FABRICATION OF LOW COST FLEXIBLE
CARBON NANOTUBE COATED FABRIC
FOR SPECIAL APPLICATIONS

Thesis

Submitted in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
by

ARUNKUMAR.D.S

(Registration Number: 177054MT002)

DEPARTMENT OF METALLURGICAL AND MATERIALS
ENGINEERING

NATIONAL INSTITUTE OF TECHNOLOGY KARNATAKA,
SURATHKAL, MANGALORE - 575 025

OCTOBER, 2023



FABRICATION OF LOW COST FLEXIBLE
CARBON NANOTUBE COATED FABRIC FOR
SPECIAL APPLICATIONS

Thesis

Submitted in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
by
ARUNKUMAR.D.S
(Registration Number: 177054MT002)
Under the Guidance of

Dr. MOHAMMAD RIZWANUR RAHMAN
and

Dr. KRISHNAMOORTHY.K

DEPARTMENT OF METALLURGICAL AND MATERIALS
ENGINEERING

NATIONAL INSTITUTE OF TECHNOLOGY KARNATAKA,
SURATHKAL, MANGALORE - 575 025

OCTOBER, 2023



DECLARATION
By the Ph.D. Research Scholar

I hereby declare that the Research Thesis entitled “Fabrication of Low Cost Flexible
Carbon Nanotube Coated Fabric for Special Applications” which is being submitted to
the National Institute of Technology Karnataka, Surathkal in partial fulfillment of the
requirements for the award of the Degree of Doctor of Philosophy in Metallurgical and
Materials Engineering, is a bonafide report of the research work carried out by me. The
material contained in this Research Thesis has not been submitted to any university or

Institution for the award of any degree.

ARUNKUMAR.D.S

Reg. NO.: 177054MT002

Department of Metallurgical and Materials Engineering

Place: NITK - Surathlkal
Date: l&] lE)l 03




CERTIFICATE

This is to certify that the Research Thesis entitled “Fabrication of Low Cost Flexible
Carbon Nanotube Coated Fabric for Special Applications” submitted by Mr.
ARUNKUMAR.D.S (Register Number: 177054MT002), as the record of the research
work carried out by him, is accepted as the Research Thesis submission in partial
fulfillment of the requirements for the award of the Degree of Doctor of Philosophy in

Metallurgical and Materials Engineering.

Research Guide
§ hnan
Dr. Mohammad Rizwanur Rahman
Associate Professor
Department of Metallurgical and Materials Engineering
NITK, Surathkal

and

Dr. Krishnamoorthy. K
Associate Professor
Department of Electronics and Communication Engineering
NITK, Surathkal
J :-__Q.\"(_/‘__gi

Chairman - DRPC
Department of Metallurgical and Materials Engineering

NITK, Surathkal

4 Chairrnn - DRPC

¢ Dept. of M~+"urgical arid 1* *~rials Engineering .
| NationalInstitue f Technolog, . amtaka, Surathkal |
i Post Srinivasnag . Mangaluru - 575025 |

| mataks ndia




Dedicated to my beloved parents, and my brother

Late Shri. KiranKumar.D.S.




ACKNOWLEDGEMENT

The research work, which is presented in this dissertation, is more of teamwork and [ would

like to thank many who have contributed their time and energy for the study.

First and foremost, I am grateful to my advisor Dr. Mohammad Rizwanur Rahman,
Department of Metallurgical and Materials Engineering, National Institute of Technology
Karnataka, Surathkal (NITK) and co-advisor Dr. Krishnamoorthy. K, Department of
Electronics and Communication Engineering, NITK, Surathkal as they consistently kept
me motivated and instilled good thoughts not only for research but for life as well. His
constant and enthusiastic support throughout is the root cause for the research work to see

its logical end.

I wish to thank all the members of the Research Program Assessment Committee (RPAC)
including Dr. B. Rajasekaran, Associate Professor, Department of Metallurgical and
Materials Engineering, NITK, Surathkal, and Dr. A.V. Narasimhadhan, Associate
Professor, Department of Electronics and Communication Engineering, NITK, Surathkal
for their unbiased appreciation, support and suggestions provided during the various

discussions which have certainly helped in the betterment of this research work.

I am thankful to Dr. Ravishankar K S, Head & DRPC Chairman, Department of
Metallurgical and Materials Engineering, NITK, Surathkal. I extend my gratitude to the
authorities of NITK, Surathkal, Staff and Research Scholars of Department of
Metallurgical and Materials Engineering for their help which ensured the satisfactory
progress of my research work. My special thanks to Staff, Department of Electronics and

Communication Engineering, for their kind support in executing the experiments.

I would like to express my deepest gratitude to my parents, Shivappa D and
Lalithamma, who were always there to support me in my endeavors. Their confidence in
my ability to succeed was the impetus I needed to move forward and confront obstacles. I
am grateful to my elder sister Ashwini.D.S for taking care of my parents during my stay

in NITK.



Throughout my Ph.D. studies, I am indebted to my research group members Mohanraj
G T, Aruna M N, K Divya Bharathi, K V Swaroop, V P Singh, and Mohammad
Mubhiuddin for their continuous support. Without friends, life would not have been as
exciting and intriguing, I would like to thank my dearest friends Vishwanath Bhajantri,
Basavaraj Nainegali, Ramesh Sampath, Sharath B O, Umesh Shinde, Mohammed
Sohail Bakshi, Rakesh Patil, Suhas A, Yogeesha Suvarna, Akash Gupta, Narendra
Babu, Praveen T R and Gajula Aravindh who were always there for me during my

Ph.D. work.

I acknowledge with gratitude to all my friends who have helped directly or indirectly in
completing my research work successfully. Finally, I am greatly indebted to almighty, all
my family members, relatives, and teachers who supported me throughout my life,

providing me the opportunity and made me reach this stage.

ArunKumar.D.S



ABSTRACT

A low-cost smart fabric is a need of today’s era for different applications such as
electromagnetic interference (EMI) shielding, chemical gas sensing, and wearable
heaters. Electromagnetic interference (EMI) shielding involves the reflection and/or
absorption of electromagnetic (EM) radiation by a material. The presently available EMI
shielding materials have poor flexibility, are not economical, and have difficulty
achieving good shielding efficiency over the wide bandwidth. It is necessary to develop
lightweight, cost-effective, biodegradable EMI shielding material which can be used as
an enclosure for electronic devices and systems to reduce EMI. Furthermore, the
corrosive gas carbon monoxide (CO) is hazardous to human life since it is odorless and
colorless, making it difficult for humans to detect it. Semiconducting metal oxides, a
conventional sensing material require a temperature of 150-600°C for operation,
resulting in excessive power consumption and safety issues despite having good sensing
capabilities on quartz and ceramic substrates. It is essential to develop low-cost,
biodegradable, user-friendly, and highly sensitive CO gas sensors operating at room
temperature. In addition, recently there has been an increase in the popularity of
lightweight, portable, and wearable electronic devices. Traditional heating materials
(electrical heating belts, heating mats) require high voltage and localized heating at the
resistive wires. It is required to develop flexible, and wearable heating material by a
simple processing technique, which can work at a low voltage. Consequently, the present
study aimed to address these issues by using carbon nanotubes (CNTs) coated fabric as
an EMI shielding material, gas sensor, and wearable heater.

The current study concentrates on fabricating low-cost multi-walled carbon
nanotubes coated cotton fabric for reducing electromagnetic interference and detecting
carbon monoxide (CO) gas at room temperature. In addition, testing of the electrothermal
performance of fabricated multi-walled carbon nanotubes coated cotton fabric in terms of
applied voltage and heating rate to evaluate their ability as a wearable heater and
overcome the limitations of conventional heating materials.

A dip and drying method is used to fabricate a lightweight, inexpensive, and



biodegradable cotton fabric with multi-walled carbon nanotube coating. The cotton fabric
with multi-walled carbon nanotube coating (CMC) samples are fabricated by varying the
concentration of multiwalled carbon nanotubes (MWCNTSs). The merits of MWCNTs
coating on the cotton fabric were evaluated using field emission scanning electron
microscopy (FESEM), thermogravimetric analysis (TGA), and surface resistivity. The
Fourier transform infrared (FTIR) spectroscopy result supports the bonding between
MWCNTs and cotton fabric. Surface resistivity decreases as increasing the weight
percentage (wt%) of MWCNTSs in the CMC sample. Moreover, the influence of multi-
walled carbon nanotubes (MWCNTs) wt% on transmission, reflection, and absorption
properties, which leads to an estimation of electromagnetic interference (EMI) shielding
was studied. The significant increase of 98.9% of EMI shielding for the highest
MWCNTs weight percentage (22.23 wt%) was attributed due to the well-interconnected
network of MWCNTs. The shielding mechanism in the high wt% MWCNTs samples is
dominated by both reflection and absorption properties.

Furthermore, the fabricated cotton fabric with multi-walled carbon nanotube
coating (CMC) sensors are tested for a range of CO concentrations from 25 to 100 ppm at
room temperature, and they exhibited good gas response with superior uniformity and
repeatability. The fabricated CMC sensors are suitable for low-cost smart textile
applications. Also, the electrothermal performance of CMC samples are investigated
based on the applied voltage and the rate of heating to evaluate their ability as a heater.
The fabricated samples can operate at 10-40 V and generate temperature from 30-80°C
for the optimum weight percentage (22.23 wt%) of MWCNTs in the cotton fabric. The
heating rate and steady-state temperature were found to be similar, a linear connection
between current and voltage values was seen throughout the CMC sample with
considerable variance in resistance values. The fabricated CMC samples give the latest

design option for applications like wearable electronics.

key words: Biodegradable, Cotton fabric, Carbon monoxide, Electromagnetic
interference (EMI) shielding, Multi-walled carbon nanotubes, Room-temperature sensors,

Wearable heater
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CHAPTER 1
INTRODUCTION

The present dissertation aims to study the development of cotton fabric with multi-walled
carbon nanotube coating (CMC) for EMI shielding, detecting carbon monoxide (CO) gas,
and wearable heater. So, this chapter provides an overview of carbon nanotube (CNT)
propertieselectromagnetic interference (EMI) shielding and microwave effects on human,
effects of carbon monoxide (CO) gas on human. Further, this chapter presents a review of
electrothermal heating materials and their limitations. Finally, characterization studies.

1.1 Carbon Nanotube

Carbon nanotube (CNT) was considered to be one of the most interesting new materials
in the last 30 years. It has gotten a lot of attention since Japanese electron microscopist
Sumio lijima found a CNT in 1991 as tubular shapes in amorphous soot on electrodes
from an arc-discharge process (lijima, S 1991). They are characterized as hexagonal
arrangements of carbon (graphene) rolled up into a tube (Fig. 1.1). A graphene sheet can
be rolled up in various lattice directions, which determines the final properties of the
CNT whether it's semiconducting or metallic. A single graphene sheet roll is termed a
single-wall carbon nanotube (SWCNT) and when multiple sheets are rolled, a multi-wall
carbon nanotube (MWCNT) is formed. In addition, a comprehension of chirality is
necessary because it helps to categorize CNTSs by their physical and electronic structure.
Carbon nanotubes that can be superimposed on their own mirror images are called achiral
nanotubes, while those that can't are called chiral nanotubes. Based on the geometry of
the circular cross-section of CNTSs, achiral carbon nanotubes are further subdivided into
armchair or zigzag carbon nanotubes. Briefly, single-wall CNT is classified into three
types: chiral, armchair, and zigzag, whereas the last two are achiral as shown in Fig. 1.2
(Terrones, M 2003). Carbon nanotubes are good electrical conductors and CNT has an
electrical conductivity of 10% to 10® S/m. In addition, carbon nanotubes have a thermal
conductivity about double that of diamond and are thermally stable in a vacuum up to

2800°C, making them better thermal conductors (Lewandowski et al. 2015).

1



(c)

1.3 7 nm
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Figure. 1.1: High-resolution TEM images of multi-wall and single-wall CNTs observed
by Sumio lijima in 1991and 1993 respectively: (a) Multi-wall, (b) double-wall, and (c)
single-wall CNT. The first two images are adapted from lijima, and the latter image is
from lijima and Ichihashi (lijima, S 1991; Ichihashi, T 1993).

The two most common methods of CNT production are arc discharge and chemical
vapor deposition (CVD) (Ichihashi, T 1993). Usually, arc discharge is the easiest method
of producing CNTSs. By using this technique, a complex mixture is generated, that isolates
the carbon nanotubes from the soot and the catalytic metals. For the production of CNTs,
two carbon rods are positioned end-to-end in an inert gas-filled enclosure and subjected
to arc vaporization. A direct current of 50 to 100 A is used to produce a high-
temperature discharge between two electrodes. High-temperature discharge vaporizes the
carbon electrode surfaces, resulting in a thin rod-shaped electrode. The homogeneity of
the plasma arc is crucial to the optimal synthesis of CNTs. Also, SWCNTs can be

produced using the arc discharge technique with liquid nitrogen (Journet et al. 1997). In



contrast to the arc discharge method, the CVD is a more practicable technique for the
mass production of CNT. In the CVD process, at high temperature, a gaseous or volatile
carbon compound is decomposed onto a substrate in a tube reactor. Usually, transition
metal films are employed as the substrate and the precursor gas is methane (Kumar et al.
2010). When the substrate gets colder, carbon becomes less soluble on the substrate,
which results in the formation of CNTs on the substrate by the carbon nucleus. One of the
main benefits of CVD growth methods is that they work well with the current
complementary metal-oxide—semiconductor (CMOS) technology.

armchair zigzag

Figure. 1.2: Schematic illustration of nanotube morphologies: (a) Armchair, (b) Zig-zag,
and, (c) Chiral ( Terrones, M 2003).

The carbon-based materials with carbon nanofillers (e.g., carbon black (CB), carbon
nanotubes (CNTs), carbon nanocoils (CNCs), and graphite nanosheets (GNs)) showed
excellent EM wave attenuation because of their thermally activated carrier hopping
coupled with defect states. Among the carbon nanomaterials, the CNTs have a high

electrical conductivity. Therefore, it may be the best candidate to use in carbon-based

3



materials for obtaining better electrical conductivity, higher tan &, and high EMI
shielding efficiency (Wen et al. 2014; Chen et al. 2013). In addition to achieving
enhanced gas sensing capability (Kong et al. 2000) and excellent electrothermal

performance (Chu et al. 2013).

