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I Preface]

Combining intrinsically conducting polymers with carbon nanotubes
(CNT) helps in creating composites with superior electrical and thermal
characteristics. These composites are capable of replacing metals and
semiconductors as they possess unique combination of electrical conductivity,
flexibility, stretchability, softness and bio-compatibility. Their potential
for use in various organic devices such as super capacitors, printable
conductors, optoelectronic devices, sensors, actuators, electrochemical
devices, electromagnetic interference shielding, field effect transistors,
LEDs, thermoelectrics etc. makes them excellent substitutes for present day

semiconductors.

However, many of these potential applications have not been fully
exploited because of various open—ended challenges. Composites meant for
use in organic devices require highly stable conductivity for the longevity of
the devices. CNT when incorporated at specific proportions, and with

special methods contributes quite positively to this end.

The increasing demand for energy and depleting fossil fuel reserves
has broadened the scope for research into alternative energy sources. A
unique and efficient method for harnessing energy is thermoelectric energy
conversion method. Here, heat is converted directly into electricity using a
class of materials known as thermoelectric materials. Though polymers have
low electrical conductivity and thermo power, their low thermal conductivity
favours use as a thermoelectric material. The thermally disconnected, but

electrically connected carrier pathways in CNT/Polymer composites can



satisfy the so-called “phonon-glass/electron-crystal” property required for

thermoelectric materials.

Strain sensing is commonly used for monitoring in engineering,
medicine, space or ocean research. Polymeric composites are ideal candidates
for the manufacture of strain sensors. Conducting elastomeric composites
containing CNT are widely used for this application. These CNT/Polymer
composites offer resistance change over a large strain range due to the low
Young’s modulus and higher elasticity. They are also capable of covering

surfaces with arbitrary curvatures.

Due to the high operating frequency and bandwidth of electronic
equipments electromagnetic interference (EMI) has attained the tag of an
‘environmental pollutant’, affecting other electronic devices as well as
living organisms. Among the EMI shielding materials, polymer composites
based on carbon nanotubes show great promise. High strength and stiffness,
extremely high aspect ratio, and good electrical conductivity of CNT make
it a filler of choice for shielding applications. A method for better dispersion,
orientation and connectivity of the CNT in polymer matrix is required to

enhance conductivity and EMI shielding.

This thesis presents a detailed study on the synthesis of functionalised
multiwalled carbon nanotube/polyaniline composites and their application
in electronic devices. The major areas focused include DC conductivity
retention at high temperature, thermoelectric, strain sensing and electromagnetic
interference shielding properties, thermogravimetric, dynamic mechanical

and tensile analysis in addition to structural and morphological studies.



The work is presented in seven chapters. A short summary for each

chapter is as follows

CHAPTER 1 gives a general introduction to CNTs, conducting polymers,
CNT based polymer composites, their synthesis procedures, conduction

mechanism, properties and applications.

CHAPTER?2 deals with the materials used and the experimental techniques

for characterization.

CHAPTER3 describes the synthesis of PANI and PANI/FMWCNT composites
through a series of interfacial polymerisation and the study of DC
conductivity and thermal stability of DC conductivity of doped PANI and
composites. The nanocomposite containing 12.9% CNT as well as PANI was
doped with various acids. The samples were characterized by SEM, TEM,
TGA and FTIR. High temperature DC conductivity stability studies through
cyclic and isothermal ageing is also presented. The role of dopants and
FMWCNTs in stabilising the DC conductivity of composites at elevated

temperature is also discussed.

In CHAPTER 4 the synthesis and characterisation of PANI/FMWCNT
composites by traditional in-situ (single phase) polymerization and dynamic
interfacial polymerisation methods are discussed. The composites were
characterized by SEM, TEM, XRD, TGA, FTIR, Raman and UV-Vis
spectroscopy. The effect polymerisation process on the thermoelectric

properties and DC conductivity retention at high temperature is studied.

CHAPTER 5 deals with the synthesis of FMWCNT-PANI based TPU
composites through solution casting method and its application to strain

sensing. The composites were prepared by solution casting method using



in-situ and ex-situ polymerised PANI-FMWCNT conductive filler. The
effect of PANI coating on the morphology, electrical resistivity and

resistivity — strain behaviour of these composites are investigated.

CHAPTER 6 FMWCNT/PANI/TPU composites were prepared by in-situ
polymerization of aniline in TPU solution in the presence of FMWCNTs,
assisted by sonication. The synthesis and characterisation of morphological,
thermal and mechanical properties of the composites by FESEM, TGA,
DMA and tensile analysis. The electrical and EMI shielding properties of
the prepared composites are presented as a function of FMWCNT content.

The homogeneous dispersion of NTs is confirmed by morphology studies.

CHAPTER 7 summarizes major conclusions of the research work.
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Chapter 1

INTRODUCTION
—

This chapter presents a brief introduction to carbon nanotubes, conducting
polymers, synthesis of CNT based TPU composites, their conducting
mechanisms, properties and potential applications. A literature survey on the
thermal stability of DC conductivity, thermoelectric properties, strain sensing
and EMI shielding properties of CNT based polymer composites are

presented. The scope and objectives of the work is also discussed.

1.1 Nano Science

The development of novel materials and methods heralds a new era of
innovations in science and technology. Structures created in nanoscale
possess fascinating properties with vast potential for use in a wide spectrum
of applications. Richard Feynman, the great physicist who in 1959, envisioned
potential of manipulation and control of individual atoms and molecules is
considered the father of nanotechnology. Another scientist Norio Taniguchi
coined the term Nanotechnology a decade later. The development of the
Scanning Tunneling Microscope in 1981 was a major landmark in the
development of this science. The scientific community has witnessed

significant progress ever since.
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Chapter 1

Nanoscience and Nanotechnology deals with the study of particle
sized structures in the scale 1 to 100 nanometers, which find application in
almost all branches of science. At this size range, the properties of the
particles are governed by the ‘quantum’ effect. A relevant example is the
nanoscale gold particle, which exhibits a fascinating display of red or purple
color, instead of the natural yellow. This effect is attributed to the restricted
movement of gold’s electrons at nanoscale. As the dimension of a material
system reduces to nanometer scale, unique physical and chemical characteristics
arise. Nano-materials have been mass fabricated by novel synthetic approaches,
and have attracted a great deal of interest from scientists and engineers.
Carbon, in its diverse forms of compounds and allotropes, also forms one of

the most extensively researched nano materials.

1.2 Carbon nanotubes

The Buckminster fullerene Cg, discovered in 1985, with 60 equivalent
carbon atoms, is an unusual molecule with the highest symmetry (1). In 1991,
S. Iijima discovered a tubular form of fullerene, capped at each end and
connected by a straight segment of tube (2). These are called carbon
nanotubes because the structure is only about a few nanometers wide and
are considered to be a rolled-up graphene sheet that forms long concentric
cylinders. The length of the nanotubes is significantly greater than the
width, creating a large aspect ratio. Bonding in CNTs is essentially sp?; the
circular curvature causes ¢ bonds to be slightly out of plane, the © orbital is

more delocalized outside the tube (2).

There are two main types of CNTs: Single walled carbon nanotubes

(SWCNTs) which consist of a single, seamless, rolled up cylinder of a

( Department of Polymer Science and Rubber Technology , CUSAT



Introduction

graphene sheet. These are defined by their diameter and their chirality
(Fig. 1.1). The diameter of SWCNTs varies from 0.5 to 5 nm. Multiwalled
carbon nanotubes (MWCNTs) are a group of concentric SWNTs (Fig.1.1)
often capped at both ends, with diameters in the range from several
nanometers up to 200 nm. The intertube spacing in MWCNT is roughly
equal to the Vander Waals graphite interplane distance, 0.34 nm (3,4).

