
substrate to soft materials lead to flexible wearable electronics. Accordingly, the effect of
bending cycles on resistance of the metal coated fabric is a very important factor *°. Figure 9
reveled the effect of bending cycles on the Cu coated nanofibers resistance (Cu-PSCNFs). The
sample’s resistivity did not change significantly even after 1000 bending cycle. It has been

shown theoretically that if the conductive layer is attached to the polymer substrate properly,
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the elongation is suppressed by the polymer layer and the metal layer can deform evenly
without change in resistivity. Accordingly, the results of bending test revealed that the copper
coating was uniform and the attachment between metal and substrate is good enough to

maintain its conductivity during the application 4>
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Figure 9. The effect of bending cycles on the Cu-PSCNFs resistance
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5.4. Conclusion

Cellulose acetate nanofibers were successfully electrospun. The deacetylation process has been
done with NaOH to prepare cellulose nanofibers. Electrically conductive cellulose nanofibers
were prepared by deposition of Cu on the nanofibers by means of ELD process. The ELD
process parameters were optimized, and then Cu deposition was done at the optimized
condition. SEM images revealed the nanofibrous structure even after ELD process. FTIR and
contact angle analysis showed the deacetylation process, and Cu coating has been done
properly. The Cu coated cellulose nanofiber had a good antibacterial performance against S.
aureus and B. subtilis as model bacteria. Cu deposition improved the mechanical performance
of the nanofibers. The Cu-coated cellulose nanofibers demonstrated a high conductivity
(amount of 983.5 S/cm conductivity) which was stable even after 1000 cycles of bending.
Accordingly, the results demonstrated that the Cu-coated cellulose nanofibers could be a great

candidate for wearable electronics for biomedical application.
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CHAPTER 6
Conclusion

In this dissertation, flexible and highly conductive electrospun nanofibers were
successfully fabricated by the simple ELD technique. Different types of polymers including
aramide recycled polyethylene terephthalate, nylon 6 were used to prepared nanofibers mats

using electrospinning technique.

Considering results and discussions of ELD technique, successfully prepared highly durable
and electrically conductive aramid nanofibers (ANFs). Copper metal particles were deposited
on aramid nanofibers by electroless deposition. The parameters including time and temperature
were studied and optimized. The characterizations of prepared material including FE-SEM,
EDX, XRD, XPS, FTIR and TGA were performed. Significantly, the deposition of Cu particles
attained low electrical resistance about 1.50hm/cm? and provided flexibility. The as-prepared
Cu-ANFs has a good electrical conductance and could be used in various applications such as

wearable electronics, flexible displays, and energy storage.

In this research study, copper-coated r-PET nanofibers were successfully fabricated by the
process of electroless deposition. The optimized temperature was observed as 40 °C, and the
optimized time of 15 min was set for proper copper deposition on the r-PET nano-fibers. The
SEM images evidently showed the fibrous morphology of the r-PET nanofibers with an average
diameter of 350 nm, and the copper-coated r-PET nanofibers retained the fibrous morphology
with a slight increase in the average diameter of 700 nm. The opti-mized copper-coated r-PET
nanofibers were composed of 71.6% copper and showed a low electrical resistance of 0.1 Q.
Moreover, the r-PET nanofibers were flexible and showed good mechanical strength. As-
prepared, conductive r-PET nanofibers have good potential and could be used in many

applications such as wearable electronics, flexible sensors, and energy storage.
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In this study, highly conductive N6 NFs were successfully fabricated by the simple ELD
technique. The SEM analysis showed bead-free neat N6 NFs with an average diameter of 200
nm. After ELD, the conductive N6 NFs showed an increase up to 400 nm. The EDX results
showed that N6 NFs have densely covered with aggregates of copper nanoparticles. Moreover,
FTIR and XPS results confirm the copper deposition on N6 NFs. The water contact angle
results indicate a significant change in hydrophilicity/hydrophobicity of N6 NFs in surface
modification and the ELD processes, validating our successful copper deposition on N6 NFs.
Parameters including time (10 min), temperature (40°C), pH (13), and volume (500 ml) were
optimized for successful copper deposition on N6 NFs during the ELD process. The copper-
coated N6 NFs showed a high 12 mg/cm weight gain of copper particles and the lowest
resistance of 0.6 Q. Furthermore, copper-coated N6 NFs obtained 961.5 S/cm conductivity.
Thus, our proposed material copper-coated N6 NFs can be used in many electrical applications

such as flexible and wearable devices.

Cellulose acetate nanofibers were successfully electrospun. The deacetylation process has been
done with NaOH to prepare cellulose nanofibers. Electrically conductive cellulose nanofibers
were prepared by deposition of Cu on the nanofibers by means of ELD process. The ELD
process parameters were optimized, and then Cu deposition was done at the optimized
condition. SEM images revealed the nanofibrous structure even after ELD process. FTIR and
contact angle analysis showed the deacetylation process, and Cu coating has been done
properly. The Cu coated cellulose nanofiber had a good antibacterial performance against S.
aureus and B. subtilis as model bacteria. Cu deposition improved the mechanical performance
of the nanofibers. The Cu-coated cellulose nanofibers demonstrated a high conductivity
(amount of 983.5 S/cm conductivity) which was stable even after 1000 cycles of bending.
Accordingly, the results demonstrated that the Cu-coated cellulose nanofibers could be a great

candidate for wearable electronics for biomedical application.
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