1.2 Electromagnetic interference (EMI) shielding and microwave effects on human
Electromagnetic interference (EMI) shielding involves reflection and/or absorption of
electromagnetic radiation by a material. A highly efficient flexible EMI shielding
material is a need of today’s era (Kumar and Kumar 2009; Yang et al. 2005). Flexible
electromagnetic shielding material is used for protecting implanted electronic devices
(pacemakers (PM) and cardiovascular implantable devices (CIEDs)) (Shenthar et al.
2016). It is also used as a radome in defense applications (Santini et al. 2013). It is
difficult to imagine a socially active man in the 21st century who doesn't use a phone
with Wi-Fi. Cell phone use has grown a lot in the last 20 years all over the world. Cell
phone use is going up without people thinking about the drawbacks. People all over the
world have been debating the health hazards associated with the electromagnetic
radiation of cell phones. Recent problems with radio-frequency interference or
electromagnetic wave interference (EMI), such as information leakage, cross talk, noise
production, etc., have been caused by the overuse of digital devices and circuits in
electronic and electrical equipment in the industry, the military, personal electronics and
scientific research (Nam et al. 2011). EMI occurs when a system or equipment
component sends out unwanted electromagnetic noise or signals that interfere with its
performance. In the past few decades, there has been a lot more electronic equipment and
wireless system, which has made it easier for electromagnetic interference to occur
(Hakansson et al. 2006). There are two main kinds of electromagnetic interference:
continuous interference and impulse interference.

Continuous interference: Continuous EMI describes EMIs that are emitted constantly
by a source. As long as a coupling mechanism exists between the EMI source and the
receiver (Mathur and Raman 2020), interference will persist regardless of whether the

source is manmade or natural. Continuous interference refers to interferences such as



oscillation or radio waves that persist over time. This interference may be caused by an
oscillator without a screen or by wideband noise.

Impulse interference: Impulse EMI refers to electromagnetic interference that occurs
suddenly or for a very short period of time. Natural or artificial, impulse EMIs are
possible (Mathur and Raman 2020). Interference from a short impulse, such as that
caused by an electrostatic discharge, lightning, or the switching off a circuit, is known as
impulse interference. Aside from identifying the specific interference type, understanding
how it moves from source to target is essential. Unfortunately, it is not simple to
determine because it is difficult to define the paths. However, these issues can be avoided
with the well preliminary design.

In Fig. 1.3, the electromagnetic spectrum shows how both ionizing and non-ionizing
radiation behave. Low-frequency electromagnetic fields (EMF) are non-ionizing waves
with lower frequencies than visible light. Examples include embedded sensors,
microwave ovens, mobile phones, Bluetooth, Wi-Fi, Magnetic resonance imaging (MRI),
and electrical lines. High-frequency electromagnetic radiation is ionizing radiation with
frequencies greater than those of visible light. These include X-rays, Gamma rays, and
ultraviolet light (Yong et al. 2015) and Table 1.1 shows the frequency range of ionizing
and non-ionizing radiation emitting electromagnetic waves. These electromagnetic waves
have the potential to disrupt radio frequency spectrum use, harm communications
networks and safety operations, set fire to combustible materials, and even directly affect
human tissue, leading to health complications like leukemia, neurological disorders,
Stroke, respiratory problems, anxiety, and sleep issues, etc (Geetha et al. 2009). Since the
human body is composed of 70% water, it absorbs electromagnetic radiation when
exposed to it. The effect of microwave absorption is significantly more pronounced in
those areas of the body that contain a greater amount of fluid (water, blood, etc). Recent
studies have shown that the radiation emitted from cell phones can have a considerable
effect on both the heart rate and the fertility of men (Kumar and Kumar 2009). The
signals that are produced by the operating functions of a cell phone, such as turning it on,

ringing, talking on the phone, and turning it off, contain low-frequency sounds
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Figure. 1.3: lonizing and non-ionizing radiation spectrum.

Table 1.1: The frequency range of ionizing and non-ionizing radiation emitting

electromagnetic waves.

Extremely low frequency (ELF) (0<f<300Hz)
Intermediate frequency (IF) (300Hz<f<100kHz)
Radio frequency (RF) and Microwaves (30kHz<f<300GHz)
Infrared, visible light, ultraviolet above 300GHz
X-rays and gamma rays above 30PHz
Mobile phones operating frequency 450MHz -3800MHz
range

that can mess with the way implanted pacemakers work, leading to arrhythmia. This can
result in the patient passing away in extreme circumstances. Ahamed et al. 2008 studied
the scaling exponent experimental conditions to analyze the heart rate change and the
variation of scaling exponent is shown in Fig. 1.4. Heart rate variability analysis in ten
participants showed a decrease in scaling exponent without using a mobile phone
(Normal) in comparison to scaling exponent with a mobile phone on the head. In
addition, 10 of the 14 participants had a greater scaling exponent with a mobile phone on

the chest compared to the scaling exponent without using a mobile phone.
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Figure. 1.4: Variation of scaling exponent (Ahamed et al. 2008).

The effects of direct mobile phone radiation on sperm quality were investigated by
Gorpinchenko et al. (2014). They found that cell phone use by men is correlated with
decreased semen quality, sperm count, motility, viability, and normal morphology.
Extensive mobile phone users have been shown to have damaged sperm and a 30% drop
in sperm count. The average number of sperm per milliliter of seminal fluid was found to
be 59 million, down from 83 million for men who were not constantly exposed to cell
phone radiation. Long-distance call-taking was associated with a decrease in quickly
motile sperm, from 51.3% to 36.3% in men. Meanwhile, long-term exposure to mobile
phones' electromagnetic radiation can disrupt spermatogenesis and increase the risk of
other diseases, such as cancer, via the development of oxidative stress and DNA
fragmentation. Additionally, sperm DNA may become fragmented when there is an
increase in the number of people who have non-progressive movement and when there is
extended direct contact with mobile phones. Recent research and interest have been

focused on determining the impact that radiation from mobile phones has on male
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fertility as well as on patients who wear pacemakers. This study aims to overcome the
effect of mobile radiation on the human body by using a wearable mobile radiation
reflector. More specifically introducing CNTs into the cotton fabric, which can reflect
mobile radiation. CNTs can be incorporated into clothing to protect against
electromagnetic radiation, and CNT-coated cotton fabric can be used as an enclosure for

electronic devices and systems to reduce electromagnetic interference.

1.3 Effects of carbon monoxide (CO) gas on human

Carbon monoxide (CO) has become one of the leading causes of death since its
concentration in the air has risen over the past decade. Since carbon monoxide is
odorless, colorless, and tasteless, its presence can kill humans before even realize its
presence (Guzman 2012). Carbon monoxide is an essential industrial gas that is utilized
as fuel and is widely employed as a reducing agent in the chemical industry. Various
fossil fuels such as charcoal, coal, petroleum, natural gas, and wood are incompletely
burned to produce it (Ogunkunle and Ahmed 2021). Carbon monoxide is a highly toxic
gas that is a lot more dangerous to humans than carbon dioxide because the incomplete
combustion of hydrocarbon fuels, due to a lack of sufficient oxygen (CHs+ O2 — CO +
H20) results in the formation of one carbon and one oxygen atom. The difference in one
O molecule makes a significant difference in the chemical composition and lethality of
the compound. The environmental protection agency (EPA) reported that CO levels in
the environment are rising as a result of industrial emissions, fire grills, gas heaters, and
any other source of combustion (Ogunkunle and Ahmed 2021). The smoke from fires and
exhaust gases from uncatalyzed automobile engines are two common sources of CO gas.
Fig. 1.5 shows the sources of CO gas using a pie chart, in which carbon monoxide
pollution has been caused mainly by motor vehicles, which release about 45% of all CO
pollution into the air. In addition, 40% of CO pollution is from other transportation, and
the remaining is from smelters, residential and other industrial processes (Sandilands and
Bateman 2016).
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Figure. 1.5: Sources of CO gas using pie chart (Sandilands and Bateman 2016).

On average, about 500 people die every year in the United States because of CO
(Guzman 2012). Carbon monoxide (CO) poisonings are common in the United States due
to the inappropriate utilization of portable gasoline-powered generators (Damon et al.
2013). In the power outage, gasoline-powered generators lead to the most accidental CO-
poisoning deaths that are not caused by fire. These poisonings usually happen after harsh
summer and winter storms like hurricanes, tornadoes, floods, and ice storms (CDC 2006).
The Centers for Disease Control and Prevention say that CO poisoning sends a few
thousand people to hospital emergency rooms each year. Most of these deaths were
caused by a lack of ventilation in small spaces, which allowed carbon monoxide to build
up and poison people (CDC 2007). The symptoms of CO poisoning depend on how much
of the gas was breathed in. Table 1.2 lists the health problems based on the amount of
carbon monoxide (CO) and how long it was breathed in. Low and moderate CO
poisoning have early signs that are similar to the flu. Headaches, tiredness, dizziness,
shortness of breath, and feeling sick are some of the signs. As a person's exposure to CO
gets worse, they may become confused, vomit, lose muscle control, lose consciousness,
and eventually die. The amount of gas inhaled and how long it is inhaled are directly
related. The more gas and how long it is inhaled, the more dangerous the symptoms and
the worse the result (Nandy et al. 2018).



Table 1.2: Health problems based on carbon monoxide (CO) concentration and inhalation

time.

Concentration of Inhalation time Toxic symptoms

CO in air (ppm)

9 Short time exposure The American Society of Heating,
Refrigerating and Air-Conditioning
Engineers (ASHRAE) recommended
maximum allowable concentration in the
living area.

35 8 hours The maximum exposure allowed by
Occupational Safety and Health
Administration (OSHA) in the workplace
is over eight hours.

200 2-3 hours Slight headache, tiredness, and dizziness.
400 1-2 hours Serious headache-other symptoms
intensify.
800 45 minutes Unconscious within 2 hours. Death after
2-3 hours.
1600 20 minutes Headache, dizziness. Death within 1 hour.
3200 5-10 minutes Headache, dizziness. Death within 1 hour.
6400 1-2 minutes Dizziness. Death within 25-30 minutes.
12800 1-3 minutes Death within 1-3 minutes.

1.4 Electrothermal heating materials

In places like north India or European countries or any other colder places, heating mats
and electrical heating blankets are the most used products in the winter season. The
heating mat shown in Fig. 1.6(a) is made up of a copper coil, which requires high energy
to operate and is not flexible. An electrical heating blanket shown in Fig. 1.6(b) is
minimally unsafe, incorrectly used one can cause burns and fires and use excessive
amounts of electricity. Electric blankets can cause pregnant women to get too hot, So

several medical groups advise against the use of electric blankets while pregnancy. The
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electric heating belt is shown in Fig. 1.6(c) and is a commonly used heating element and
is also prescribed in orthopedic practice. For instance, an electric cervical collar is

utilized to reduce muscle pain as well as provide heat therapy to injured joints.

Figure. 1.6: (a) Commercially available heating mat, (b) Electrical heating blanket, and
(c) Electrical heating belt.

In addition, it is also used as a heat source for the effective treatment of Cervical
Spondylosis. But, this electrical heating belt is equipped with a dual thermostat and an
imported heavy-duty heating coil. These dual thermostats and heating coils require high
vitality to work and the quality of the inbuilt temperature controller is not great.
Furthermore, maintenance of this heating belt is very difficult and causes uncomfortable for
the users. Such as, persons can’t sleep with an electrical cervical collar when it has worn,

requires disconnection of the main cord from power when not being used, and also usage of
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this belt is limited. Apart from these disadvantages, traditional heating materials have
certain limitations such as

1. Poor flexibility (compact ability)

2. Required high voltage

3. Localized heating at the resistive wires

4. Weight of the heating device is more

To meet the technical requirements of modern society, there has recently been a
significant interest in electronics that are wearable, portable, and light. Cotton fabric
continues to be the most widely chosen textile substrate for electronic applications, owing
to potential advantages such as economical, easy processing, mechanical, and wearable
properties (llanchezhiyan et al. 2015). CNTs, which have remarkable physical, chemical,
and electrical properties, tend to be the important nanomaterial in fabric-based wearable
devices (Baughman et al. 2002). CNTs-based cotton fabric has created considerable
interest in textile-based wearable devices. Instead of using traditional heating materials,
the use of CNTs coated cotton fabric as an electrothermal heating element would provide
a variety of benefits (Negru et al. 2012; Liu et al. 2008). Moreover, it is lightweight and
can be used as a wearable heater. This wearable heater can operate at low voltage and it

gives possibilities for innovation in wearable electronics design (Igbal et al. 2019).

1.5 Characterization studies

1.5.1 Electromagnetic interference (EMI) shielding mechanism and characterization
methods

Generally, shielding capacity is measured by shielding effectiveness (SE). The degree of
transparency to an electromagnetic wave within a specific frequency bandwidth is
measured in output decibels (dB). Absorption, reflection, and multiple internal reflections
are three mechanisms that lead to total attenuation of EMI in the complete shielding
process as shown in Fig. 1.7 (Shahapurkar et al. 2022; Barathi Dassan et al. 2020). The

reflected wave is a combination of surface reflection and several internal reflections.
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Figure. 1.7: Attenuation of an electromagnetic wave by a shield.

Total SE = SEr + SEa + SEwm, Where R represents reflection, A represents absorption, and
M represents multiple internal reflection (MIR). Reflection is the principal method for
electromagnetic radiation shielding in highly conductive materials like metals. This is
because of the presence of free charge carriers (electrons) in the shielding material that
can interact with incoming electromagnetic radiation. Because of the impedance
mismatch caused by these free charge carriers, a significant portion of the incident wave
is reflected. Absorption is induced by electromagnetic radiation interacting with the
electric dipoles, electrons, and phonons in the material, and it can also be caused by
resistive losses, which involve the Joule effects conversion of electromagnetic energy
into heat. Absorption can enhance by increasing the electrical or magnetic dipoles of the
shielding material. The multireflection mechanism is challenging to understand and
typically insignificant because the shielding material outer conductive surface has high
mobile charge carriers that reflect most incident electromagnetic waves. However, a
limited portion of the electromagnetic waves that are able to penetrate can be kept for
multiple reflections. Likewise, SEwm is insignificant when SEa is more than 10 dB.
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The impact of SEwm is greater when utilizing thin shielding materials at low frequencies
(i.e., below 20 kHz).

1.5.1.1 Characterization methods

The most common ways to test EMI shielding are
e Open field or free space method
e Shielded box technique
e Shielded room technique

e Co-axial transmission line technique

The effectiveness of the products EMI shielding in its intended use is evaluated using an
open field method as shown in Fig. 1.8 (Shahapurkar et al. 2022). Rather than
emphasizing the performance of a particular material, this approach concentrates on
shielding the system. In order to measure the radiated emissions, the product under test is
put 30 meters away from a receiving antenna. This technique is not recommended for
samples constructed from various shielding materials. Fig. 1.9 shows the shielded box
method in use for comparing the measured values of test specimens constructed from
various shielding materials. The test specimen is affixed to the metallic box edge, and a
receiver antenna is positioned in the interior to capture the EM waves. A transmitter
antenna is attached externally to the metallic box to monitor the electromagnetic waves
emitted by the shielding material. However, this approach has certain drawbacks:

e The electrical connection between the shielding box and the test sample is

difficult.
e The electromagnetic wave operational frequency is restricted to 500 MHz.
e Estimating electromagnetic interference shielding efficiency by absorption,

reflection, and transmission independently is not possible.

Fig. 1.10 shows the shielded room technique and it is the most modern way to
determine EMI shielding. It was made to fix the problems with the shielded box

method. The basic principle is similar to the shielded box method.
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Figure. 1.8: Schematic of open field method (Geetha et al. 2009).
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Figure. 1.9: Schematic of shielded box technique (Geetha et al. 2009).