SWCNT MWCNT

Fig. 1.1: SWCNTs and MWCNTSs formed by rolling up a graphene sheet (5)

1.2.1 Structure

The structure of carbon nanotubes is described in terms of the tube
chirality, which is defined by the chiral vector Ch and the chiral angle ©.
The chiral vector indicates the manner in which graphene is rolled-up to

form a nanotube. The tube chirality is described by the chiral vector as

Ch

Il
=3
Rod
+
=
o
[\S}
i
p—
—_
N

|®cvefopmcnt of functionalised multiwalled carbon nanotube/polyaniline composites for electrical applications \) JRRIN



Chapter 1

where the integers (n, m) indicate the number of steps along the zigzag carbon
bonds of the hexagonal lattice and na; and ma, are unit vectors (Fig.1.2) (5,6).
Accordingly, three types of orientation of the carbon atoms around the
nanotube circumference are specified. If n = m, the nanotubes are called
““armchair” and if m = 0, the nanotubes are called ‘‘zigzag”. Otherwise, they
are called ““‘chiral” (Fig. 1.2). When n-m is a multiple of 3, the tube is chiral
and metallic; otherwise, the tube is a semiconductor (6). The chirality of the
carbon nanotubes has a huge impact on their properties, especially the

electronic ones.

Each MWCNT contains a multi-layer of graphene, and each layer can
have different chiralities, so the prediction of its physical properties is more

complicated than that of SWCNT.

S~ (m,n) armchair armchair

Fig. 1.2: A sheet of graphene rolled to show formation of zigzag (n, 0), armchair
(m, m), and chiral (n, m) CNTs (5)

The electron transport property of the MWCNTSs is more complicated

than SWCNTs. Each of its carbon shells can be metallic or semi conductive,

depending on the chirality of the shell. At room temperature, the outer two

( Department of Polymer Science and Rubber Technology , CUSAT



Introduction

shells will interact with each other and contribute to the conductance (7).
Experimentally, both metallic and semi conductive behaviour has been
observed for the MWNTs. Tubes with more complex conduction behaviour

have also been observed (8).

1.2.2 Synthesis

Carbon nanotubes are required in large quantities in laboratories and
industry. CNTs can be produced by a variety of processes which can
broadly be divided into two categories (1) high temperature evaporation
using arc-discharge (8-12) or laser ablation (13,14,) and (2) various
chemical vapour deposition (CVD) or catalytic growth processes (15-17).
In electric arc method, direct current arc plasma between two graphitic
electrodes in an inert atmosphere is generated. This creates a high temperature
discharge between the two electrodes. The anode gets consumed and
MWCNT deposits are formed on the cathode. Arc-discharge produces
MWNTs that are almost perfectly straight and contain very few defects.
Addition of a suitable catalyst such as Ni-Co, Co-Y or Ni-Y leads to the
formation of SWCNT bundles on the walls of the reaction chamber (18).
The yield and properties of the nanotubes depend on factors like the metal
concentration, inert gas pressure, type of gas, the current and system
geometry. In laser ablation process, a pulsed or continuous laser is used to
vaporise a graphite target in an oven at 1200°C. The oven is filled with an
inert gas like He or Ar. Though this method can produce MWCNTs, it is
most often used for the production of high quality SWCNTs with minimum
defects at yields higher than 70%. The graphite target contains a 1-2%
metal catalyst (19).
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For commercial purpose, CNT is synthesized by the CVD technique.
CVD method is suitable for CNTs in composites, as large quantities at low
cost and requiring no further purification can be obtained by this method.
There are various CVD processes, but basically they all involve a two-step
process which thermally decompose hydrocarbon gases and use metal catalyst
particles (Fe,Ni,Co) to grow the nanotubes (20-22). MWNTs are mainly
obtained by this method, with high purity but with limited control over
structure and diameter. Generally, the experiment is carried out in a flow
furnace at atmospheric pressure. The catalyst is placed in a ceramic boat which
is then put into a quartz tube. Ivanov et al. (23) utilized a reaction mixture
consisting of acetylene and argon which is passed over the catalyst bed kept at
temperatures ranging from 500 to 1100°C. Long nanotubes with diameters
ranging from 0.6 - 4 nm for SWNTs and 10 - 200 nm for MWNTs can be
produced.

1.2.3 Properties of CNTs

The large aspect ratio, nanometer size, the helical structure, sp2
carbon—carbon bonds and the topology of carbon nanotubes give them
excellent mechanical, thermal and electrical properties. These properties
have made them a potential candidate for high-tech applications such as in
field effect transistor, electron field emitters, probe tips for scanning
tunneling microscopy, hydrogen storage, nano tweezers, fuel cells, sensors,

EMI shielding, nano-transistors (24-32).

The spzbonding between carbon atoms confers outstanding mechanical
properties on CNTs. The experimental and theoretical investigations

show extraordinary mechanical properties of individual MWCNTSs and
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SWCNTs with Young’s modulus being over 1TPa and a tensile strength of
10 - 200 GPa (33-35). CNTs have been described as being several hundred

times stronger than steel and only one-sixth as heavy.

The superior electrical properties of CNTs are due to their unique
electronic structure and one dimensional characteristic (36). Structural
defects as well as bends or twists are again thought to have a strong effect
on the transport properties (37). Theoretical studies of the electronic
properties of SWCNTSs suggested that nanotube shells can be either metallic
or semiconducting depending on their helicity (3). Since MWCNTs have
multiple-shell structure, confinement effects disappear, and the transport
properties approach that of turbostratic graphite (38). Tans et al. (39) carried
out the first experimental transport measurement of individual SWCNTs and
showed that there are metallic and semiconducting SWCNTs, verifying the
theoretical predictions. The room temperature conductivity was about 10° to
10° S/m for the metallic nanotubes and about 10 S/m for semiconducting
tubes. Depending on the helicities of the outermost shells and the presence
of defects, conductivity of individual MWCNTs have been reported to
range between 20 and 2 x 10’ S/m (40). The thermal conductivity in the
axial direction of individual, perfect CNTs is reported to be as high as

3000 W/m/K (41), but have very small values in the radial direction.

The characteristics mentioned above make CNTs a promising filler for
the fabrication of new, advanced composite systems. Notable similarities
between the conductivity behaviour of nanotube networks and conducting
polymers have been pointed out by Kaiser et al. (42). In this regard, composites

of m conjugated polymer and CNTs are of importance as conjugated groups of
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polymers would interact strongly with the planar graphitic structure of carbon
nanotubes (43-45). The excellent properties of these two materials combined,

has the potential for the development of still newer materials and devices.

1.2.4 Functionalisation of CNTs

Theoretically, the integration of conducting polymers and CNT produce
promising materials. But the superiority of the product is determined by the
uniform dispersion of CNTs in the polymer matrix. This step is usually
difficult to achieve given the poor dispersibility and insolubility of CNTs
(46). Consequently, the resulting composites are of inferior quality and do
not exhibit desired properties. To aid the formation of composites with
improved quality, different approaches to disperse the CNTs have been
reported, which includes chemical functionalisation of the nanotubes and the
noncovalent adhesion of surfactant molecules (47,48). Chemical modification
of CNTs ensures good dispersion of nanotubes in a medium, and enhances the
interaction between the two (47). But chemical functionalisation involves
harsh chemical treatments in strong acids such as sulfuric acid and nitric acid
which induces defects and shortens the tubes resulting in degradation of their
electronic and conducting properties (49). However, for CNTs physically
dispersed in conducting polymer matrices, the interaction may not be
strong enough for the ultimate transfer of CNT properties. The covalent
links between CNTs and polymer matrix can be utilized provided the
functionalisation of CNTs is carried out under mild reaction conditions.
Baek et al. (50) reported functionalisation of MWGNT with 4-amino
benzoic acid via ‘‘direct’” Friedel- Crafts acylation in a mild polyphosphoric

acid (PPA)/phosphorous pentoxide (P,Os) medium. The reaction condition
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in this approach resulted in less destructive chemical modification and the
functionalised MWCNT significantly enhanced the electrical conductivity of
the resultant composite (51). This kind of covalent grafting of the nanotubes

improved nanotube dispersion and creates microscopic interlinking sites.