To prevent interference, the measuring apparatus, recorder, transmitter antenna, signal
generator, and receiver antenna are kept in distinct shielded rooms. Also, the test sample
size is massively improved, usually to about 2.5 m?, and the antennas are placed in
chambers that are the size of a room that absorbs sound. The EM wave has a much wider

range of frequencies, and the data can be reproduced much more accurately.
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Figure. 1.10: Schematic of shielded room technique (Geetha et al. 2009).

The coaxial transmission line approach is the mainly popular method for
determining electromagnetic interference (EMI) shielding due to its many benefits. In this
manner, the shielding effectiveness (SE) based on absorption, transmission, and
reflection can be determined separately. The schematic diagram of the measurement
technique is shown in Fig. 1.11. Also, the outcomes from various test centers can be
compared. This method is advantageous for nano-reinforced materials because it only
needs a small test sample. Coaxial transmission cables have a lower loss and may
produce electromagnetic waves over a wider frequency range than antennas. Based on
waveguide approaches (dimension and shape), the scalar network analyzer (SNA) and the
vector network analyzer (VNA) are used to measure EMI shielding. VNA can measure
the magnitude and phases in addition to their signal amplitude, whereas SNA can only
determine the signal amplitude. Due to its ability to monitor complex signals, such as
complex permittivity, despite being more expensive, the VNA is a better instrument. In
this study, a VNA was utilized to determine the permittivity, transmission, reflection,
absorption, and EMI shielding of fabricated CMC samples in the microwave frequency
range of X- and Ku-band. The testing of CMC samples using a PNA-x flexible network
analyzer is shown in Fig. 3.6.
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Figure. 1.11: Schematic of coaxial transmission technique (Geetha et al. 2009).

1.5.2 Testing of cotton fabric with multi-walled carbon nanotube coating (CMC)
sensors with CO gas

CNT-based gas sensors have attracted a lot of interest due to their properties, including
their small size, low working temperature, large surface area, high response, and quick
response. Experiments have shown that when CNTSs are exposed to toxic gases like NO2,
NHs, and CO, their ability to conduct electricity changes, even when they are used at
room temperature (Kim et al. 2011). When p-type semiconducting CNTs interact with
electron acceptors like NO> or electron donors like NH3, they alter the number of holes,
which are the primary charge carriers in the nanotube. This alters the conductivity of
CNTs (Zhang et al. 2008). Because of this feature, carbon nanotubes can be used as the
basis for electrical chemical gas sensors. Some CNTs are p-type semiconductors and a
process whereby electrons are transferred from carbon nanotubes to gas molecules that
have been adsorbed on their surface changes the electrical conductance of the CNTSs; this
is how CNTs gas sensors work (Zhao et al. 2002; Peng et al. 2004). The CNTs electric
resistance decreases as more oxidizing molecules adsorb on p-type semiconducting CNT.
In this study, the sensitivity of CMC samples to different concentrations of CO gas was
tested at room temperature (ranging from 25 to 100 ppm). The absorption of CO
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molecules changes the electrical conductivity of CNTs. The variation in electrical
resistance of carbon nanotubes could be associated with the amount of CO gas absorbed.
A Keithley source measuring unit was used to measure the resistance as a function of
time. The response (%) of the fabricated CMC sensors is calculated using the change in
the resistance of the CMC sensors. A detailed description of the testing of CMC sensors

using a gas sensing measurement system is depicted in Fig. 3.8.

1.5.3 Testing of electro-thermal heating behavior of CMC samples

The thermal and electrical properties of CNTs coated cotton fabric enables the
development of flexible, lightweight heaters with low operating voltage. Although many
studies have looked at the electrical heating behavior of CNT and CNT composite
devices when heated or cooled for transparent and conducting heating applications (Chu
et al. 2013; Liu et al. 2010; Markevicius et al. 2014), few studies have been done on the
electrical heating behavior of CNTSs coated cotton fabric.

Herein, the cotton fabric has a low thermal conductivity (0.026-0.065 W/mK,
which is better than other synthetic and natural fabrics) and a strong ability to absorb
moisture. It also has an open texture pattern, which helps convection in this application
(Stankovi¢ et al. 2008; Majumdar et al. 2010). The CNTs rapid temperature response
could be useful in effectively heating surfaces of any size because of their better electrical
conductivity properties. The importance of our heaters resides in their engineering, which
enables them to be developed in a variety of sizes. The entire study of the CNT-based
cotton fabrics revealed that the materials retain the inherent conductivity and mechanical
stability of CNT for specified wearable heating requirements. In this work, the
electrothermal performance of CMC samples was investigated in terms of applied voltage
and heating rate to evaluate their ability as a heater. The steady-state temperature, as well
as better heating and cooling response of the wearable heater CMC samples were
evaluated using thermocouple and DC power supply (The performance of the
electrothermal system was investigated at various applied voltages). The testing of CMC
samples for wearable heating applications using the two-terminal side contact setup is

schematically depicted in Fig. 3.9.
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1.6 Outline of the thesis

In the present work, initially, the received cotton fabric is subjected to surface treatment.
Then, the dispersion of MWCNTSs. Using the MWCNTs dispersed solution, CMC
samples are fabricated by a dip and dry process. The morphology of each CMC sample is
characterized using the FESEM technique. However, based on the uniform coating of
MWCNTSs on the cotton fabric, the characterizations such as FTIR, TGA, and resistivity
measurements were carried out. In addition, the properties such as permittivity,
transmission, reflection, absorption, and EMI shielding were measured for all CMC
samples at the microwave frequency range (X- and Ku- band). Further, the responsive
behavior of fabricated cotton fabric with multi-walled carbon nanotube coating (CMC)
sensors are tested for different concentrations of CO ranging from 25 to 100 ppm.
Finally, the heating behavior of the wearable heater CMC samples were evaluated at
various applied voltages.

The thesis has been presented in five chapters

Chapter 1 introduces an overview of carbon nanotubes (CNTs) structure and its
properties with respect to electrical and thermal conductivity. Also, it introduces the need
of electromagnetic interference (EMI) shielding, the effects of microwaves and CO gas
on human. Further, it introduces conventional electrothermal heating materials and their
disadvantages followed by characterization studies.

Chapter 2 gives a detailed review of the published literature relevant to the present study.
The literature review presented mainly includes earlier research work carried out on the
characterization studies, the concentration of carbon nanomaterials, and improvement in
the EMI shielding effectiveness with respect to the thickness of the material under
different frequency range. In addition, earlier work related to the wide application of CO
gas sensors using carbon nanomaterials at room temperature was also reviewed. Further,
past studies on the electrothermal performance of carbon nanomaterials-based
electrothermal heating materials. Finally, the broad objectives of the present research
work are drawn based on the gaps observed in the available literature.
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Chapter 3 describes the methodology which includes material selection, surface
treatment of material, dispersion of MWCNTSs, and experimental procedure for the
fabrication of CMC samples. Further, characterization techniques for fabricated CMC
samples are discussed.

Chapter 4 comprises the results and discussion of characterization studies of fabricated
cotton fabric with multi-walled carbon nanotube coating (CMC) samples through
FESEM, FTIR, TGA, and resistivity measurement. Then, the evaluation of microwave
interactive properties of fabricated CMC samples in the frequency range of X- and Ku-
band. Further, testing of CMC sensors for different concentrations of CO gas ranging
from 25 to 100 ppm, and evaluation of the electrothermal response of CMC wearable
heaters based on response time and input voltage.

Chapter 5 presents the conclusions drawn based on the results obtained in this research
work and the future scope of work is also enlisted. The list of references are shown at the

end of the dissertation.
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CHAPTER 2
LITERATURE REVIEW

A detailed literature review of published research articles related to characterization studies
of EMI shielding materials, CO gas sensors at room temperature, and electrothermal
heating materials using carbon nanomaterials was reported. In addition, this chapter
presents the impact of carbon nanomaterials on the performance of EMI shielding
materials, CO gas sensors, and electrothermal heating materials studied by various
investigators.

2.1 Electromagnetic interference shielding materials

Conductive polymer materials are desirable for usage in electronic and electrical
equipment casings because of their flexibility, low cost, light weight, and processability
in order to meet electromagnetic compatibility criteria. A device is considered
electromagnetically compatible for a particular frequency range with its surroundings if it
does not interfere with other devices or itself, and it does not affect by electromagnetic
wave emissions from other devices. Consequently, an effective shielding material must
inhibit both incoming and outgoing electromagnetic interference (EMI). The
effectiveness of electromagnetic interference (EMI) shielding (SE) is measured in
decibels (dB). It is generally agreed that a 20 dB shielding effectiveness, which
corresponds to a 99.9% reduction in EMI radiation is an appropriate level of shielding for
the majority of applications (Yang et al. 2005).

Polymers offer various advantages over traditional EMI shielding materials such as
metals and ceramics. They can be easily formed, and a lot of different combinations, and
formulations can be made that are much lighter. However, the metal and ceramic EMI
shielding materials can withstand higher temperature for special applications. For general
application, a higher shielding efficiency with lighter weight and better flexibility is also
required. Therefore, polymer materials in combination with carbon nanostructure are
preferred.

Previously, carbon materials such as carbon fibers, graphite, and carbon black
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were mixed into polymers to achieve good EMI shielding (Chung 2001). The focus
rapidly switched to carbon nanomaterials like carbon nanofibers, graphene, and CNTSs in
order to increase the electrical conductivity of conductive polymer materials and
accomplish high EMI shielding. Carbon nanomaterials are adequate to shield
electromagnetic radiation in the GHz frequency range (Harris 2004). In this case,
graphene, nanotubes, and carbon nanofibres are good candidates for the production of
effective electromagnetic interference shielding material since they have a larger specific
surface area, and better conductivity (Geetha et al. 2009). Even though carbon nanofillers
coated polymers have been studied extensively in the past few years, several factors that
influence their effectiveness as high-frequency electromagnetic shields remain
unexplored or only partially covered. Indeed, few published studies on this application of
carbon nanomaterials prove the importance of collecting and analyzing fresh
experimental results for use in developing more accurate models and enhancing our
knowledge.

Dielectric loss is a potential cause of microwave attenuation which is responsible
for the absorption of the microwave within the material. According to transmission line
theory, several variables influence the reflectivity of an electromagnetic wave as it travels
through a medium. These variables include the frequency of the wave, the sample
thickness, and permittivity (Michielssen et al. 1993). Zunfeng Liu et al. (2007) fabricated
the processable composites of single-walled carbon nanotubes (SWCNTSs) and soluble
cross-linked polyurethane (SCPU) with increasing loadings of SWCNTs (from 0% to
25% by weight). The authors used the compression moulding method to fabricate the
samples. To study the effects of the absorption and look into the primary causes of the
absorption, investigations of microwave-absorbing properties in the 2-18 GHz range
have been done. Utilizing the transmission/reflection (T/R) coaxial line approach, the
authors independently tested SWCNT/SCPU composites relative complex permittivity,
dielectric loss, and reflection loss as shown in Fig. 2.1 and 2.2. Consistent with previous
research on SWCNT (Kim et al. 2003; Li et al. 2006), and MWCNT (Grimes et al. 2001;
Watts et al. 2003) composites, it has been shown that an increase in the SWCNT loading
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causes a significant increase in the real and imaginary parts of the permittivity (Fig.
2.1(a) and (b)). The dielectric tangent loss (tan Je = &"/¢") has been determined by the
authors using the composites permittivity values. At a 25 wt% SWCNT loading, the

composite can achieve dielectric loss tangent values up to 0.9 (Fig. 2.2(a)).
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Figure. 2.1: Real (¢) (a) and imaginary (£) (b) parts of the relative complex permittivity of
SWCNTs/SCPU composites with different loadings (Zunfeng Liu et al. 2007).
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Figure. 2.2: Dielectric loss (a) and Reflection loss (b) of SWCNTs/SCPU composites of
different loadings v/s frequency (Zunfeng Liu et al. 2007).
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Reflection loss for SWCNTs/SCPU composites against frequency is shown in Fig. 2.2(b)
for frequency from 2 to 18 GHz, with SWCNTSs loading ranging from 1 to 25 wt%.

The absorption peak of the composite film increases from 1 dB for 1 wt% to 21.9 dB for
5 wt%. The ability to absorb waves reduces when the SWCNT loading is further
increased to 10 wt% and 25 wt%. As the concentration of SWCNTSs is increased, it can be
seen that the maximum absorption peak shift towards the lower frequency.

Nam et al. (2011) used three-roll milling and lamination techniques to fabricate
carbon nanotube-epoxy films (also called CNT films) as seen in Fig. 2.3. In order to
improve the electrical characteristics of the composites, by layering CNT films,
multilayered CNT—epoxy composites (CNT plates) were fabricated. Different thicknesses
of composites were tested for EMI shielding efficiency. A network analyzer was used to
take readings of S11 and S21 through the coaxial transmission line technique, which are
related to the energy that was reflected and the energy that was transmitted. In Fig. 2.4,
the composites reflection loss, absorption loss, electromagnetic interference (EMI) SE in
dB, and EMI SE in percentage against frequency are shown. In a study comparing the
electromagnetic properties of carbon nanotube (CNT) films and CNT plates, the CNT

plates provided superior shielding performance for frequencies between 1 and 5 GHz.

Sum
Pre-mixture
( MWNTs, epoxy resin, curing
agents, catalyst, solvents)

Knife edge
L

Material
removal

Free Roll Center Roll Apron Roll

Figure. 2.3: (a) CNT dispersion in epoxy resin by a three roll-milling machine, and (b)
Schematic of a three roll-milling process (Nam et al. 2011).
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Figure. 2.4: Reflection loss (a), absorption loss (b), SE of the CNT films bonded on the
mortar composite in the unit of dB (c), and EMI SE of the CNT films bonded on the

mortar composite in the unit of percentage (d) (Nam et al. 2011).

Both reflection loss and absorption loss increase as increasing the thickness of the
composite in the frequency range of 1 to 5 GHz shown in Fig. 2.4(a) and (b) respectively.
Reflection loss averaged 60.8% of the EMI SE value, while absorption loss averaged
39.2% for 5MC04 composite. The reflection loss of 5MC04 composite is 1.55 times
higher than its absorption loss. Consequently, EMI SE increases as increasing the CNT
film thickness. When exposed to electromagnetic waves at 5 GHz, the highest EMI
shielding effectiveness value of approximately -2.92dB (49.0%) was observed in the
5MC04 composite (Fig 2.4(d). Consequently, the shielding effectiveness of 5MC04 was
3.97 times higher than the EMI SE of the control (without CNT).
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Bhattacharya et al. (2012) fabricated nanocomposites using multiwall carbon nanotube
(MWCNT) through the sol-gel method and solution blending process. The authors have
made four different types of nanocomposites using a wide variety of filler combinations.
Fig. 2.5 illustrates the formation of TiO2-coated MWCNT nanocomposite. TiO.-coated
MWCNT and FezO4 were mixed with a ball milling method to make RAM-Ti@MW/Fe.
In Table 2.1, the compositions of all radar-absorbing materials (RAMS) are listed. The
reflection loss vs frequency plot for all four RAMs in the X band region is shown in Fig.
2.6(a) & (b). As seen in Fig. 2.6(a), compared to a nanocomposite based on TiO», the
MWCNT-based one had better microwave absorbing properties. The addition of
magnetite (FesOs) increased the microwave absorption capabilities of MWCNT
composites coated with TiO2 shown in Fig. 2.6(b). The RAM-Ti@MW/Fe shows the
maximum reflection loss of —42.53 dB at 10.98 GHz.
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Figure. 2.5: Schematic diagram for the formation of TiOz-coated MWOCNT

nanocomposite (Bhattacharya et al. 2012).
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Table 2.1: Composition used for RAMSs preparation.