1.3 Intrinsically Conducting Polymers

Alan J. Heeger, Alan G. MacDiarmid and H. Shirakava discovered in
1977, that a type of conjugated polymer called ‘Polyacetylene’ could
become electrically conductive after undergoing a structural modification
process called doping (52). The impact of this discovery was so profound
that it won them the Nobel Prize in 2000. The alternating single and double
bonds in the polymer chain enabled the electrons to de-localize throughout
the whole system and thus many atoms may share them (53,54). This
discovery revealed previously unexploited properties in polymers resulting
in a new research field namely intrinsically conducting polymers (ICPs).
These ICPs combine the typical properties of organic polymers such as low
density, environmental stability, resistance to corrosion and low cost of
synthesis with the conductivity of metals. They are called “intrinsically
conducting polymers” to distinguish them from others which acquire
conductivity when loaded with conducting particles such carbon black,

metal flakes or graphite.

Today we have a variety of polymers which exhibit electrical
conductivity and are often called “organic semiconductors” or “synthetic
metals”. The structures of a few of these ICPs such as Polyacetylene,
Polythiophene, Polypyrrole, Polyparaphenylene, Poly(phenylene vinylene),
poly(3,4-ethylenedioxythiophene) and Polyaniline are given in figurel.3.
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Fig. 1.3: Example of some conducting polymers
(a) trans-polyacetylene, (b) polythiophene, (c) Polypyrrole,
(d) poly(phenylene), (¢) poly(para-phenylenevinylene),
(f) poly(3,4-ethylenedioxythiophene) and (g) polyaniline

These ICPs are expected to find application in a variety of areas such
as lighting and displays, sensors, thermoelectrics, solar cells, EMI shielding,
antistatic coatings, separation membranes, lightweight batteries (55-63)
etc. Due to their advantages such as easy tailoring of conductivity along
with low cost, light weight, easy processability, high flexibility and large
surface area, they have started to replace inorganic semiconductors and
revolutionise the electronics industry. The extended m-electron systems in
ICPs are highly susceptible to chemical or electrochemical oxidation or

reduction. Hence the electrical properties of such polymers can be altered by
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carefully controlling the process of oxidation and reduction (64). Since these
reactions are often reversible, it is possible to systematically control the
afore-mentioned property with precision, changing from a highly conducting

state, through semiconducting, to an insulating state (64, 65).

1.3.1 Doping

In most of the cases, these ICPs are poor semiconductors in their
neutral state and they become conducting only after introduction of electron
acceptors/donors by a process known as ‘doping’. Doping increases the
conductivity by adding mobile charges and delocalizing the electrons along
the polymer backbone (54, 66). Dopants interact with the polymer chain
by oxidizing or reducing them and do not participate in the charge
transport mechanism directly. The doping of conducting polymers
involves (1) charge transfer by oxidation (p-type doping) or by reduction
(n-type doping), (2) the associated insertion of a counter ion for the overall
neutrality, and (3) the simultaneous control of chemical potential (67, 68).
When doping is done through oxidation or reduction, the polymer becomes
p-doped or n-doped. By oxidation, an electron is removed and the polymer
becomes positively charged, which is stabilized locally by an anion. Those
charges then migrate in the polymer film creating electrical current. This
type of doping is preferred to reductive doping, because the n-doped
polymer becomes very unstable when exposed to ambient atmosphere. It
will oxidize spontaneously and revert to the neutral state (69). Conjugated
polymers canalso be doped by protonic acid doping. This is called non
redox doping sincethe number of electrons associated with the conducting

polymer chain does not change during doping process. But the energy
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levels are rearranged. Polyaniline (PANI) is an example of the doping of an

ICP to highly conducting regime by this process (70).

Charge carriers in ICPs can be formed during doping by redox reaction
or protonation. The local distortion of the conducting polymer structure,
followed by removal of an electron generates a radical cation. Such a radical
cation which is partially delocalized over some polymer segments is called a
polaron (65). It is named so as it stabilizes itself by polarizing the medium
around it. When a second electron is removed from the system, it may come
from either a different segment of the polymer chain creating another
polaron, or from the first polaron to generate a dication which is referred to
as a bipolaron. For trans-Polyacetylene, two equivalent resonance forms
exist, (i.e., degenerate ground state) that differ from each other by the
position of carbon—carbon single and double bonds. Consequently, when a
bipolaron structure is generated, they can readily separate and is known as a
soliton (65, 71). Solitons are not formed in conjugated polymers with non-
degenerate ground states, such as in polypyrrole, polythiophene and polyaniline
(72). Figure 1.4 gives an example of polaron and bipolaron structure for PANI.
With the increase in doping level, the population of polarons, bipolarons,
and/or solitons increases. At high doping levels, (foreg. 50% in PANI) the
individual bipolaron states coalesce to form bipolaron bands. Application of
an external electric field makes both polaron and bipolaron mobile via the
rearrangement of conjugation and thus gives rise to high conductivity in ICPs.
At still higher doping level, two bipolaron bands would gradually broaden
producing metal like conductivity (72).
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Fig. 1.4: PANI repeating units for (a) polaron form and (b) bipolaron form.

1.3.2 Conduction mechanism in ICPs

The nature of the charge transport mechanism in ICPs is still a matter
of debate. Nevertheless, the transport mechanism of the charge-carriers
along the polymer backbone chain is described by the Band model as in the
case of metals and semiconductors. As discussed, the doping induced
changes in electronic structure namely polarons, bipolarons and solitons are
responsible for conduction in a single chain molecule of ICPs. But Band
theory does not explain accurately the electronic conduction in polymers.
Here the atoms are covalently bonded to one another forming polymeric
chains that experience weak intermolecular interactions. Thus, macroscopic
electronic conduction will require electron movement not only along the
chains but also from one chain to another (73). Moreover, most of the ICPs
are partially crystalline and partially disordered. Hence polymer matrix

consisting of crystalline regions is considered as metallic grains embedded
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in a poorly conducting amorphous region (74). The n bonding orbitals and
quantum mechanical wave function overlap are responsible for the charge
transport in ICPs. But due to inadequacy of n-bonding overlapping between
the molecules of disordered organic semiconductors, the concept of quantum
mechanical tunneling is appropriate to explain the charge transport in these
polymers (75). The conduction between different polymer chains (charge
carriers) is generally referred to as “hopping transport”. The name is
attributed to its quantum mechanical tunneling nature and reliance on the
probability function (76). In hopping conduction, the localized states play a
major role rather than delocalized bands. The conduction in conducting
polymers can be described as the hopping of charge carriers, such as polaron,
bipolaron and soliton. Assuming that the electron hopping was dependent on
the initial and final energy states between which hopping occurred, a Variable
Range Hopping (VRH) model was proposed by Mott and coworkers (77, 78).
VRH model predicts that the conductivity can be expressed by

0.1
0 = ooexp(— (7))

24 9 |3 ro N (Ep)
- =2 |2 2 A 2
where To T 0o 4\/2 mesy, J

n is the dimensionality of the material, ry is the localization length, k is the
Boltzmann constant, v, is the phonon vibration frequency, e is the electron
charge, N(Ey) is the density of states at the Fermi level, and T is the
temperature. This model has been widely used to study conductivity/

temperature correlations in conducting polymers.
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Thus, electrical conduction in ICPs is due to the collective effects of

intra-chain hopping, inter-chain hopping, and tunneling of charge carriers.

1.3.3 Polyaniline

Among all conducting polymers, Polyaniline (PANI) is unique due
to its ease of synthesis, non-redox doping, high environmental stability and
wide application. PANI was known since 1862, but it rose to prominence
recently owing to its high electrical conductivity on treatment with
protonic acids. As of now, it is the most investigated conducting polymer

(79).

The general formula for the polyaniline is

The structures of each repeating unit of PANI tetramer contain benzenoid

diamine and or quinoid diimine segments which are present based on the
extent of reduction or oxidation. The diversity in physiochemical properties
of PANI is traced to the -NH- group. The difference in the composition of
amine and imine segments of PANI generates several oxidation states of this
material ranging from completely reduced leucoemeraldine to completely
oxidized pernigraniline states (79,80). The different forms of PANI can be
readily converted to one another by simple redox methods. Out of several
possible oxidation states, the 50 % oxidized emeraldine salt (ES) state

shows electrical conductivity.
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Depending on the neutral intrinsic redox states, PANI is classified as (81).