Sample code Components
RAM-MW MWCNT (30%)
RAM-Ti TiO2 (30%)
RAM-Ti@MW TiO, coated MWCNT (30%)
RAM-Ti@MW/Fe TiO2 coated MWCNT (15%) + Fe304 (15%)
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Figure. 2.6: Reflection loss vs frequency plot of (a) RAM-MW and RAM-Ti, and (b)
RAM-Ti@MW and RAM-Ti@MW/Fe (Bhattacharya et al. 2012).

RAM-MW and RAM-Ti both absorb microwaves can be explained by the way they
conduct electricity. For effective microwave absorption, a material must have good
conductivity. The complete absorption of microwaves is possible in strongly conducting
materials and partial absorption possible in moderate conductivity materials (Li et al.
2012). Since the MWCNTSs skeleton has electrons, making it is capable of absorbing
energy (Wu and Kong 2004). TiO2 is a semiconductor with a band gap energy of only
3.23 eV, it can also help absorb microwaves (Xiao et al. 2006). Currently, when
MWCNT and titanium dioxide were combined to form a composite, the result was

significantly superior to that of either component alone. Fe3Os is added to TiO.-coated
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MWCNT composites to enhance absorption and boost the reflection loss caused by a
magnetic element. Thus, out of all materials, RAM-Ti@MW/Fe is the best material that
effectively absorbs microwaves. The dielectric and magnetic losses in RAM-Ti@MW/Fe
make it more efficient at absorbing microwave energy than RAM-Ti@MW, which only
accounts for the dielectric loss.

Dinesh et al. (2012) fabricated nanocomposites of high-density polyethylene
(HDPE) embedded with carbon black (CB) and multiwalled carbon nanotubes
(MWCNTS). They used a melt mixing procedure to fabricate the electrically conducting
nanocomposites, and they used HDPE together with 20 wt% of CB and 0 to 1 wt% of
multiwalled carbon nanotubes. The prepared samples are labeled as shown in Table 2.2.
These composites have been tested using the co-axial transmission line method for their
ability to shield electromagnetic interference (EMI) in the X band (8.2-12.4 GHz). Fig.
2.7(a) depicts the EMI SE of HDPE-CB-MWCNT nanocomposites with various
MWCNT loadings at 8.2 to 12.4 GHz frequency range. The SE of composites is
discovered to be frequency dependent. At 8.2 GHz, the shielding effectiveness rises from
9.5 to 16 decibels for samples a to e respectively. The X-band measurements of the
composite including 1 wt.% MWCNTSs showed an EMI SE of 16 dB.

Table 2.2: Samples designation.

Samples Designation
HDPE + 20 wt.% CB a
HDPE + 20 wt.% CB + 0.25 wt.% MWCNTSs b
HDPE + 20 wt.% CB + 0.5 wt.% MWCNTSs c
HDPE + 20 wt.% CB + 0.75 wt.% MWCNTSs d
HDPE + 20 wt.% CB + 1 wt.% MWCNTs e

The impact of filler loading on the EMI shielding effectiveness of nanocomposites is
depicted in Fig. 2.7(b). When more MWCNTSs are added, the SE improves across the
whole frequency range. This is because of the formation of CB and MWCNT conducting
networks in the matrix of insulating HDPE. Around 20 dB of EMI SE is ideal for
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commercial uses. As shown in the graph, for MWCNT loadings of 1 wt.% in HDPE-CB-
MWCNT nanocomposites the SE was 16 dB at 8.2 GHz and falls slightly short of the
specifications.
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Figure. 2.7: (a) Effect of frequency on EMI SE of the nanocomposites, and (b) Effect of
MWOCNT content on the EMI SE of the nanocomposites (Dinesh et al. 2012).

2.2 CO gas sensing materials

Conductive polymer materials are desirable for detecting gases at room temperature due
to their low cost, versatility, and ease of fabrication. Somewhat recently, the concept of
CO gas detection by means of adsorption processes in conductive polymer materials was
presented. Polymers with carbon nanofillers are better at detecting gases like ammonia
(NH3) (Han et al. 2014), carbon monoxide (CO) (Wanna et al. 2006), hydrogen (H2)
(Kauffman et al. 2008), and nitrogen dioxide (NO2) (Chauhan et al. 2019) than traditional
metals and ceramics. They are significantly lighter and can be formed easily. In the early
stages of the fabrication of ga sensing devices, graphite, carbon black, and carbon fibers
were the first components to be mixed with polymers (Chung 2001). Soon, researchers
shifted their focus to carbon nanomaterials because they could make more conductive
composites with smaller amounts of carbon. Furthermore, a filler can be active in sensing
throughout its entire cross-section (Harris 2004). In this perspective, carbon nanotubes
and graphene are good options for the detection of various corrosive and noncorrosive

gases since they have a larger specific surface area and aspect ratio than their micro-scale
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analogs (Yin et al. 2021).

Wanna et al. (2006) fabricated a polyaniline thin film with CNT dispersion and
without CNT dispersion on an interdigitated Al electrode glass substrate via the solvent
casting method. The fabricated sensors were evaluated for carbon monoxide (CO)
detection at room temperature with concentrations of CO ranging from 167 to 500 ppm.
The time response and sensitivity of polyaniline thin film with CNT dispersion for CO
gas is shown in Fig. 2.8(a) and (b). The sensor resistance of polyaniline thin film with
CNT dispersion is lower than that of the thin film without CNT dispersion by more than
three orders of magnitude (Fig. 2.8(a)). The polyaniline thin film with CNT dispersion is
more responsive to CO gas exposure shown in Fig. 2.8(b) and it is noted that two curves
of sensitivity for each case in Fig. 2.8(b) are the average sensitivity obtained from two
groups of samples that were prepared separately. The sensitivity of polyaniline thin film
with CNT dispersion is 6 times greater than polyaniline thin film without CNT
dispersion. This is because the CNT has better electrical conductivity and a high surface
to volume ratio. These properties should be attributable to increased active gas
adsorption.
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Figure. 2.8: (a) Time response of the polyaniline thin film with CNT dispersion to CO

gas, and (b) Sensitivity of polyaniline thin film with and without CNT to carbon

monoxide gas (Wanna et al. 2006).
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Choi et al. (2011) used carbon nanotubes (CNTs) and reduced palladium
nanoparticles (Pd NPs) for the fabrication of noxious gas sensors that could detect carbon
monoxide (CO) gases at ambient temperature. They synthesized the reduced CNT-Pd
using the melt-mixing technique. Fig. 2.9 depicts the real-time electrical resistance
response, sensitivity and response of the CNT-Pd sensor for 20 to 80 ppm CO gas
concentration. The CNT-Pd sensors have better sensitivity for different concentrations
and can detect CO concentrations as low as 20 ppm with a response time of less than 16s.
The fast response is carried on by molecule adsorption onto low-energy binding sites,
such sp?-bonded carbon, whereas the slower response is carried on by interactions
between molecules and higher-energy binding sites, including vacancies, structural flaws,
and functional groups. Weak dispersive forces are responsible for adsorption onto a sp?-
bonded carbon. Nevertheless, single and double hydrogen bonds, as well as defects like
carboxylic acid groups, permit binding energies of at least a few hundred millielectron
volts per molecule or more. This is the most significant distinction between fast and slow
responses. In the end, they concluded that CNT-Pd sensors could be utilized as an easy
and efficient noxious gas sensor at room temperature due to their rapid response, constant
sensitivity, a low limit of detection, and excellent repeatability across a wide range of

concentrations.
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Figure. 2.9: (a) Real-time electrical resistance response of CNT-Pd sensor for 20 to 80
ppm concentration of CO gas, and (b) Sensitivity and response of CNT-Pd sensor for 20

to 80 ppm concentration of CO gas (Choi et al. 2011).
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At room temperature, Hannon et al. (2014) detected carbon monoxide using an integrated
electrode structure based on sulfonated single-walled carbon nanotubes. To fabricate
sensor chips, researchers have employed a printed circuit board (PCB) as the substrate,
etching away the gold (Au) coating using a photolithography procedure. They manually
deposited Sulfonated SWCNTs (0.3 uL solution) on the eight interdigitated electrodes
surface of the chips using a pipette. The sensor chip was subjected to concentrations of
CO at 0.5, 2, 10, 25, 50, 60, 75, and 100 ppm, as seen in Fig. 2.10(a). This material was
found to have a very stable baseline. All eight sensors have responses that are very close
to each other. The sensor-to-sensor variation is a consequence of the hand deposition
procedure used to add nanotubes to the chip, which results in varying nanomaterial
densities inside each sensor element. The response of the sensor is dependent upon CO
gas concentration and it increases with the increase of CO concentration.
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Figure. 2.10: (a) Response of sensors for different concentration of CO, and (b) The
sensor calibration curve (Hannon et al. 2014).

Sulfonated SWCNTs sensors shows better response to CO concentrations at room
temperature. This behavior is to be anticipated because oxygenated and sulfonated
functional groups are present at the ends of the SWCNTs and these functional groups
make electron transmission easier. Possible explanations for the enhanced response seen

with sulfonated sensors include the inclusion of regulated carboxylic and sulfonic acid
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defects, which provide minimal energy adsorption sites and make it easy for the charge to
move at defect sites. Like the -COOH group, -SOsH is an electron-withdrawing group,
therefore, the sulfonic acid groups applied to the surface of the SWCNTSs may result in an
increase in charge density. This can boost the hole current of p-type sulfonated SWCNT
by increasing the quantity of transfer of electrons between sulfonated single-walled
carbon nanotubes and carbon monoxide molecules (Dong et al. 2013).

Kim et al. (2011) made a gas sensor based on shell-shaped carbon nanoparticles
(SCNP) that can detect CO and Hz gas at room temperature. Laser-assisted reactions in a
stream of pure acetylene gas were used to synthesize crystalline SCNPs, then synthesize
crystalline SCNPs were treated chemically (with acid) to get well-dispersed SCNPs, and
the ion-induced focusing method was used to deposit dispersed SCNPs on a glass
substrate. Fig. 2.11 illustrates the response of acid-treated SCNPs sensor for different
concentrations of CO gas at room temperature. The sensor shows the highest response of

2% for 100 ppm concentration of CO gas.
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Figure. 2.11: Response of acid treated SCNP sensor when exposed to variation of

concentration of CO gas at room temperature (Kim et al. 2011).

Importantly, the acid-treated SCNPs exhibited CO sensing capabilities, indicating that the
ability to sense CO may be due to the oxidized material from the outermost layer which is
identical to graphene oxide (Lu et al. 2009). The treatment with acid breaks apart the

carbon shells continuously, leading to the formation of oxidized graphene platelets and an
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elongated component that covers the surface of SCNPs. By evaluating the sensing ability
of unmodified and functionalized carbon nanoparticles, they demonstrated that functional
groups like OH (hydroxyl) and C=O (carbonyl) produced on the SCNPs surface were
responsible for the room-temperature sensing of carbon monoxide molecules.

Han et al. (2019) investigated a CO gas sensor with a platinum coated carbon
nanotube (CNT) sheet. They fabricated a nanocomposite by coating a layer of platinum
(Pt) on a sheet of carbon nanotube (CNT), and they tested it for the detection of carbon
monoxide (CO) gas at room temperature. As illustrated in Fig. 2.12, the authors extracted
carbon nanotube yarns directly from a CNT forest and transferred them onto a glass
substrate. The CNT sheet was coated with a thin layer of Pt nanomaterial by e-beam
evaporation. Based on the TEM picture displayed in Fig. 2.12(d), the authors hypothesize
that a substantial CNT surface area is exposed, leading to an increase in sensitivity. The
carbon nanotube sheet was built from individual CNTs and provided an enormous surface

area for carbon monoxide gas reaction.

Figure. 2.12: SEM/TEM Images and pictures : (a) Spin-capable CNT forest, (b) and (c),
CNT sheets pulled from the CNT forest, and (d) Pt nanoparticles on CNT sheet (Han et
al. 2019).
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To study the effect of the Pt layer on the CNT sheet, the authors measured the

sensitivity of the carbon nanotube sensor with a 5 nm-thick Pt layer and a CNT sensor

without the Pt layer for CO gas. The sensitivity of the platinum-carbon nanotube sensor

and the CNT sensor for different concentration of CO gas ranging from 20 ppm to 200
ppm is depicted in Fig. 2.13(a). In contrast to the CNT sensor, the Pt-CNT sensor exhibits

better sensitivity. The authors hypothesized that the chemical sensitization induced by the

overflow effect of gas molecules breaking down into gas atoms on the platinum surface

increased the sensitivity of the Pt-carbon nanotube sensor to carbon monoxide gas. As

depicted in Fig. 2.13(b), the Pt-CNT sensors maximum response time to CO was less

than 30 seconds, and the recovery time is around 40 seconds. Fast response and recovery

of the platinum-CNT sensor are likely the result of the catalytic impact of the Pt layers

and the CNT sheet conductivity is utilized as the primary sensor template.
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Figure. 2.14: Sensitivity of Pt-CNT sensors for different CO gas concentrations with
respect to Pt- thicknesses (Han et al. 2019).

To better understand how sensor sensitivity and Pt layer thicknesses relate to one
another, a further experiment was conducted. The authors fabricated four samples of Pt-
CNT with different platinum layer thicknesses of 2, 5, 8, and 11 nm. The sensitivity of
the sensor for different Pt layer thickness with respect to CO gas concentration is shown
in Fig. 2.14. Specifically, the sensitivity increased linearly with thickness from 2 nm to 8
nm. Sensitivity decreased as Pt layers became thicker (11 nm). The sensitivity of the
sensor increases as the Pt layer is thicker (up to 8 nm), which can be explained by
structural and catalytic effects. To enhance the sensitivity, the interaction between Pt-
CNT and CO required more surface area, which led to a greater rate of charge transfer.
The authors concluded that the Pt-CNT sensors sensitivity improved with the loading of
Pt up to a certain thickness after that it decreased.