1) Pernigraniline (y = 0), which is the fully oxidized state with

blue/violet color.

2) Nigraniline (y = 0.75), which is the 75% intrinsically oxidized

with blue/violet color.

3) Leucoemeraldine (y = 1), which is the fully reduced state having

white/clear & colorless appearance.

4) Emeraldine (y = 0.5), which is the 50% intrinsically oxidized.

Emeraldine exist in two forms which are emeraldine base (EB) and
emeraldine salt (ES). Among these, the EB is the basic form of PANI which
consists of four-ring tetramer structure having two segments of amine and
two of imine, and is non-conductive. The dopants can be doped into PANI
or de-doped from it reversibly due to their non-redox and physical
interaction. The conductive emeraldine salt is produced by the electrostatic
attraction between the anions of incorporated dopants and the nitrogen on
the backbone of polyaniline (Fig.1.5) (82). Hence the most common route
for the synthesis of PANI involves the use of acids in the presence
of oxidizing agent such as ammonium persulfate (APS) in which the
polymerisation and doping occurs concurrently and may be carried out either

electrochemically or chemically (83).

1.3.4 Protonic acid doping in Polyaniline

EB form of PANI can be doped with strong protonic acid to give the
highly conducting ES form without changing the total number of electrons

associated with it (Fig.1.5) (84).

( Department of Polymer Science and Rubber Technology , CUSAT



Introduction

Doping

[oRogoWey S oFe

> +Z-T

H
I
IoWGH
N
1 n
H
Fig. 1.5: Emeraldine base (insulating form) Emeraldine salt (conducting form)

Protonation of PANI is accompanied by changes in electronic structure,
crystallinity, solubility and the most important one is the increase of
electrical conductivity over several orders of magnitude (85,86). Inorganic
mineral acids such as HCI, H,SOy,, etc. are the most frequently used dopants
but the doped PANI in most of the cases, is completely insoluble. An
important aspect of the protonic acid doping is that upon doping, only the
proton is chemically bonded to polymer chain, the anion stays connected to
positively charged PANI chain through electrostatic interaction (85). This
property of acid doping results in several types of functionalised dopants
which impart additional properties to the electrical characteristics of PANI.
The dopant anions such as chloride, sulphate, toluene sulphonate, naphthalene

sulphonate etc. greatly influence the electrical properties of PANI.

1.4 MWCNT-Polymer composites

To enhance both the electrical performance of conducting polymers
and CNTs, one method is to develop carbon nanotube/ICP composites. The
combination of CNT with conducting polymer especially PANI, offers new
electronic properties based on the morphological tuning and the electronic
interaction between the two (44). CNTs have been reported to improve the
electrical properties of insulating polymer matrices, besides enhancing their
thermal and mechanical properties. The high surface energies on CNTs due

to their nanometer size and high aspect ratio tend to their bundling in
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polymer matrix (3). To achieve homogeneous dispersion, de-bundling is
essential. Uniformly distributed three dimensional network is required for
achieving high electrical conductivity and improved mechanical properties
for composites. Introduction of PANI coated CNT into polymer matrix can

be an alternative for this problem.

1.4.1 MWCNT-Polyaniline composites

As a conducting polymer PANI has many advantages and its DC
conductivity has been recorded at more than 1000S/cm (86). In spite of
these desirable properties, certain deficiencies in its inherent characteristics
are reported. It has poor thermal stability, lacks consistency in conductivity
and has low mechanical strength which will all hinder the longevity of
electronic devices (87, 88). As discussed in section 1.2.3, an easy and
effective solution lies in the addition of CNTs to PANI, which results in

synergism in the electrical property.

The properties of CNT/PANI composites depend on the uniform
dispersion of carbon nanotube in the polymer matrix. For the synthesis
of CNT-PANI composites, the important approaches are (1) in-situ
polymerisation, involving synthesis of PANI in the presence of CNTs (89,
90) and (2) chemical interaction or grafting of polymer chains onto the
surface of CNTs by covalent bonding (91). Studies have shown that in-situ
polymerisation is the most favored method for synthesizing homogeneous
and high performing CNT-PANI composites. In this method, nanocomposite
is synthesized by dispersing the nanotubes in the monomer or monomer
solution and the resulting suspension is polymerised by standard polymerisation

methods. Enhanced electrical properties were reported for the composites
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synthesised by in-situ chemical oxidative polymerisation of aniline in the
presence of CNT (92-94). According to the authors, effective site-selective
interactions between the quinoid ring of PANI and MWNTs facilitated
charge-transfer processes between the two components and improved
conductivity was observed. In such composites, CNTs could improve the
polymer properties by (i) inducing additional structural ordering of the
polymer (ii) improve the compactness and conjugation or chain length (iii)
higher delocalization of charges and charge carrier mobility (iii) thermal
stability (94). The results of in-situ methods (95, 96) indicated that the
polymerisation of aniline initiated on the CNT walls, resulting in polymer
coated CNTs. Az interaction between the CNTs and the PANI is proposed
by them. Gao et al. (97) synthesised nanocomposites of benzene sulfonic acid
functionalised multi-walled carbon nanotubes doped polyaniline via a low-
temperature in-situ polymerisation method. The benzene sulfonic acid
functionality helped to disperse CNTs homogeneously in the reaction medium
and the monomers were adsorbed on the surface of CNTs. This was achieved
due to the hydrogen bonding between the functionalised groups and the
amino groups of monomer. Many methods prevail, of which the preparation

method via interfacial polymerisation demands more attention.

1.4.1.1 Interfacial polymerisation

It is well-known that polyaniline synthesised through different
polymerisation process shows varied morphology, crystallinity and electrical
conductivity. For the synthesis of PANI/CNT nanocomposites with good
conducting properties, a method leading to formation of a thin, well-aligned

and highly ordered polymer chain on nanotubes is desirable. Interfacial
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polymerisation of aniline in presence of carbon nanotubes at an aqueous-
organic interface is reported to be the most efficient method for meeting the
above requirement (96-99). Salvatierra et al. (96) report of CNT/PANI
nanocomposites obtained through interfacial polymerisation. The results
indicated that the polymerisation of aniline started at the carbon nanotube
walls, which resulted in a final material in which the CNTs capped by a
fibrous polymer shell. With 25% CNTs, DC conductivity of 9.5 Sem™ was
achieved. On the basis of several characterization techniques, they provided
a model for the carbon nanotube/polyaniline interactions. Jeon et al. (98)
polymerised aniline through an in-situstatic interfacial polymerisation to yield
the mixture of PANI and PANI-FMCWNT composites. From the cyclic
voltammetry and conductivity measurements, they reported that PANI-
FMWCNT displayed significantly improved conductivity and capacitance
over PANI homopolymer. When the same group (99) attempted a simple
suspension polymerisation, better yield resulted but conductivity declined

compared with that from static interfacial polymerisation.

These CNT based polymer composites are useful for developing new
applications in electronic and semi-conductor devices, as the substitute of
semiconducting polymer or inorganic semiconductor. PANI-MWNT composites,
having synergic effect on conducting property are used in many applications
like organic light-emitting diodes, energy storage devices, thermoelectrics,

sensitive materials for photovoltaic devices, EMI shielding, sensors, etc.

1.4.1.2 Thermal stability of conductivity

Thermal stability of conductivity of conducting nanocomposites is

important. This is because they are exposed to high temperatures during
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their fabrication process and once incorporated into functional devices they are
required to withstand extremes of climatic conditions such as high temperature
and strong sunlight. So, to enhance the thermal stability of conductivity and
thereby improve the life span of devices, a detailed analysis of thermal ageing

of conductivity is required.

Previous reports on improved thermal stability of polyaniline composites
are abundant. But studies on the effect of high temperature on stability of
electronic transportation of polyaniline and its composites are few. Wang and
Rubner (100) synthesised polyaniline doped with hydrochloric acid, sulphuric
acid, methane sulfonic acid and p-toluene sulphonic and their conductivity
stability was examined at different elevated temperatures under different
environments. According to them, the conductivities of all doped polymers
decayed at varying temperatures, with loss in conductivity most pronounced
at or higher than 150°C. Prokes et al. (101) studied the effect of addition of
inorganic salts to PANI sulphate and found that it showed improved stability
of the electrical properties at high temperatures. This research group has
done several studies on the conductivity ageing of polyaniline at elevated
temperatures and suggested the reason for conductivity degradation to
deprotonation, oxidation and cross linking reactions among PANI molecules
(102,103). Rannou et al. (104) suggested that the decrease in the conductivity
of doped PANI appears as a result of three major degradation processes
namely dedoping, oxidation/hydrolysis/ scission of the chains and cross
linking. In the model put forward they proposed that the effect of ageing is
to increase the width of insulating barriers between highly conducting
islands, the latter being progressively nibbled by a diffusive oxidation

process.
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Regarding CNT-based PANI composites, Ansari et al. (105) synthesised
DBSA doped PANI/MWCNT nanocomposite and studied the stability of
the nanocomposites in terms of DC electrical conductivity retention.
According to them, MWCNT/PANI nanocomposites showed better
structural and thermal stability of DC conductivity than pure PANI. They
suggested that these composites could replace PANI in various electrical
and electronic applications. In another study, Cabezas et al. (106) investigated
the effect of carbon nanotubes on thermal ageing and electrical conductivity
of composite films containing MWCNT/ PANI nanofibres. They reported
that when subjected to thermal treatment, the presence of nanotubes retarded
the loss of dopants from polyaniline and enhanced the thermal stability in
electrical conductivity of the composite thin films. Also there was an increase
in temperature for conductivity degradation and a significant reduction in the

rate of degradation of conductivity of the composite thin films.

These studies on conductivity degradation of PANI and its composites
on thermal treatment, show that retention of DC conductivity at elevated

temperature opens a field for further research.

1.4.1.3 Thermoelectric properties

Thermoelectric energy conversion has received great attention as heat
is directly converted to electricity in these systems using a class of materials
called thermoelectric materials (Fig.1.6). This type of energy conversion can
be widely used as a special power source and as a novel energy harvesting
system as in waste heat recovery and high efficiency solar energy conversion
(107). The fundamental problem in creating efficient thermoelectric (TE)

materials is that they must be very good at conducting electricity while keeping
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thermal conductivity to the minimum. In most materials, increase in electrical
conductivity is generally accompanied by an increase in thermal conductivity
too. Hence, the main focus of the research on TE materials is to improve
electrical conductivity while keeping thermal conductivity low. A measure
of thermoelectric efficiency (Z) is often described as Z = S%o/k, where S, o,
and k, respectively, are Seebeck coefficient, electrical conductivity, and
thermal conductivity (108). The Seebeck coefficient is defined as the
voltage generated per degree of temperature difference between two points
(S = —AV/AT). In general, high Seebeck coefficient and electrical conductivity
and low thermal conductivity result in high performance of thermoelectric
materials. But in typical thermoelectric materials, strong correlations between

these parameters make Z improvement extremely difficult.
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Fig. 1.6: Principle configuration of single TE couple for power generation

Usually research in thermoelectric materials is concentrated on inorganic
semiconductors such as PbTe, Bi,Te; etc. But their poor processability, high
cost, toxicity and high density act as barriers in their commercial use (109).

In this situation we need materials that are light weight, economical, easily
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processable and having good thermoelectric property. Recently, ICPs have
gained a special status owing to their wide range of applications. Though
ICPs have low electrical conductivity and Seebeck coefficient as compared to
the state-of-the-art inorganic thermoelectric materials, their low thermal
conductivity can be considered an advantage for thermoelectric applications
(110-113). Polyaniline (PANI) has gained special importance among
conducting polymers due to its good processability, environmental stability,
economic feasibility and tunable electrical properties. Furthermore its
properties can be improved by selecting the method of polymerisation, and
by the dopants and fillers used. CNTs with their excellent intrinsic electrical
properties and structural characteristics have been used in the fabrication of
many advanced functional materials. There are reports of enhanced
thermoelectric properties of CNT filled polymer composites which maintain
low thermal conductivity (114-116). This extraordinary behaviour is ascribed to
thermally disconnected, but electrically connected energy carrier pathways.
Meng et al. (114) synthesized PANI/MWCNT nanocomposites by a two-
step process using thick CNT networks as a nanocomposite template. They
obtained PANI/MWCNT composites with remarkably enhanced Seebeck
coefficient and Power factor with relatively low thermal conductivities. They
attributed this to the size-dependent energy-filtering effect caused by the
nanostructured PANI coating layer enwrapping the CNTs. Similarly Yao et al.
(115) reported that incorporation of SWCNTs into polyaniline resulted in
dramatic improvement in both electrical conductivity and Seebeck coefficient.
At the same time thermal conductivity of the composites, even with high
SWNT content showed low values thereby satisfying the so-called “phonon-

glass/electron-crystal” property required for thermoelectric materials. These
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studies revealed that the preparation of PANI/MWCNT composites can be
an effective way of producing relatively low density, economical and efficient
TE materials. But, these research works, lack the information regarding the
effect of polymerisation process on the morphology, crystallinity and
thermoelectric properties of PANI/MWCNT composites. It is well-known
that polyaniline synthesised through different polymerisation process shows
different morphology, crystallinity and electrical conductivities. For the
synthesis of PANI/CNT nanocomposites with good conducting properties, a
method leading to formation of a thin, well-aligned and highly ordered
polymer chain on nanotubes is desirable. This conformation of the molecular
chains is expected to increase carrier mobility in composites leading to a

simultaneous improvement in DC conductivity and Seebeck coefficient.

1.4.2 MWCNT/Elastomer composites

Carbon nanotubes have been reported to improve the electrical
properties of insulating polymer matrices besides enhancing their thermal
and mechanical properties. Elastomeric matrix composites are reported to
exhibit multi functionality and are suitable for the development of conductive
polymer composites for flexible strain sensing and EMI shielding applications
(117,118). The majority of elastomers are thermosets, which are chemically
cross linked during the process of vulcanization. In thermoplastic elastomers
(TPE), instead of chemical crosslinks, the hard segments have a glass
transition temperature or melting temperature below the working temperature
of the polymer, and act as physical crosslinks. Thermoplastic polyurethane
(TPU) which possesses rubber-like elasticity can be considered as an

interesting candidate for developing CNT-filled composites for a number
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of applications because of its excellent mechanical properties, resistance to
chemicals and unique combination of elastomeric properties and processability

which does not require vulcanization (119).

1.4.2.1 CNT/Thermoplastic polyurethane composites

Thermoplastic polyurethane is an elastomeric block copolymer
consisting of a soft phase containing either polyester or polyether, reinforced
by hard micro domains of an aromatic diisocyanate extended with a short-
chain diol. The mechanical, physical and chemical properties of TPU can be
tailored by changing the molecular chain structure and the content of soft
segment and hard segment (120). TPU makes an interesting candidate for
developing ICP and or CNT-filled composites for a number of applications in
electrostatic imaging, sensing, electrostatic dissipation, EMI shielding etc.
(121). Several studies have reported the preparation of PANI/TPU and
CNT/TPU composites using various processes like solution and melt
processing (122). It is reported that strong interfacial adhesion between CNTs
especially, with the functionalised MWNTs and TPU matrix contribute to the
improvement of the mechanical properties of TPU/MWNT composites

without sacrificing the elongation at break (123).

1.4.2.2 Synthesis of conductive TPU composites through in-situ
polymerisation

The poor dispersion of CNTs in elastomers hinders the utilization of
high conductivity and high aspect ratio of CNTs in composites. Though
functionalisation can improve the dispersion, it has a deteriorating effect on
conductivity. Functionalisation under mild reaction condition can reduce
this effect, but the less number of functional groups is not sufficient, for

overcoming the van der Waal’s force operating among the CNTs.
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In this context, various strategies are taken up researchers in order to
prevent the agglomeration and achieve a homogeneous dispersion of CNTs.
Hwang et al. (124) modified the MWCNTs by a polymer wrapping method
using poly (3-hexylthiophene) [P3HT] to achieve a homogeneous dispersion
of MWCNTs in PDMS. They report that the percolation threshold of the
composites was significantly lowered by the presence of P3HT. The electrical
conductivity decreased with increasing P3HT concentration on the MWCNT
surface, as it disturbed electron tunneling between MWCNTSs and hence
lowered the electrical conduction among MWCNTs. It is clear that novel
methods to the in-situ polymerisation of polyaniline in TPU attempted by

following researchers is significant.