2.3 Electrothermal heating materials

Electronics that are lightweight, portable, and wearable have recently gained popularity
to meet the technical requirements of modern society. The nanomaterials based on carbon
offer new design options for wearable electronics. Various authors have investigated the

electrothermal heating behavior of carbon nanomaterials-based conductive polymers. The
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heating performance of nanomaterials significantly depended on their surface area and
the number of contact points. Many techniques, including acid treatment, sheet layer
overlap, and the addition of metal nanoparticles, were used to increase the surface area
and contact point

Jung et al. (2014) examined the electrothermal performance of the MWCNT sheet-
based heaters. The lab growvn MWCNT was used to fabricate one-layer, double-layer,
acid-treated MWCNT sheet film, and MWCNT/Ni sheet film. Fig. 2.15 depicts the
steady-state temperature of all fabricated MWCNT sheet films and in all cases surface
temperature of the sheet raised linearly with input power until a steady-state temperature

was attained. At 40V of applied voltage, the authors achieved the highest heating rate.
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Figure. 2.15: Electro thermal heating performance of MWCNT sheet films on the glass;
temperature profiles v/s time with respect to different applied voltages for (a) one layer,
(b) double layers, (c) acid treated one layer, and (d) decorated with Ni (Jung et al. 2014).
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In Fig. 2.15(c) acid treated sheet showed a higher steady-state temperature than a single-
layer and double-layer MWCNT sheet film at a given voltage. The CNT/Ni sheet
outperforms both pure CNT sheet and acid treated CNT sheet in terms of heating
performance, as shown in Fig. 2.15(d). Heat can be dissipated more effectively by adding
metal nanoparticles to MWCNT sheets because metal nanoparticles can produce heat on
their surfaces and the individual CNTs become more interconnected as metal
nanoparticles are introduced to the MWCNT sheet.

Kang et al. (2011) studied transparent, flexible, high-performance graphene heaters.
They fabricated layers of graphene on Cu foils using chemical vapour deposition. The
two types of heaters such as graphene treated with various dopants, as well as an ITO-
based heater are fabricated and their temperature profile is shown in Fig. 2.16. The
heaters were 4cm x 4cm in size. An infrared camera was used to observe the thermal
responses of the heaters (Fig. 2.16(a)). They have used a DC power supply to apply 12V
to both the graphene heater and the ITO heater, allowing them to monitor the current
through the heaters and record their temperatures at regular intervals of three seconds.
The time it took for the heater to attain its steady state temperature from the ambient
temperature was independent of the heater type. The response time is due to the excess
thermal mass, which in this instance is a polyethylene terephthalate (PET) layer enclosing
the film heater. Both the ITO- and graphene-based heaters are protected by a PET layer,
which serves as a thermal barrier against external conditions. In this experiment, the
result shows that graphene heaters doped with AuCls performed better and reached a
steady-state temperature of 100°C at 12V, while graphene heaters doped with HNO3 and
ITO heaters only reached 65°C and 31.4°C respectively. Based on this comparison,
graphene heater performance is significantly influenced by the electrical conductivity of
graphene films (Fig. 2.16). Graphene-based heaters outperform traditional transparent
ITO heaters, as shown by analyses of temperature profiles and heat distribution as a

function of time.
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Figure. 2.16: The temperature profiles of Graphene-based heaters with two different
doping agents and an ITO-based heater, measured by (a) an infrared camera, and (b) a

thermocouple (K-type) (Kang et al. 2011).

In the application fields of photo electricity, where precise temperature control is
essential, especially for the integration of microelectronics, the non-contact graphene thin
film heater may be an attractive heating material. The non-contact graphene thin film
heater has a wide range of applications in the field of optoelectronics. Zhang et al. (2017)
fabricated an optically controlled flexible graphene thin film heater using the non-
destructive rubbing method. The authors demonstrated the photothermal conversion
ability of the heater and stated that the heater not only can preserve high steady-state
temperature under low applied laser power, but also fastly change temperature from low
to high (or from high to low) by tuning the incident laser power.

Initially, the authors performed the rubbing process with a moderate amount of
pressure to get a thin, uniform layer of graphene on the leather. Then the graphene-coated
leather was then adhered to the PDMS block by applying pressure. Later the
PDMS/graphene/PVA was formed by spin-coating a PVA solution onto the surface and
allowing it to dry at 60°C in the air. Finally, PDMS/graphene/PVA was lightly pressed
onto the PET substrate for a few minutes. Afterwards, the graphene/PVA/PET flexible
sheet was delicately pulled away from the PDMS block. Here the steady-state
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temperature of the film is precisely controlled by tuning the laser power. A handheld
temperature detector was used to measure the temperature.

Fig. 2.17(a) shows a graph of the steady-state temperature vs time as a function
of the laser power applied varied from 50 to 240mW. As can be seen, the steady-state
temperature rises with increasing laser power and attains 47.4°C at 240mW laser light
illumination, proving that the graphene film heater has an effective capacity for
photothermal conversion. In evaluating the ability of film heaters, response time is one of
the most important factors. As shown in Fig. 2.17(b), the steady-state temperature is
reached after the 70s of laser irradiation at 180mW. In less than the 80s, the temperature
of the graphene heaters increased significantly from ambient temperature to steady-state.
Due to the increased heat transfer at high temperature, the response time can increase
slightly with increasing laser power.

(a)50 (b) 45
 —o—50mW

45.- —o—100mW }—703% W.wa;ae-v-vg?;'xw
- { —o-150mW| —~40 : Fakt
g 40 «180mw| © : / 1
@ —o-210mW §’ 35 ' '
3 35 —a— 240mW 3 1: ]
© ‘ o .
éso- 30 : /

h . £ f

= =¥ =257

20- Y

0 100 200 300 400 500 0 40 80 120 160 200
Time(s) Time(s)

Figure. 2.17: (a) The steady-state temperature of graphene film treated with the infrared

laser of varying powers, and (b) The temperature profile of graphene film with 180mw
laser power (Zhang et al. 2017).

For a high-performance heater, repeatability is a fundamental need. The authors used
ON/OFF cycle testing to evaluate the repeatability of the heater. Fig. 2.18 illustrates the
graphene sheet heater stability over a prolonged period. After 10 cycles of turning on and

off, the steady-state temperature doesn't change much whether the incident laser power is
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100, 180, or 240mW. It was found that a mean temperature of 47.4°C can be maintained

for 75 minutes in the presence of a 240mW incident laser power.
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Figure. 2.18: Graphene thin film ON/OFF temperature response at 100, 180, and 240mW
(Zhang et al. 2017).

2.4 Research gap from the literature survey

The presently available nanomaterials-based EMI shielding materials, gas sensing
materials, and electrothermal heating materials were fabricated with complex and
expensive techniques, and also have certain limitations like poor flexibility, costly, and
not biodegradable.

In the current existing EMI shielding materials, it is difficult to achieve good
shielding efficiency over a wide bandwidth and also present EMI shielding materials
having a high thickness. To achieve better EMI shielding efficiency the material should
be very thin. In addition, gas sensing materials have less response and it is difficult to
accomplish high response for even lower concentration of gas at room temperature.
Furthermore, electrothermal heating materials require a high power or voltage to function
and it is difficult to attain significant steady-state temperature, as well as better heating
and cooling response at low input voltage.

The use of cotton fabric as a substrate would offer a spectrum of advantages.
Cotton fabric has become a preferred substrate for electromagnetic interference shielding,

gas sensors, and wearable electronic devices. Among the various textile materials studied
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thus far, the nanomaterial coated cotton fabric appears to be the most generally preferred
material for electronic applications, owing to potential benefits such as lightweight,
versatility, low cost, biodegradable, economic processability, and good mechanical and
wearable properties, which are currently unavailable in conventional electronic devices.
The nanomaterial coated cotton fabric gives good shielding ability over the wide
bandwidth, a good response for CO gas at room temperature, and a better electrothermal

response at low input voltage.

2.5 Objectives of the research work
 Fabrication of Cotton fabric with Multi-walled carbon nanotube Coating (CMC).
» Evaluation of microwave interactive properties of fabricated CMC samples.
» Study of Chemical gas sensing behavior of MWCNTS coated cotton fabric.

» Evaluation of electrothermal performances of the CMC samples in terms of

applied voltage and heating rate.
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CHAPTER 3
METHODOLOGY

This chapter summarizes the overview of materials and surface treatment of cotton fabric.
In addition, this chapter presents the experimental procedure for the fabrication of CMC
samples. Furthermore, details of CMC samples fabricated with different concentration of
MWCNTSs, and also a detailed description of characterization techniques for fabricated

CMC samples.

3.1 Flow chart of the work

- _ I |
| Selection of fabric : Dispersion of MWCNTs | !
1 | using probe-sonicator for :
Surface treatment of fabric : 30 min :
: v :
1 | Solutiontransferredtio |
Fabrication of MWCNTs : deposition Bath !
. P L .
coated fabric by using I'

simple dip and dry process |€

2
Characterization of
MWCNTs coated fabric by
FESEM, FTIR, TGA, and
resistivity measurement

3
Microwave interactive
properties measurement

\

Sensing setup and testing
of MWCNTs coated cotton
fabric gas sensors

!

Evaluation of the
electrothermal behavior of
MWCNTSs coated cotton
fabric wearable heaters
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3.2 Overview of the materials, surface treatment of cotton fabric, and fabrication of
CMC samples

3.2.1 Materials

Plain woven cotton fabric (Thread count 160, areal density 111.00 g/m?, and bulk density
0.411 g/cm3) was received from the Hi-media Laboratory in Bengaluru, India, and was
used as a substrate. Multi-walled carbon nanotubes (length 5-9 um, diameter 110-200
nm, and purity 90+%) was procured from Sigma Aldrich and used as a coating material.

Sodium dodecyl sulfate (SDS) of Sigma Aldrich was used as a surfactant.

3.2.2 Fabric surface treatment

The cotton fabric of 14 cm x 9 cm was soaked for 10 hours in a 10 wt % NaOH solution.
The soaked fabric was washed several times to remove any excess amount of NaOH. The
cotton fabric is comprised of 88%-97% of cellulose. The remaining constituents are
cementing elements such as waxes, proteins, and pectin (Budtova and Navard 2016; Cao
et al. 2021; Venkatesha Gupta et al. 2016; Akash et al. 2016). The treatment of cotton
fabric with NaOH removes the cementing substances from the cotton fabric surface,
resulting in less functional groups and dangling bonds. The treated fabric is dried in the
sunlight for one day before being used in the fabrication of MWCNTSs coated cotton
fabric (Akash et al. 2016; Arun Kumar et al. 2022) and dried treated plain woven cotton
fabric is shown in (Fig. 3.1(b)).

3.2.3 Fabrication of MWCNTSs coated cotton fabric

The colloidal solution is prepared by mixing MWCNTs and surfactant in 200 ml of
deionized water at a ratio of 1:5, respectively. The use of surfactant sodium dodecyl
sulfate (SDS) facilitates the improvement of dispersion and deagglomeration of
MWCNTSs in colloidal solutions, resulting in the formation of suspensions containing
MWCNTSs. The ability of MWCNTS to interact with water through hydrogen bonding is
facilitated by the hydrophilic properties of sodium dodecyl sulfate. SDS decreases the
surface tension of water, resulting in a decrease in the energy difference between the

interface of MWCNTSs and water. This energy reduction facilitates the penetration of
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water into the aggregated MWCNT particles, thereby aiding the dispersion process
(Orlando et al. 2023). The probe-sonication (30% power of 250 W, on for 10 seconds and
off for 10 seconds) is carried out for an hour to properly disperse the MWCNTS in the
prepared colloidal solution to achieve homogeneous dispersion and deagglomeration of
MWCNTs. The MWCNTSs dispersed solution is shown in (Fig. 3.1(a)). Seven CMC
samples were developed using the dip and dry process with different concentration of
MWCNTSs. The samples were marked as CMC 1 to CMC 7 (shown in Table 3.1)
corresponding to MWCNTS concentration in the DI water solution as 1, 1.25, 1.5, 1.75, 2,
2.25, and 2.5 mg/ml, respectively. The treated fabric was dip-coated for 10 min in the
MWCNTSs dispersed solution shown in (Fig. 3.1(c)), followed by drying in a hot air oven
for 30 min at 120°C. The dried cotton fabric with multi-walled carbon nanotubes coating
(CMC) sample is shown in (Fig. 3.1(d)). The MWCNTSs wt% in the cotton fabric was
increased by repeated dip and dry process. Similarly, fifty cycles were carried out to
improve the continuous network of MWCNTS over the cotton fabric, and the fabrication

process was similar for all CMC samples.

Figure. 3.1: Fabrication of CMC sample using a dip and dry process: (a) Dispersed
MWCNTSs in DI water, (b) NaOH treated plain woven cotton fabric, (c) Cotton fabric
dipped inside the MWCNTSs dispersed solution (during 1% cycle of dipping), and (d)
Dried cotton fabric with multi-walled carbon nanotube coating (CMC) sample (after 50
cycles of dip and dry process).

The thickness of samples were measured by a digital micrometer (Mitutoyo, Model No.

MDC-25SX) with an accuracy of 1 um. We have taken 30 measurements at different
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areas of the fabric and the average value is considered for the study. The areal and bulk
density of the cotton fabric and CMC samples has been calculated to determine the
porosity. According to the ASTM D3776/D3776M-20 specification (American Society
for Testing & Mater 1985), we have determined the areal density (weight of sample
divided by unit area of the sample) and bulk density (weight of sample divided by unit
volume of sample) of cotton fabric and CMC samples. Porosity provides the presence of
micropores in the structure and is defined as the ratio of the voids volume to the volume
of the sample (Mao and Russell 2015). The porosity is calculated as follows using the
fabric bulk density and the fiber density (Hsieh 1995; Stankovic et al. 2009).

P (%) = (1 — Pfabricy 5 100 (3.1)
Pfiber

where P is the fabric porosity (%), praric (g/cm®) is the fabric bulk density, and priver
(g/cm?) is the fiber density. Porosity decreases as increasing the MWCNTS concentration

in the cotton fabric (shown in Table 3.1).

Table 3.1: Details of the cotton fabric with different concentration of MWCNTS coating.

Sample Cotton fabric Weight Thickness Standard Areal Bulk  Porosity
name dipped in of the of the deviation: Density Density (%)
MWCNTs sample sample Thickness (g/m?) (g/cm®)

concentration (9) (mm)
(mg/ml)

Cotton NA 1.40 0.270 0.008 111.00 0.411 73.3
fabric

CMC1 1 1.732 0.283 0.01 137.53  0.485 68.5
CMC 2 1.25 1.803 0.284 0.007 140.12  0.493 67.9
CMC 3 1.5 1.843 0.294 0.007 146.27  0.497 67.7
CMC4 1.75 2.047 0.300 0.009 162.53 0.541 64.8
CMC5 2 2.094 0.302 0.009 166.26  0.550 64.2
CMC6 2.25 2.298 0.335 0.018 185.00 0.552 64.1
CMC7 2.5 2.670 0.382 0.019 21190 0.554 64.0
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3.3 Characterization of the multi-walled carbon nanotube coated cotton fabric

3.3.1 FESEM study

The morphology of the CMC marked samples was studied using the field emission
scanning electron microscopy (FESEM) (Carl Zeiss AG, Model No. Gemini SEM 300,
GERMAN) as shown in Fig. 3.2, and energy dispersive X-ray spectroscopy (EDS) was
used to determine the elemental composition of CMC samples.

Figure. 3.2: FESEM interfaced with a computer.

3.3.2 FTIR study

The Fourier transform infrared (FTIR) spectroscopy (FTIR-4200, JASCO, Japan) shown
in Fig. 3.3 was carried out in the wave number range of 600 cm™ to 4000 cm™ (ATR
mode), with a resolution of 4 cm™. It provides information about the functional groups
present in the CMC sample and confirms the adhesion of MWCNTSs to the cotton fabric
surface.
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FTIR SPECTROMETER

Figure. 3.3: Fourier transform infrared (FTIR) spectroscopy.

3.3.3 Thermogravimetric analysis (TGA)

The TGA (Seiko Exstar, TG-DTA 6300) as shown in Fig. 3.4 was used to determine the
MWCNTs wt% in the CMC samples and it shows the thermal degradation of materials

that occurs at a particular temperature range.
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Figure. 3.4: TGA instrument.
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3.3.4 Resistivity measurement

The bulk and surface resistivity of CMC samples with a size of 14 cm x 9 cm was
measured using a four-probe method (SES Instrument Private Ltd., Roorkee). A Keithley
2400 source measurement unit is used to measure the current (l)-voltage (V)
characteristics. The four-probe measurement setup is shown in Fig. 3.5. In order to
measure the bulk and surface resistivity of the CMC samples, we applied a voltage of 0-5

V. The average of ten readings on each sample was used to calculate the resistivity.

Figure. 3.5: Four-probe measurement setup.

3.3.5 Microwave properties measurement

The properties such as permittivity, transmission, reflection, and absorption were
measured at the microwave frequency range (X- and Ku- band) by a performance
network analyzer (PNA) (Model No. N5224B), and the test sample arrangement is shown
in Fig. 3.6. It consists of two antennas (transmitter and receiver) and a waveguide along
with the sample holder. The Scattering parameters such as S11 and S21 were measured
from the power incident and power received at the horns. Parameter S11 measures the
reflecting behavior of the surface, while parameter S21 measures the propagation
behavior through the material.
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Figure. 3.6: (a) PNA-x flexible network analyzer system (Model No: N5224B), and (b)

Waveguide along with the sample holder.

3.3.6 Sensing setup and testing of MWCNTSs coated cotton fabric gas sensors

The gas sensing setup (SCITRON (IEE), India) as shown in Fig. 3.7 was used to study
the gas sensing behavior of all fabricated CMC sensors. A schematic illustration of the
gas sensing measurement setup is depicted in Fig. 3.8. The sensing setup consists of a
mass flow controller (MFC), an air-sealed glass chamber, a Keithley source measuring
unit (model no. 2400), and a USB interfaced with the computer. A mass flow controller
(MFC) controls the flow of gases such as air and CO into the gas sensing cell. The gas
sensing cell outlet is attached to an exhaust pipe. The sensor was placed inside an air-
sealed glass chamber on the sample holder, the silver electrode was deposited on either
side of the sensor, and contact was taken using a metallic probe. The metallic probe is
connected with the Keithley source measuring unit to measure the electrical signal.

Prior to gas sensing, the gas sensing chamber is purged with an air flow of 5 liters
per minute (Ipm) for 10-15 minutes in order to stabilize their resistance. The CMC sensor
of size 2 cm x 0.5 cm was exposed to the lowest carbon monoxide (CO) gas
concentration at room temperature to study their responding behavior. During an
experiment, the CO gas channel is switched ON for 3 minutes once the resistance of the

sensor has been stabilized and the total gas flow remains at 5 Ipm. Following 3 minutes
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Figure. 3.7: Gas sensing setup.
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Figure. 3.8: Schematic diagram of gas sensing measurement system and a photograph of

CMC sensor placed inside the glass chamber.
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of exposure to CO, the CO channel is turned OFF for 5 minutes for the desorption of CO,
and for the different CO gas concentrations, the same steps were followed. As part of

each testing cycle, CO gas is exposed and released from the test chamber.

3.3.7 Testing of electro-thermal heating behavior of CMC wearable heaters

The testing of CMC samples for wearable heating applications using the two-terminal
side contact setup is schematically shown in Fig. 3.9(a). We developed the heater to
demonstrate the potential of CMC samples for heating applications and the image is
shown in Fig. 3.9(b). The heating performance of CMC samples were studied by
evaluating the temperature change at the surface of the heater, as a function of time with
the help of a thermocouple and a DC power supply (At various voltages, the performance
of the electrothermal heating behavior of CMC samples were examined). The CMC
samples were tested for their steady-state temperature as well as their faster heating and

cooling response for wearable heating applications.

(a) T T (b)
T E 2cm

&

E; MWCNT s coated cotton fabric

Figure. 3.9: (a) Schematic diagram of the two-terminal side contact setup for testing the

electrothermal heating behavior of CMC samples, and (b) image of the heater.
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CHAPTER 4
RESULTS AND DISCUSSION

This chapter illustrated the characterization studies of fabricated cotton fabric with multi-
walled carbon nanotube coating (CMC) samples through FESEM, FTIR, TGA, and
resistivity measurement. Moreover, the evaluation of microwave interactive properties
and EMI shielding effectiveness of fabricated CMC samples in the frequency range of X-
and Ku-band using a performance network analyzer (PNA). Then, the comparison
between microwave interactive properties of carbon composites in the literature and
CMC samples of this work. Furthermore, testing of CMC sensors for different
concentrations of CO gas ranging from 25 to 100 ppm using a gas sensing setup. Finally,

testing of electrothermal heating behavior of CMC samples.

4.1 FESEM and FTIR analysis of fabricated CMC samples

The morphology of cotton fabric with multi-walled carbon nanotube coating (CMC)
samples were studied using field emission scanning electron microscopy (FESEM). The
FESEM micrograph of the cotton fabric shown in Fig. 4.1(a) confirms the interwoven
structure of the fabric. The FESEM image of the CMC sample is shown in Fig. 4.1(b), it
confirms that MWCNTSs are uniformly coated on the cotton fabric surface. Fig. 4.1(c) &
(d) shows the MWCNTS coated cotton fabric at low and high magnification respectively.
It was observed that there is a well interconnected continuous network of MWCNTS in
the CMC sample. The diameter of the MWCNTSs was in the range of 140-232 nm. The
FESEM images of the CMC confirmed that the surface of the cotton fabric was well
covered and coated with MWCNTSs. The coating composition is characterized by energy
dispersive spectroscopy (EDS) as shown in Fig. 4.1(e). The pi-chart in Fig. 4.1(e) depicts
the content of the different elements present in the coating on the CMC surface. It was
found that 94.43% carbon (C) was present and the remaining sodium (Na), sulfur (S), and
oxygen (O) compounds of total 5.57% deriving from the surfactant sodium dodecyl
sulfate (SDS).
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Figure. 4.1: FESEM images: (a) Cotton fabric, (b) Cotton fabric with multi-walled carbon
nanotube coating (CMC6 sample), (c) FESEM at low magnification of the MWCNTSs
coated cotton fabric, (d) FESEM at high magnification of the MWCNTSs coated cotton
fabric, and (e) EDS spectrum of CMC sample.
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The FESEM images of cotton fabric with different concentration of MWCNTs (CMC 1
to CMC 7) are shown in Fig. 4.2(a)-(9). In Fig. 4.2(a) and (b) the density of MWCNTS is
poor and MWCNTSs is not uniformly coated on the surface of the cotton fabric due to
very less concentration of MWCNTS. In Fig. 4.2(c) & (d) the density of MWCNTS is
improved compared to Fig. 4.2(a) & (b). Whereas in Fig. 4.2(e) & (f) the network of
MWCNTSs are more denser, and MWCNTSs is uniformly coated on the surface of the
cotton fabric compared to Fig. 4.2(a)-(d) due to increased concentration of MWCNTS.

Figure. 4.2: The FESEM images of cotton fabric coated with multi-walled carbon
nanotubes: (a) CMC 1 (1 mg/ml), (b) CMC 2 (1.25 mg/ml), (c) CMC 3 (1.5 mg/ml), (d)
CMC 4 (1.75 mg/ml), (e) CMC 5 (2 mg/ml), (f) CMC 6 (2.25 mg/ml), and (g) CMC 7
(2.5 mg/ml).

It is observed that the 2D-density of MWCNTSs increases as the concentration of
MWCNTSs dispersed in a solvent increases from 1 mg/ml (CMC 1) to 2.5 mg/ml (CMC
7). In Fig. 4.2(g) the density of MWCNTS is more prominent and the MWCNTS structure
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was found to be well interconnected in a continuous and spatially uniform manner over a
large area because of the high concentration and proper dispersion of MWCNTS.

Fig. 4.3 shows the Fourier transform infrared (FTIR) spectroscopy of cotton fabric
and MWCNTSs coated cotton fabric. The FTIR spectra of cotton fabric show vibrational
modes in the region of 800 to 1,500 cm™ associated with C-O stretching and C=0
stretching (Krishnamoorthy et al. 2012; Portella et al. 2016). Whereas hydro carboxyl
(HO-C=0) peaks are visible in the region of 2900 to 4000 cm™. In MWCNT, functional
groups like carbonyl and hydroxyl are present, which makes it hydrophilic (Ravindren et
al. 2019; Yu et al. 2019). In addition to being hydrophilic, MWCNTSs possess a large
adsorption surface area, which makes them highly adherent to the surface of the cotton

fabric during the dipping process.
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Figure. 4.3: FTIR spectra of cotton fabric and MWCNTSs coated cotton fabric.

As in Fig. 4.3 MWCNTs coated cotton fabric shows significant differences in FTIR
spectra compared to cotton fabric. FTIR result of the CMC sample shows the bonding of
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MWCNT to the cotton fabric, as evidenced by the significant stretching mode of C=C at
1212 cm™. This confirms the strong adhesion of MWCNTSs to the cotton fabric surface.
Due to the MWCNTSs being bonded to the cotton fabric, the peak of normal carbonyl
(C=0) which appeared in the cotton fabric at 1366.3 cm™ shifts to the higher wave
number at 1462.7 cm™ in CMC sample (Krishnamoorthy et al. 2012). There is a new
peak in the CMC sample at 2848.3 cm™ due to C-H stretching vibrations that are formed
by binding the C-H group from the MWCNT to the cotton fabric (Krishnamoorthy et al.
2012).

4.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to find out the MWCNTSs wt% in the CMC
samples at a heating rate of 10°C/min under air with a temperature range of up to 600°C
(Said et al. 2021; Li et al. 2015; Liu et al. 2013; Rahman and Mieno 2015). The
thermograph of the cotton fabric and CMC 6 sample are shown in Fig. 4.4(a). It shows
that the thermal degradation of cotton fabric occurs through the multistep process. In the
first step, there is only a small loss of weight below 150°C due to the physically adsorbed
water being released. The second step occurs between 300°C and 400°C, which is mainly
due to the dehydration of cellulose in the cotton fabric, and the third step takes place
between 400°C and 475°C due to complete oxidative degradation of the char produced in
the first step (Liu et al. 2013; Rahman and Mieno 2015). As observed, the temperature at
5 wt% weight loss (Tse) of plain-woven cotton fabric was 240°C (Liu et al. 2013), and
the char residue was found to be 1.84% at 450°C as shown in Fig. 4.4(a). In the CMC 6
sample, the Tsy was 200°C, and the char residue (Said et al. 2021) increased to 17.63
wit% after the complete decomposition of the cotton fabric at 400°C as shown in Fig.
4.4(a). Therefore, the MWCNTS wt% in the CMC 6 sample is 15.79 wt%. In Fig. 4.4(a),
the CMC 6 sample shows 10% more combustion after the first stage and a 60°C lag in the
final combustion temperature. This is mainly because of the high thermal conductivity of
the MWCNTSs, which absorbed heat at a faster rate and transferred it to the cotton fabric
(Henry Kuo Feng Cheng, 1, et al. 2011; Zhou et al. 2010; Lin et al. 2018; and Chao et al.
2019). The MWCNTSs weight percentage increased from 5.96 wt% to 22.23 wt% with the
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increase of MWCNTSs concentration from 1 to 2.5 mg/ml in the DI water for samples
CMC 1 to CMC 7 as shown in Fig. 4.4(b) and listed in Table 4.1.
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Figure. 4.4: (a) TGA curve of plain-woven cotton fabric and MWCNTSs coated cotton
fabric (CMC 6 sample), and (b) MWCNTSs weight percentage (wt%) in CMC samples.

Table 4.1. MWCNTSs wt% in CMC samples

Samplename CMC1 CMC2 CMC3 CMC4 CMC5 CMC6 CMC7

MWCNTSs 1 1.25 15 1.75 2 2.25 2.5
concentration
(mg/ml)
MWCNTSs 5.96 7.22 7.97 11.7 12.42 15.79 22.23
wit%

4.3. Bulk and surface resistivity of CMC samples

The bulk resistivity (Q-m) is the product of bulk resistance and the area of the measuring
electrode divided by the fabric thickness. Surface resistivity is defined as the ratio of DC
voltage (V) drop per unit length on the surface of the CMC sample to surface current (lIs)
per unit width (D) [ps= (V/L)/ (Is/D)] (Ghorbani and Taherian 2018; Gupta et al. 2013).

The bulk resistivity and surface resistivity of the CMC samples was measured after each
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dip and dry process and it was found that the bulk and surface resistivity decreased with
the increase in the number of dip coating in the MWCNTS dispersed solution as shown in
Fig. 4.5(a) & (b) for sample CMC 3. This confirms the dip and dry process each time,
which makes the continuous network of MWCNTSs in the entire fabric area, and as a
result, a better interconnection between two conducting MWCNTSs is achieved which is
also seen in the FESEM image of Fig. 4.2(g). The bulk resistivity and surface resistivity
of the CMC sample decreases from 68.44 Q-m to 0.042 Q-m and 35710 Q/sq to 128.5
Q/sq respectively, with the increase in MWCNTSs wt% as shown in Fig. 4.6(a) & (b). For
CMC 1 and CMC 2 samples, the bulk resistivity and surface resistivity decreased
moderately from 68.44 QQ-m to 30.23 Q-m and 35710 Q/sq to 16069.5 /sq respectively,
due to the low MWCNTSs wt% in the CMC sample and poor interconnection between the
MWCNTs.

In CMC 3 sample, as the MWCNTSs reaches 7.97 wt%, the bulk resistivity and
surface resistivity drastically decreased to 0.691 Q-m and 2142.6 Q/sq, respectively
compared to CMC 1 and CMC 2. Since a sufficient amount of MWCNTSs is available for
the interconnectivity makes the CMC 3 sample has better electrical conducting in terms

of good microwave reflecting properties.
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Figure. 4.5: Changes in the resistivity of CMC 3 (7.97 wt%) sample with respect to the

number of dip coating: (a) Bulk resistivity, and (b) Surface resistivity.
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Figure. 4.7: The current(l)-voltage(V) characteristics of CMC samples.