However, the approaches that involve weak interactions such as polymer
wrapping around the surface of CNT may not be the best option for the ultimate
transfer of CNT properties to the insulating matrix. Instead, in-situ polymerised
CNT-PANI filler could serve better for the maximum enhanced properties.

Denice et al. (125) obtained conducting, free standing films of PANI.
DBSA/TPU by in-situ polymerisation of aniline in TPU. The in-situ blend
preparation method was able to produce PANIL.DBSA/TPU blends with
enhanced compatibility, resulting in a fine dispersion and fine conducting
pathways. The results revealed that the extent of the conducting polymer
dispersion in the isolating polymer matrix exerts a strong influence on the
electrical properties. Lakshmi et al. (126) synthesised PANI/TPU composites
through in-situ polymerisation of aniline in TPU. They found the composite
useful for microwave absorption and can be a potential candidate for EMI

shielding applications. Also the mechanical properties of the composite film
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were found to be satisfactory for normal service conditions. The interfacial
adhesion between PANI and TPU improved the dispersion as well as the
transport and mechanical properties. Similarly in-situ polymerisation of
aniline in TPU matrix containing CNTs can be an efficient method for

uniform dispersion of NTs in the matrix.

1.4.4.3 Percolation threshold

For a conductive polymer composite composed of an insulating
polymer and conductive filler, electrical conduction is mainly described by
three phenomena namely, percolation, hopping conduction, and fluctuation
induced tunneling between the conductors. According to percolation theory
(127), the continuous network of conducting filler is the only pathway for
electron transporting. The transition of the composite from an insulator to a

conductor, as explained by percolation theory, is depicted in the figure 1.7.

A

Conductor

Electrical conductivity

Percolation threshold

Insulator >

Filler concentration
Fig. 1.7: Formation of conductive networks with filler loading
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At low filler concentration the composite remains insulating as the
filler particles cannot form an interconnecting network. As the filler content
increases the filler particles start to form percolative network, effecting a
transition from insulator to conductor. The minimum volume fraction of
fillers required so as to form a continuing conductive network within the
composite is called the electrical percolation threshold (127,128). Near the
percolation threshold, conductivity of composites experiences a sudden

rise of several orders of magnitude. According to percolation theory,

0 = 00 (V-V) tarteeeeeeeeeeeeeeeeee et (1.2)

for v >v,

where o is the electrical conductivity of the composite, 6, is a constant for a
particular filler—polymer combination, v is the volume fraction of filler, v, is
the percolation threshold, the exponent ‘t’ is related to sample dimensionality,
te., t = 1, 1.33, or 2.0 for one, two, or three dimensions, respectively
(127,129). The equation is valid at concentrations above the percolation
threshold. Percolation threshold of conductive composites depends on
conductivity, geometry and aspect ratio of the filler. CNT, high aspect ratio
nanofiller is reported to form a network at a lower filler loading, decreasing
the percolation threshold (130). For an insulating matrix, uniform
distribution of well-dispersed, individual NTs can significantly decrease the
percolation threshold. In order to achieve better dispersion, the affinity of
NTs to the polymer matrix has to be improved and interfacial tension
between NTs and fillers has to be reduced. Other techniques such as
functionalisation of NTs, non-covalentcoating of NTs etc. has been attempted

and yielded results, but with many short comings.
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1.5 Applications
1.5.1 Strain Sensing

Structural health monitoring of any structure is essential be it in the
field of engineering, medicine, space or ocean research. A strain sensor
measures the deformation of a structure or component by experiencing the
same deformation as that of the component. Usually, deformation of a strain
sensor material results in change of any of its measurable properties. In an
electro-mechanical strain sensor, which is a conductor or semi-conductor,
the strain applied results in change of electrical properties. Sensing mechanism
of the electromechanical sensors is related to change in electrical conductivity
under the effect of pressure, displacement and strain and can be explained

by the percolation theory (131,132).

One of the basic assumptions in percolation theory is that the filler is
an infinite conductor, while the matrix is an infinite resistor, and there is no
contact resistance between the fillers (127,133). But it is highly possible that
barriers are present between conductive fillers and the electrons need to
tunnel through these barriers by quantum mechanical tunnelling which
creates tunnelling resistance. The characteristic behaviour of this tunnelling
resistance is its temperature dependence. Various models such as Fluctuation
Induced Tunnelling (FIT) and Variable Range Hopping (VRH) model have
been developed to describe the tunnelling resistance in disordered solid.
The VRH model is often used to describe the conduction mechanism of
CNT composites or mats (134). Also there are reports of the charge
transportation mechanism in polymer/MWNT composite regulated by the

FIT model (135).
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Regarding the deformation of conductive network in the composite
which leads to a change in the resistivity or resistance, researchers have
adopted different approaches when models were built for the strain
dependent resistivity behaviour. The fundamental factors considered by
them are (1) the variation of the number of conductive path; as some of the
conductive pathways will be broken down with deformation that will
definitely lead to an increase of the resistivity, (2) the variation of the inter-
particle distance; as the electrons need to tunnel through a barrier between
two conductive fillers when travelling through the conductive network of
the composite. When the composite is deformed, this inter-particle distance
may be increased, which leads to an increase of the resistivity (136). Knite et al.
(137) proposed a model for the strain-dependent resistivity results of
polyisoprene/CB composites based on these aspects. Zhang et al. (138)
identified charge transport mechanism of amino-functionalised MWNT/
polyurethane-urea elastomeric composite sensor material as a fluctuation
induced tunneling. According to them, the prediction for the gap width
modulation by this model is well supported by the resistivity-strain
dependence for the 5%-80% range of strain. For strains in the range
0%—5%, the resistivity-strain dependence is dominated by the deformation

of the conductive network.

1.5.1.1 CNT/Elastomer composites in Strain sensing

Conventional strain sensors such as metal-foil strain gauges, though
convenient to use, suffer a number of disadvantages such as poor flexibility,
low gauge factor, low dynamic range, long term stability etc. In this context,

CNT/elastomer composites with their high elasticity and ability to cover
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surfaces of different shapes, large strain sensing range, and wide working
range can be utilized in vast and varied environments. In an attempt to
modify the strain sensitivity of CNT based elastomeric composites, Costa
et al. (139) investigated the piezoresisitive properties of tri-block copolymer
styrene—butadiene—styrene/CNT composites, which showed gauge factors
up to 120. They reported that linearity obtained between strain and electrical
resistance makes these composites interesting for large strain piezoresisitive
sensors applications. Similarly, Kang et al. (140) examined the strain
response of the MWCNT/ethylene—propylene—diene rubber composite and
found that it was possible to measure tensile and compressive strains by
using a 20 weight% MWCNT/ethylene—propylene—diene rubber composite.
Recent works on TPU composites showed that they can sustain very large
deformations and possess excellent thermophysical properties. MWCNT/TPU
composites with their strong interfacial adhesion, stress transfer and
excellent strain sensitivity have a greater potential to exhibit better
piezoresistivity properties. Slobodian (141) et al. developed a highly
deformable composite composed of a network of entangled carbon
nanotubes embedded in polyurethane. The gauge factor of the composite
increased linearly with strain from values around 4 at the start of deformation
to nearly 69 at 400 % strain. This property as a strain sensor has been
demonstrated in orthopedics and rehabilitation. Bautista-Quijano et al. (142)
reported the enhanced piezoresistivity of MWCNT/segmented polyurethane
(SPU) composites having sensing applications in prosthetics, biomedical
devices, and smart textiles. For the composites at 8 weight % MWCNT, the
piezoresisitive signal allowed to measure strains up to 400 % before electrical

depercolation did occur. Zhang et al. (143) reported the resistivity response
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under cyclic loading of TPU/MWNT elastomeric nanocomposite films
fabricated by a solution process with good nanotube dispersion and low
percolation threshold (0.35 weight %). At 5% strain, the strain-dependent
resistance showed good recoverability and reproducibility, but when larger
strains were applied, only a small part of the resistance was recoverable.
Bilotti et al. (144) fabricated a highly conductive TPU/CNT fibre by a
continuous extrusion process. The TPU/CNT fibres were sensitive to both
static and cyclic deformation, which give them potential uses in smart textiles.
Lin et al. (145) demonstrated that mixed carbon fillers and functionalised
carbon nanotubes were vital for preparing TPU based strain sensors with
tunable sensitivity. This study provided a unique method for the preparation
of high-performance conducting polymer composite (CPC) strain sensors

with a large range of resistivity-strain sensitivity.