Fig. 4.7 shows the I-V curves of the fabricated MWCNTS coated cotton fabric samples.
Throughout the samples, the current increases linearly with voltage for a fixed wt% of
MWCNTSs. As shown in Fig. 4.7, the current in the CMC samples increases with an
increase in the wt% of coated MWCNTS due to a decrease in the resistivity of the CMC
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samples. This is because the coated MWCNTS on cotton fabric are well interconnected.

Table 4.2: Electrical conductivity of MWCNT and CMC samples.

Sample name Electrical Electrical
conductivity of conductivity of
MWCNT (s/m) CMC (s/m)
CMC1 630.80 0.0146
CMC 2 683.52 0.033
CMC 3 709.62 1.445
CMC 4 780.39 3.438
CMC5 816.99 9.165
CMC6 894.45 14.27
CMC7 952.38 23.45

The electrical conductivity of MWCNT and CMC samples were shown in Table 4.2. The
electrical conductivity increases from CMC 1 to CMC 7 with respect to the increase in
MWCNTSs wt%.

4.4. Properties measured at the microwave frequency range

4.4.1 Permittivity

Permittivity is the ability of a substance to store electrical energy and measure energy
loss (&' and €"). Polar materials possess more permittivity than non-polar materials. Due
to electric and magnetic dipoles, the wave spreads in the material and its energy is
converted into heat (Kim et al. 2003). If the surface resistivity decreases, both
permittivity and reflectivity increase, then the material becomes more reflective. The
permittivity (real and imaginary) values of the CMC samples are shown in Fig. 4.8. The
permittivity was measured using the S-parameters by the in-built algorithm in the
performance network analyzer in the frequency range of X- band (8-12 GHz) and Ku-
band (12-18 GHz). It has been noted that the permittivity (real and imaginary) values
increased as the MWCNTSs wt% was increased from 5.96 wt% (CMC 1) to 22.23 wt%
(CMC 7) in the X- and Ku- band. The permittivity values of all the CMC samples are
reported in Table 4.3. It was evident that when the permittivity increases from sample
CMC 1 to CMC 7 in both the X- and Ku- band, indicates that the reflectivity of the CMC
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samples increases along with the increase in the MWCNTSs wt%. If the tan & increases,
then the absorption increases (Wang et al. 2019). It should be noted that the tan & is a low
value (< 0.01) for a lossless perfect dielectric material. For lossy materials, the tan &
should be greater than 0.1. Fig. 4.9 illustrates the CMC samples tan & values in the X-
and Ku-band frequency range. Table 4.3 reports the tan & values of all the CMC samples.
It was observed that the tan & values of all the CMC samples are greater than 0.1, and the
values increases as the MWCNTSs wt% increases and it is highest for sample CMC 7,
which means that the absorption of the CMC samples will increase as the MWCNTSs wt%
increases. The absorption of electromagnetic energy is due to the high dissipation factor
or Tan 6 and absorbed energy is converted into heat energy (Wang et al. 2019); (Cao et
al. 2018) (Shu et al. 2020).

A conductive network of MWCNTSs has been formed across the volume of the
CMC sample. This network of MWCNTSs is purely due to the high aspect ratio of
MWCNTSs, and the bond formation between the MWCNTSs and cotton fabric as shown in
Fig. 4.3. As the electromagnetic wave interacts with the conductive network of the
MWCNTSs, the conductive electron can hop over one network to another network as a
result, the absorption of the electromagnetic wave takes place in the CMC sample. As the
MWCNTs wt% increases in the CMC sample, a better network formation occurs across
the volume of the CMC sample and better EM absorption was observed in the CMC
sample (Cao et al. 2018). The synergy of tan & allows for precise tuning of EM
parameters, impedance matching, and optimizing EM efficiency. Especially, the
functional bandwidth is broadened (Shu et al. 2020). The tan & value will be high for
good EMI shielding materials so that the EM energy is converted into the form of heat
energy and this contributes to better attenuation of electromagnetic waves. The highest
tan & value of 3.27 is obtained for CMC 7 which is higher than the other epoxy
composites with MWCNT and Graphene fillers (shown in Table. 4.3).
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4.4.2 Reflection, transmission, and absorption properties

The reflection, transmission, and absorption behavior of the developed samples were
studied with the help of the S-parameters in the X- band (8-12 GHz) and Ku- band (12-18
GHz) using the PNA-x microwave measurement system (Fig. 3.6). Fig. 4.10(a)-(e) & Fig.
4.11(a)-(e) represents the S21 parameter, S11 parameter, transmission, reflection, and
absorption in X- and Ku- band for all CMC samples respectively. The S21 parameter
decreases from sample CMC 1 to CMC 7 and the S11 parameter increases from sample
CMC 1 to CMC 7 in both X- and Ku- band respectively. The average S21 and S11
parameter values of all the CMC samples are shown in Table. 4.3. The percentage
transmission and reflection were calculated with the help of the S21 and S11 parameters
by the following formula: % Transmission = 10" (-S21 parameter /10) x 100, %
Reflection = 10" (-S11 parameter /10) x 100, and absorption is calculated as %
Absorption = 100 - (% Transmission + % Reflection) (Gupta et al. 2016). It was found
that as the surface conductivity increases, the S21 parameter decreases, and the S11
parameter increases, i.e., less transmission of the wave and more reflection. The surface
reflectivity is found to be dependent on the percentage content of the MWCNTS in the
CMC sample. As the MWCNTs wt% rises from 5.96 wt% to 22.23 wt%, the reflection
increases from 2.34% to 52.9%, and the absorption increases from 28.53% to 47.05%,
while the transmission decreases from 69% to 0.04% for samples CMC 1 to CMC 7,
respectively. The change in the reflection was much higher compared with the change in
the absorption with an increase in MWCNTs wt% in the developed CMC samples. A
comparison of the properties measured at the microwave frequency range of the present
work with other works reported in the literature is summarized in Table. 4.3. It can be
seen that the thickness of the composite used in the literature for measuring the properties
at the microwave frequency range is higher compared to the present study. However, in
the present work, 0.04% transmission was observed for the CMC 7 sample of thickness
382um. The above transmission value is much superior than the reported work by
Mehdipour et al. 2012 in which they obtained 0.26% transmission for a 2 mm thickness

of MWCNT-epoxy resin composite.
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4.4.3 EMI shielding property

Shielding effectiveness due to reflection (SEr), shielding effectiveness due to absorption
(SEa), and shielding effectiveness due to multiple reflections (SEmr) are the three main
parameters that can be used to determine EMI shielding. The primary mechanism of EMI
shielding is generally a reflection of the electromagnetic wave incident on the shielding
material (Cao et al. 2010; Shukla 2019). The shielding material must have mobile charge
carriers (electrons or holes) that interfere with the electromagnetic wave in order to
reflect the EM waves (Shukla 2019; Yang et al. 2005). Absorption is a secondary
mechanism of EMI shielding, which can be described as the energy dissipation of
electromagnetic waves within the CMC sample. It happened due to the dissipation factor
or Tan & (Cao et al. 2010; Shukla 2019). The sum of shielding efficiency is calculated by
SEa, SERg, and SEmr. It is the total shielding effectiveness (SEt), which is represented as
SEtr = SEa + SEr + SEmr. Usually, multiple reflections are important only at low
frequency (i.e. ~kHz range). The SEmr can be safely ignored for highly absorbing
materials or at very high frequency (~GHz or high) or the shielding effectiveness by
absorption is greater than 10dB, i.e. SEmr ~0 (Shukla 2019; Saini and Aror 2012). So
SEr is specified as SEt = SEr + SEAa.

In a PNA, the total EMI SE can be calculated from the S-parameters using the
equations below, where S21, S12, and S11 refer to the forward transmission coefficient,
reverse transmission coefficient, and forward reflection coefficient, respectively (Sharika
et al. 2019).

1 1

EMI SE =10 log = 10 log (4.1)
SET=SEr + SEa (4.2)
SEr = 10 logo (— |;1|2) (4.3)
SEa = 10 loguo(*=14") (4.4)
R =511 |?= |52 |?

T =521 1= Is12 |° (4.5)
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EMI shielding effectiveness of CMC samples has been evaluated using the above
relations and shown in Fig. 4.12. The CMC 1 sample shows the least SE of -2.6 dB
(45%) because of MWCNTS poor interconnection and it is seen that improvement in EMI
shielding effectiveness (dB) of CMC samples increases when the MWCNTs wt%
increases. The sample CMC 7 shows a better SE of -19.7 dB (98.9%) in the X- and Ku-
band frequency range due to effective MWCNTS interconnectivity. The SE of CMC
samples increases with the increase in MWCNTSs wt% as shown in Fig. 4.13.

In this work, the cotton fabric is electrically insulating and does not contribute to
shielding. So, the conducting network of MWCNTs makes the cotton fabric electrically
conductive. The EMI shielding efficiency is due to both reflection and absorption. The
reflection mechanism in CMC samples is due to the conductive nature of the MWCNTSs
(Shukla 2019). The electrical conductivity of CMC 1 and CMC 2 is very less due to the
weak interconnection of MWCNTSs network. As a result, the above samples show less
reflection. As the MWCNTSs reaches 7.97 wt% for sample CMC 3 the electrical
conductivity drastically increases up to 1.445 S/m and the electrical conductivity value
increases rapidly from sample CMC 3 to CMC 7 due to the good interconnection of
MWCNTSs network. When the CMC sample is exposed to the microwave, conducting
nature of the MWCNTSs over the entire surface plays an important role to reflect the
electromagnetic waves. In CMC samples, the absorption mechanism is governed by the
dissipation factor or Tan & (Shukla 2019). Tan § value increases gradually from sample
CMC 1 to CMC 4. Whereas, from CMC 5 to CMC 7 the tan § value increases rapidly.
The rapid increase in tan & value indicates improved energy dissipation. Moreover in
samples, CMC 1 and CMC 2, low electrical conductivity and high tan ¢ value (absorption
property is dominated) result in EMI shielding. However, from sample CMC 3 to CMC 7
the shielding mechanism is due to high electrical conductivity and high tan § means both

reflection and absorption properties are dominated.
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Table 4.3: Comparison between microwave properties of carbon composites in the

literature and CMC samples of this work.

Sample Thic MW Permittivity values Scattering EMI Reflect Transmi Absorp Ref
name/type kness CNTs parameters SE ion % ssion%  tion %
(mm)  wt% Real Imagi Tan S11 S21 (dB)
(&) ary (¥ (dB) (dB)
(")
Micro graphite/
MWCNT 7 5 6 0.9 0.15 -16.2 -1.6 -17.6 2.39 69.18 28.43  (Micheli
composite etal.
2011)
NC/MWCNT/ 15 0.1 3.9 0.3 0.07 -26.8 -0.78 -10 0.208 83.56 16.23  (Stergiou
Epoxy 0.5 5.8 0.6 0.10 -20 -1.07 -14 1 78.16 20.84 etal.
composite 2015)
PVA/SDS/ 1 10 6.3 11 0.17 -15 -168  -14.8 3.16 67.92 28.92  (Salimbe
MWCNT ygi et al.
composite 2013)
Nanofibers
MWCNT/ 9.7 1 3.6 0.3 0.08 -25.9 -0.89 - 0.25 81.47 18.28  (Micheli
epoxy resin 3 41 0.2 0.048 -184 -1.21 - 1.44 75.68 22.88 etal.
composite 5 5.9 0.9 0.152  -16.3 -1.6 - 2.34 69.18 96.06 2010)
MWCNT/ 2 8 3.57 2.54 0.71 -3.56 -25.7 -18.8 44.0 0.26 55.74 (Mehdip
epoxy resin our et al.
composite 2012)
MWCNT/ 3.82 0.10 6.34 1.72 0.271 -29 -0.9 -2.1 0.12 81.2 18.68  (Umishit
polymer 3.75 0.22 9.60 3.53 0.367 -21.8 -1.6 -5.9 0.66 69.18 30.16 aetal.
composite 4.29 0.50 16.30 9.09 0.557 -15.1 -1.98  -16.7 3.09 63.38 33.53 2006)
CMC1 0.283 5.96 1.33 0.40 022 -16.29 -1.56 -3.9 2.34 69.69 28.53
CMC2 0.284 7.22 1.82 0.56 027 -11.27 -2.19 -5.1 7.45 60.28 3191
Present
CMC3 0.294 7.97 2.01 1.11 0.43 -6.95 -9.75 -10 19.98 10.59 33.84 Stu
dy
CMC4 0.300 11.7 2.41 1.23 0.47 -6.32 -11.1 -126 2332 7.75 36.91
CMC5 0.302 12.42 2.57 2.04 0.84 -5.31 -11.93  -141 2943 6.39 42.56
CMC6 0.335 15.79 2.58 4.37 1.81 -3.29 -31.48 -17 46.82 0.07 46.91
CMC7 0.382 22.23 6.22 11.27 3.27 -2.75 -43.82 -19.7 52.9 0.04 47.05
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4.5 Detection of CO gas by CMC sensors
Carbon nanotubes have a lot of reaction sites, so when carbon monoxide (CO) molecules
are adsorbed, they accept electrons from them (Bandi et al. 2018; Choi et al. 2011).
Generally, MWCNT acts as a p-type semiconducting material, which means it has a large
number of holes and less number of electrons. When CO and MWCNT interact, the
carbon monoxide donates electrons to the MWCNT. It ascribes a change in Fermi energy
level from the MWCNTs valence band with less hole concentration. Therefore, by
reducing the hole concentration, the resistance changes with adsorbed CO gas (Zhao et al.
2002; Jung et al. 2007). Adsorption of CO gas molecules increases with the increase of
CO concentration, causing a large change in resistance.

The sensor response (S) is calculated using the below equation (Bandi et al. 2018;

Debataraja et al. 2017).

Ra_Rg
Rq

S(%) = [ ] x 100 (4.6)

Where ‘Ra’ indicates the sensor electrical resistance in air and ‘Rg” indicates the electrical
resistance in target gas exposure. Fig. 4.14 presents the response of CMC 3 to CMC 7
sensors with the exposure of CO gas at varying concentrations from 25 to 100 ppm at
room temperature. In Fig. 4.14(a), sensor CMC 3 shows the lowest response of 2.8% for
25 ppm and 4.3% response for 100 ppm CO gas concentration, the response of the sensor
improves as CO concentrations increase from 25 to 100 ppm. Absorption of CO
molecules begins when the CO gas channel is switched ON indicating the responding
behavior of the CMC sensors. In addition, the desorption of CO molecules starts when
the CO channel is turned OFF indicating the recovery of the CMC sensors in the presence
of air. Compared to sensor CMC 3, the response is improved in sensor CMC 4 (Fig.
4.14(b)), and it shows more response of 5.4 % for 100 ppm. Whereas in Fig. 4.14(c) &
(d), the response of sensors CMC 5 and CMC 6 increases twice compared to sensors
CMC 3 & CMC 4 for 25 to 100 ppm concentration of CO gas.

CMC 7 sensor (Fig. 4.14(e)) shows a maximum response compared to all other
sensors. It is found that the maximum response of the CMC 7 sensor is 9.11% at 25 ppm
and 15.2% at 100 ppm concentration of CO gas respectively due to increased wt% and
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better interconnection between the MWCNTS. Throughout the entire volume of the
CMC 7 sensor, a sufficient amount of MWCNTSs are available which have joined together
to form a close network of MWCNTS as depicted in the FESEM image (Fig. 4.2(g)). It is
observed that the response of the sensors depends on the wt% of MWCNTS in the cotton
fabric. In the CMC sensor, a better network forms as the wt% of MWCNTS increases,
leading to a better response. As the MWCNTSs wt% rises from 7.97 wt% to 22.23 wt%
the response increases from 2.8% to 9.11% at 25 ppm of CO, whereas the response
increases from 4.3% to 15.2% at 100 ppm, for sensors CMC 3—-CMC 7, respectively. It is
also observed that the response increases with increasing the CO concentration from 25
to 100 ppm for all five CMC sensors.

During the recovery process, the sensor reacts immediately after the CO is switched
OFF in the presence of air. Sensor recovery is observed to be fast within two minutes
Then, recovery has become slow, and even if the sensors were to leave for a full day, they
would not be able to completely recover. CO gas molecules self-desorption has a direct
correlation with the concentration of CO gas molecules on MWCNTSs surfaces. The
desorption rate decreases with decreasing concentrations of absorbed analyte molecules,
which results in a slow change in the resistance of the sensor with time. In this study,
complete recovery is not observed for any fabricated CMC sensor. In comparison to all
other CMC sensors, sensor recovery for CMC 7 is improved, as shown in Fig. 4.14(e).
Nevertheless, it is also unable to completely recover. The CMC 7 sensor shows better
recovery than the other CMC sensors. This is most likely a densely packed and better
interconnected network of MWCNTSs in the cotton fabric.

Response and recovery time of all CMC sensors towards various concentrations of
CO are evaluated through their respective transient sensing curves, as shown in Fig.
4.15(a) & (b), respectively. It is noticed that CMC 6 sensor exhibited a quick response
(22-40.1 s) towards the different concentrations of CO gas compared to other sensors. In
addition, CMC 6 sensor has recovered its baseline resistance quickly (24.8-48.3 s) upon
unloading from 25 to 100 ppm concentration of CO gas compared to other sensors (Fig.
4.15).
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Figure. 4.15: (a) Response time of CMC sensors towards different concentration of CO,

and (b) Recovery time of CMC sensors towards different concentration of CO.

CNT-based sensors frequently exhibited a lengthy CO recovery time and a slow sensor
recovery has frequently been noted for several gases and vapors (Kauffman et al. 2008;
Li et al. 2003). To efficiently enhance molecular desorption, high vacuum procedure
(Wongwiriyapan et al. 2008), heating (Quang et al. 2006), and UV light illumination
(Chauhan et al. 2019) have already been tried. In the present work, all the fabricated
CMC sensors are capable of recovering without using high vacuum, heating, and UV
light illumination.

CMC samples not recovered completely to their baseline because when we used
low wt% of MWCNTS in the cotton fabric the gaseous molecules are free to move
beneath the cotton and MWCNTS and it traps there. Once the gas is turned off recovery is
happening only from the top surface of the MWCNTS, not from below the MWCNTSs and
the cotton fabric. As a result, the baseline recovery for the low wt% MWCNTSs sample is
difficult. However, in the case of the CMC 6 sample, it is observed that optimum porosity
is available and a very less amount of MWCNTSs molecules trap between the cotton fabric
and MWCNTSs, therefore, sensor CMC 6 recovers faster than other sensors.

The responses of all five fabricated sensors from 25 to 100 ppm of CO gas at

room temperature are compared in Fig. 4.16.
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Figure. 4.16: Response comparison of CMC sensors towards different concentrations of

carbon monoxide at room temperature.

The sensor CMC 3 showed less response for 25 to 100 ppm of CO gas. As the
concentration of CO increases from 25 to 100 ppm, the response of CMC sensors rises.
This change in response is due to increased charge transfer occurs between MWCNTS
and CO. The CMC 7 sensor showed a better response than all other CMC sensors. In the
present work, when the MWCNTSs dispersed solution wets the hydrophilic surface of the
cotton fabric, the cotton fabric can soak up the MWCNTS by capillary action. Moreover,
the van der Waals interaction enhances the bond between MWCNT and cotton fabric.
Due to the increased concentration of MWCNTSs in the CMC 7 sensor, more individual
MWCNTSs can be bound tightly along the cotton fabric morphology. Therefore, the CMC
7 sensor shows a better response than all other CMC sensors for varying the
concentration of CO gas.

According to Hannon et al., the CO sensor on a printed circuit board uses
SWCNT as a sensing element and has a response of less than 5% to 100 ppm CO gas
(Hannon et al. 2014). Compared with Hannon et al. (100 ppm), sensor CMC 7 in the
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present study shows two time better response as well at low CO concentrations (25 ppm).
Fig. 4.17 compares the response of fabricated CMC CO gas sensors with existing

literature based on the CO gas sensors.

SWCNTs Choi et al. (80 ppm)
SWCNTs Zhao et al. (500 ppm)

| Kim et al. (100 ppm)

rGO
rGO
SWCNTs

Present work

Liang et al. (1000 ppm)
Srivastav et al. (200 ppm)
Hannon et al. (100 ppm)
CMC 7 (25 ppm)
CMC 6 (25 ppm)
CMC 5 (25 ppm)

Present work
Present work

Present work CMC 4 (25 ppm)

Present work CMC 3 (25 ppm)
T

0 2 4 6 8 10 12
Response (%)

Figure. 4.17: Comparison of the present work and published research on carbon

monoxide sensor response.

It is found that the current biodegradable sensor has a better response compared to
reported literature based on SWCNT and reduced graphene oxide (rGO) sensors (Hannon
et al. 2014; Bandi et al. 2018; Choi et al. 2011) and (Liang et al. 2018; Kim et al. 2011;
Zhao et al. 2012). The better response of the CO sensors in this paper refers due to the
presence of a hydro carboxyl group of cellulose, homogeneous and dense structures of
coated MWCNT network over the cotton fabric.

Moreover, the quantity of MWCNTSs needed for the 2 cm x 0.5 cm sensor (sensor
CMC 5) was calculated to be 19 ug/ml. An amount of 15 mg silver paste is required for
contact electrode coatings. In this work, MWCNTSs and Ag paste market prices are ~80
and 15 USD per gram respectively and a 2 cm x 0.5 cm sensor material cost is calculated

to be about ~0.3 USD. This evidenced that cotton fabric-based sensors are much cheaper
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compared with silicon sensors that spend 90% of production costs on substrates and Au
contact electrodes (Abdellah et al. 2013). The cotton fabric sensor had a net weight of 22
mg. As well as enabling a simple fabrication process, the biodegradable sensors are cost-
effective, lightweight, fast-responsive, and have low detection limits. These sensors can

potentially be used in reaction and environmental monitoring systems.

4.6 Electrothermal heating behavior of CMC samples

The heating behavior of CMC samples are tested with respect to DC input voltages of 10,
20, 30, and 40 volts. A series of voltages were applied to the heaters, resulting in a linear
increase in the steady-state temperature with the applied voltage. Although the voltage
was applied, the temperature rise occurred very quickly, in addition, similar heating rates
and steady-state temperatures were noted. The heater takes about 40 seconds to achieve
steady-state temperature. In Fig. 4.18(a) sample CMC 7 reached a steady-state
temperature of 32°C at 10 V, which was enhanced to 80°C for 40V. However, maximum
heating rates were found in all CMC samples for 40V. It can be inferred from the results
that a higher steady-state temperature is achieved with lower resistance. The CMC
samples produce more heat from their entire surface due to the homogeneous distribution
of MWCNTSs within them. It is also possible that homogeneous temperature distribution
would result in faster heating rates (Baughman et al. 2002).

Charge carriers may have initially been moved faster in the system as a result of an
external electric potential. As electrons accelerate, they can collide inelastically with
phonons, impurities, and defects in MWCNT to release heat (Janas and Koziol 2014;
Jiang and Wang 2011). When the applied potentials are increased the MWCNT
experience a high scattering rate and as a result mean free path dramatically decreases,
which causes the temperature to rise at a faster rate (Rutherglen and Burke 2009). In
addition, the MWCNTSs are well-bonded into the cotton fabric, so when voltage is
applied, the current flows through the conductive layer uniformly, resulting in heat
production. As a result, MWCNT coated cotton fabric is an important factor to consider

in today's heating applications due to its better thermal and electrical conductivity.
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Fig. 4.18(b) compares the steady-state temperatures of CMC samples for various
applied voltages. The sample CMC 3 showed the least steady-state temperature for an
input voltage of 10-40V. As the input voltage is increased from 10V to 40V, the steady-
state temperature of the CMC samples also rises. The CMC 7 sample showed a better
electrothermal response than all other CMC samples. Here, a low applied voltage resulted
in a higher steady-state temperature and revealing that low voltage is sufficient for CMC
samples to achieve superior steady-state temperature (55-80°C). High thermal diffusivity
materials generally disperse heat more quickly. In CMC samples the uniform distribution
of MWCNTSs dispersed the heat uniformly throughout the surface of the sample, even
though cotton has poor thermal conductivity. The uniform distribution of MWCNTS in

the cotton fabric can help to improve electrothermal response.
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Figure. 4.18: (a) Heating behavior of CMC 7 samples using a thermocouple and DC
power supply (turn on and turn off), temperature as a function of time with varying
applying voltage, and (b) Steady-state temperature comparison of CMC samples for the

different applied voltage.

When voltage is applied to the CMC samples the heat radiate from the CMC sample
surface due to the MWCNTSs electrothermal behavior which is coated on the cotton
fabric. When 40V is applied to CMC 5 sample, the steady-state temperature reaches 70°C
and the CMC 5 sample shows two different heating rates as marked in Fig. 4.19(a). From
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point 1 to point 2 the heating rate is 0.8°C/sec is observed and from point 2 to point 3 the
heating rate is 0.21°C/sec. This phenomenon can be explained by the TGA graph shown
in Fig. 4.19(b). Fig. 4.19(b) shows the heating of the plain woven cotton fabric and CMC
5 sample. It is very much clear that plain woven cotton fabric releases the moisture
present in the fabric at a faster rate than the CMC 5 sample. This is purely due to heat
supplied to the CMC sample being first absorbed by the MWCNTSs only and then heat
transferred to the cotton fabric matrix. However, in the case of an electrothermal heating
process, MWCNTSs present on the surface of the CMC 5 sample get heated first from
point 1 to point 2 and show a faster heating rate of 0.8°C/sec (up to 64°C) depicted in
Fig. 4.19(a). After that, the surface MWCNTSs start transferring heat to the cotton fabric
matrix to remove the moisture present in the CMC 5 sample. This is the main reason for
observing a low heating rate (0.21°C/sec) from point 2 to point 3 as marked in Fig.
4.19(a).
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Figure. 4.19: (a) Heating behavior of CMC 5 sample at 40V, and (b) TGA graph of plain-
woven cotton fabric and MWCNTS coated cotton fabric (CMC 5 sample).

MWCNT coated fabric heaters were tested to determine their operating stability and
reliability over time using the heat cycle test. In Fig. 4.20, we show the temperature
response of the sample CMC 7 to a heat cycle at 30V (with an on/off ratio of 130

seconds). The maximum steady-state temperature, as well as better heating and cooling
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response, was retained throughout the test. The significant variation in temperature or
decrease in heating performance indicates the heaters (CMC) high stability. Furthermore,
the present MWCNT coated cotton fabric heaters show good electrical conductivity, are
lightweight, and exhibit excellent thermal stability, suggesting that they can be used as

wearable heating/electronic devices.
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Figure. 4.20: Temperature response of the wearable heater (CMC 7 sample) under a heat
cycle.
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CHAPTER S

CONCLUSIONS AND SCOPE OF FUTURE WORK

5.1 Conclusions

In the present work, based on the investigations carried out in terms of the fabrication of

CNTs coated cotton fabric and their properties of electromagnetic interference (EMI)

shielding, CO gas sensing, and electrothermal heating behavior, the following

conclusions have been drawn.

Here, cotton fabric with multi-walled carbon nanotube coating (CMC) samples
are successfully fabricated by a dip and dry process.

The developed coated material with a thickness in the range of hundreds of
micron has an excellent EMI shielding ability. The reflection, transmission,
absorption, and shielding effectiveness strongly depend on the MWCNTSs weight
percentage in the CMC sample.

The CMC sample provides potential applications for EMI shielding compared to
conventional materials including other variants of carbon materials like carbon
fibers, and exfoliated graphite. The developed CMC sample is cost-effective and
easy to process for mass production.

MWCNT-based CO sensors on cotton fabric were demonstrated and a good
response was observed within the tested range of 25-100 ppm. The density of the
multi-walled carbon nanotubes network in the cotton fabric depends on the
MWCNTSs concentration. The sensor with a high concentration of MWCNTS i.e.
CMC 7 showed a better response for each CO gas concentration compared to all
other CMC sensors.

The present sensors encompass operating at room temperature, are lightweight,
and can be fabricated at a low cost, making them suitable for biodegradable
applications. Specific characteristics, such as reasonable response and recovery
(without using high vacuum, heating, and UV light illumination) were attained

under room temperature. The cotton fabric-based gas sensor could be a key
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component in future smart textile applications.
The electrothermal response of CMC heaters was measured based on response
time and input voltage. As MWCNTs have excellent electrical and thermal
properties, they may be able to maintain their steady-state temperature at low
input power (temperature rise at low voltages).
The properties shown by MWCNTS coated cotton fabric is an attractive candidate

for low-cost wearable heaters because of their better electrothermal behavior.

5.2 Scope of future work

The research was intended to provide brief and helpful information about the
fabrication of nanomaterial coated cotton fabric and its applications. The result of
this study not only points out the advantages of polymers with carbon
nanomaterials to that of general polymers but also provides a future reference to
researchers to develop products out of natural polymers with carbon
nanomaterials. The future research that might be done following this study is to
test the production of nanomaterials coated polymer products.

The current cotton fabric with multi-walled carbon nanotube coating (CMC)
samples lifetime has not been tested, the future work includes the protection of the
coated MWCNTSs in order to examine the lifetime performance of CMC samples
for applications such as EMI shielding, gas sensing, and wearable heating.

Further study includes increasing the detection limit of CO gas while maintaining
the response of the sensors, as well as MWCNTs has to modify with other
nanomaterials such as SWCNTSs, graphene, and metal nanoparticles to improve
sensor performance.

Future studies will focus on the durability of the CO sensor. In addition, needed to
address several practical issues including the effects of humidity and other

interfering or similar analytes.
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