1.5.2 Electromagnetic Interference Shielding

Due to the high operating frequency and bandwidth of electronic
equipments, electromagnetic interference (EMI) has attained the tag of an
‘Environmental pollutant’. EMI has negative effects on other electronic
devices and also on all forms of live organisms. Electromagnetic radiation
affects electrical circuits and prevents them from functioning efficiently at
the receiving end. Electromagnetic Interference (EMI) is the process by
which electromagnetic disturbance is transferred from one electronic
equipment to another through radiation, conducted paths (or both) (146).
So, commercial electronic products should meet prescribed standards of
electromagnetic compatibility, i.e., the property of a device by virtue of

which its emissions do not deter the device itself or others, from achieving
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performing efficiency. EMI shielding denotes the reflection and/or
absorption of electromagnetic radiation by a material which resists the
penetration of the EM waves through the shield (147). The ability of
shielding material to attenuate EM waves is called shielding effectiveness

(SE).

The EMI SE of a material is expressed in terms of ratio of incoming
(incident) and outgoing (transmitted) power. The EMI attenuation offered
by a shield may depend on the three mechanisms: reflection and absorption
of the wave as it passes through the shield’s thickness and multiple

reflections of the waves at various interfaces (Fig.1.8).
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Fig.1.8: The three different mechanisms of EMI shielding
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Therefore, SE of EMI shielding materials is determined by three
losses viz. reflection loss (SEgr), absorption loss (SEa) and multiple

reflection losses (SEy) and can be expressed as (148)
SEtotaL = SEA + SEr + SEpm = 10 10g10 PI/PT =20 loglO E; / Et......... (13)

Where Py is the incident energy field, Pt is the transmitted energy field, and
E is the root mean squares of the electric field strengths of the electromagnetic
wave. When SE total > 10 dB, SEy can be neglected (148) and it is usually

assumed that
SEtoraL = SEa + SEr

1.5.2.1 CNT/Polymer composites in EMI Shielding

Metals have excellent capability in attenuating EM waves and
initially, metallic components were used for shielding purpose. But certain
properties of these metal housing shields such as high density, susceptibility
to corrosion, complexity and expensive processing limited their use (149).
Metals also reflect radiation and cannot be used in applications where
absorption is desired such as in stealth technology. Among the various
materials experimented, polymer composites based on CNTs showed great
promise. CNTs use both mechanisms of reflection and absorption to
attenuate the incident wave. High strength and stiffness, extremely high
aspect ratio and good electrical conductivity of CNT make it a filler of
choice for shielding applications (31). Despite these advantages, a
homogeneous dispersion of CNTs in a polymer matrix is difficult to attain.

This results in low electrical conductivity of these nanocomposites. Many
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groups have attempted strategies to improve the dispersion of CNTs and
thereby improve electrical conductivity. Yang et al. (150) introduced
MWCNTs into polystyrene and studied the EMI shielding behavior of the
composites. They achieved a SE of 20 dB at 7 wt% MWCNT loading. Saini
et al. (151) showed that incorporation of PANI/MWCNT in Polystyrene
matrix improved the SE to the range of 23 to 46 dB depending on the
chemical composition of PANI/MWCNT filler and shield thickness.
Recently the same group (152) had introduced a facile, scalable and
commercially viable melt blending approach involving use of twin-screw
extruder with melt recirculation provision, for uniform dispersion of up to
4.6 vol% multiwall carbon nanotubes (MWCNTSs) within polypropylene
random copolymer (PPCP). The improved dispersion led to a very low
percolation threshold (0.19 vol %) with a EMI SE value of 47 dB (>99.99%
attenuation). Besides this, high tensile strength of 42 MPa and good thermal
stability demonstrated its potential for making light weight, mechanically
strong and thermally stable EMI shields. According to these reports,
parameters such as aspect ratio, conductivity, orientation, dispersion and
concentration of NTs influence percolation threshold, conductivity and EMI
SE of the polymer composites. The Processing method also has a crucial
influence on these parameters. Huang et al. (153) prepared functionalised-
MWCNTs/poly (methyl methacrylate) (PMMA) composites by in-situ and
ex-situ routes and found that in-situ formed composites give superior SE
(17 dB at 12 GHz) at comparative loading than ex-situ formed composites.
From the aforementioned discussion, it is evident that in-situ polymerisation
is an easy method for obtaining low percolation threshold, high conductivity

and high EMI SE.
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Scope and objectives of the work

The unique properties of CNTs and intrinsically conducting polymers
facilitate their use in organic electronics. But issues such as maintaining a
strong interaction between CNTs and ICPs in the composites and retaining
the thermal stability of the conductivity remain as major challenges. This
thesis aims to tackle these issues. To achieve good compatibility between
CNT and PANI, CNTs can be made more polar by attaching appropriate
functional groups under mild conditions. Interfacial polymerisation of
aniline in presence of CNT can improve interaction between CNTs and
PANI. Ideal conductive filler should possess low percolation threshold, high
conductivity as well as consistency in conductivity and good mechanical
properties for the polymer matrix. Use of these composites in organic

devices demands stable and high electrical conductivity.

The objectives of the thesis are to synthesise core-shell nanoparticles
of CNT and PANI with high conductivity as well as with good thermal
stability of conductivity. These PANI coated CNTs can be used as efficient
fillers in polymer matrix making it a candidate material for real applications

such as in thermoelectric, strain sensing and EMI shielding.

The objectives of this work are-

* To develop PANI-FMWCNT core-shell nanostructures through
interfacial polymerisation process to achieve high and stable

electrical conductivity.

* To understand the effect of temperature on conductivity of PANI

and PANI-FMWCNT composites doped with different dopants
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= To develop PANI-FMWCNT composites with good Seebeck

coefficient, high electrical conductivity and low thermal conductivity.

= To develop PANI-FMWCNT/TPU strain sensors with improved

sensitivity, gauge factor and reversibility.

= To evaluate the experimental values of strain sensitivity with

theoretical values.

* To develop PANI-FMWCNT/TPU composites with high
electromagnetic shielding effectiveness along with low percolation

threshold, good thermal stability and mechanical properties.
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Chapter 2

MATERIALS AND CHARACTERIZATION TECHNIQUES
_

This chapter describes the materials and methods used for characterising

the composites under investigation.

2.1 Materials

Thermoplastic polyurethane (TPU), (Estane 58315, an 85A aromatic
polyether based TPU) was supplied by Lubrizol Advanced Materials,
Cleveland, Ohio. The specific gravity is 1.12.

Multi-walled carbon nanotubes (MWCNT) were obtained from
Nanoshel LLC, USA. They were of 95% purity with a diameter of 15-30 nm
and length 30-50um.

Aniline was purchased from Merck Specialities Pvt. Ltd. Mumbai and

was double distilled before use.

Ammonium persulphate (APS), naphthalene-2-sulfonic acid (NSA),
hydrochloric acid (HCl), 4-aminobenzoic acid, polyphosphoric acid (PPA),
phosphorous pentoxide (P,Os), chloroform (CHCls) and tetrahydrofuran
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(THF) were purchased from S.D. Fine Chem, Mumbai, India, and were used

without further purification. All solutions were prepared in distilled water.

2.2 Characterization techniques

A detailed account of the characterization techniques employed in

elucidating the various sample properties is being portrayed.

2.2.1 Morphology studies

The morphology and microstructure of the samples have been

investigated through the following microscopy techniques.

2.2.1.1 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) was used to examine the
morphology of the pristine MWCNT, FMWCNT, synthesized PANI,
FMWCNT-PANI and FMWCNT-PANI/TPU samples. Research in ICPs and
CNT-polymer composites has utilized SEM to investigate the presence of
nanostructures on the polymer surface as well as embedded into the polymer
matrix. The samples were mounted on SEM stubs using carbon tape and
then sputter coated with a thin layer of gold to avoid charging during
analysis. In a typical SEM, an electron beam and a beam in a cathode ray
tube is simultaneously scanned across the surface of the sample. A signal is
then produced by scattered electrons resulting in an image with a three

dimensional appearance (1).

The SEM images were obtained using a JEOL model JSM 6390 LV
and JEOL JSM-5600 LV scanning electron microscope. An accelerating

voltage ranging from 10- 30 kV, was used depending on different imaging
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purposes. Images were located at multiple locations to assess the dispersion,

homogeneity and agglomeration of CNTs.

2.2.1.2 Field Emission Scanning Electron Microscope (FESEM)

The microstructure of the FMWCNT-PANI/TPU composites was
observed using Hitachi SU6600 Variable Pressure Field Emission Scanning
electron microscope (FESEM), which gave better images compared to
conventional SEM. Here a field emission gun provided very narrow probing
beams with high as well as low energies, providing an improved spatial
resolution, minimal sample damage and charging. This helped to get very
clear, less electrostatically distorted and high resolution images. The
microscope was operated at an accelerating voltage of 20 kV. The top
surface was directly observed with SEM. As a higher accelerating voltage
was used in this case, the CNTs in the composite could be charged by this
voltage and emit enriched secondary electrons (2). FESEM image of the
composite could give some insight on the dispersion/agglomeration states of

the CNTs in the TPU matrix.

2.2.1.3 Transmission Electron Microscope (TEM)

High-resolution images were obtained with transmission electron
microscope (TEM). TEM was used to determine the dispersion, alignment
and coating thickness of PANI on CNTs. Also the length and diameter of
individual filler particles could be obtained. In TEM, the principle involves
an electron beam, which is transmitted through a specimen that must be less
than 200 nm thick, in a stable high vacuum system (3, 4). The samples could
be magnified between 100-100,000 times. TEM provided very useful

information for crystalline materials while amorphous materials are more
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difficult to analyze using the TEM. TEM was performed in a JEOL 300 KV
HRTEM microscope with an accelerating voltage of 200 kV. The samples
were prepared by dropping an N-methylpyrrolidinone (NMP) dispersion of

sample on standard copper grids covered by a thin film of amorphous carbon.

2.2.2 Spectroscopy
2.2.2.1 Raman Spectroscopy

Raman Spectroscopic measurements of the samples were recorded in
the range 200cm™ -1800cm™ with a Bruker RFS27 R spectrometer using
Nd: YAG laser with a 100mW operating at 1064nm.

Raman spectroscopy is based on Raman Effect which is related to the
scattering of light when a monochromatic radiation passes through a
transparent substance. It is one of the most powerful tools for analysis and
identification of molecular structure, effects of bonding environment etc. on
materials ranging from carbon nanotubes to polymers. The G band, located
near 1600 crn'l, could be used to determine the orientation of the carbon
nanotubes in a composite by measuring the Raman spectra at angles 0-90°.
The G band peak also allowed the determination of the carbon nanotube
type, metallic or semiconducting, of the carbon nanotube being observed.
The peak broadens for semiconducting tubes and narrows for metallic tubes,
allowing the tube type to be distinguished (5). The D-band, which is found
in the range of 1250 — 1450 cm™, is due to the defects within the graphitic
structure of carbon nanotubes. This band illustrated the differences between
a perfect carbon nanotube (low intensity) and an imperfect carbon nanotube
(high intensity). Hence this peak also changes with the functionalization of

carbon nanotubes. The presence of CNTs in the PANI/MWNT composites,
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the interactions between PANI and CNTs could be indicated by Raman

spectroscopy(6).

2.2.2.2 Fourier Transform Infrared Spectroscopy(FTIR)

FTIR spectroscopy is employed for the identification of functional
groups in FMWCNT, PANI and FMWCNT-PANI and analysis of
interaction between CNT and PANI. The infrared (FTIR) spectra of samples
were recorded from KBr sample pellets using a Nicolet Magna-5700

spectrometer with a resolution of 4 cm™.

Fourier Transform Infra-Red (FTIR) spectroscopy is an important tool
for structural elucidation and identification of various types of materials. In
this method, the infrared radiation is (400-4000cm™) is passed through the
sample where some of it gets absorbed and some transmitted. All molecules
have specific frequencies at which they rotate or vibrate corresponding to
discrete energy levels. As the different functional groups absorb at their
unique characteristic frequencies, the resulting spectrum representing the
molecular absorption and transmission, is a molecular fingerprint of the

sample (7).

2.2.2.3 Ultra Violet -Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy was carried out on FMWCNT-PANI composites
to study the interfacial interaction between the two. The analysis was
performed on a double beam spectrophotometer (UV-3010). The samples
were ground into a fine powder and then dispersed in NMP to form a

stable dispersion (0.005mgml ).
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The absorption of light in the ultraviolet (10 - 420 nm) and visible
(420-700 nm) regions by a sample is measured in Ultraviolet—visible
spectroscopy. The absorption of light in this region depends on the nature of
chemical groups present in the structure. When a radiation of energy in the
UV-Vis region falls on the sample, there can be various possible transitions
which are ¢-0*, n-o*, n-n* and n-n* depending on the sample under
analysis. Among these transitions, n-n* transition requires the least amount
of energy and gives rise to an absorption band at longer wavelengths (8). By
analyzing the UV-Vis absorption spectra of materials, it is possible to
estimate the absorption coefficient a, direct and indirect band-gap energies

and the density of states.

2.2.3 X-Ray Powder Diffraction (XRD) Analysis

XRD of FMWCNT, FMWCNT-PANI composites were performed
using a Bruker AXS D8 Advance X-ray Powder Diffract meter using CuK,
radiation (A = 1.54 A°). XRD results were obtained in the range 20 = 3° to
60° at a scan rate of 4 °/min. A tube current of 25mA and an accelerating

potential of 35kV was applied to the X-ray tube.

XRD is an important tool for analyzing crystal structures and atomic
spacing. The structure determination is based on the interference of
monochromatic X-rays and the crystalline sample (9). In XRD, X-Rays are
impinged and reflected X-Rays are collected at a known angle relative to the
sample (10). The scattered beam is used to determine the atomic structure of
the lattice. For an incident ray, at an angle 6, according to Bragg’s equation,

path difference is given by, nA =2d sin 0
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Where, n is an integer, d is the distance between atomic layers in the crystal,

A is the wavelength, and 0 is the angle of incidence.

If Bragg’s equation is satisfied, a peak will be observed. By comparing
the obtained peaks in the XRD pattern to database information about
crystalline structures, the material could be identified. For polymers, as they
contain both crystalline and amorphous regions, the X-ray diffraction
patterns may contain a mixture of sharp and diffused patterns. Hence the
diffractograms contains sharp peaks, corresponding to the ordered regions
and the diffused and broader portions corresponding to the irregular ones. It
is well-established that for intrinsically conducting polymers, crystallinity
has a significant influence on the conductivity retention. At elevated
temperature, conductivity ageing happens to amorphous regions easily when

compared to the crystalline regions.

2.2.4 Thermogravimetric (TGA) Analysis

TGA of MWCNT, FMWCNT and FMWCNT-PANI composites was
performed on a Q 50, TA Instruments Thermogravimetric Analyser with a
programmed heating of 10°C/min starting at room temperature and
proceeding up to 800°C in atmospheric air. The thermal stability of
FMWCNT-PANI/TPU samples in the present study was determined under

nitrogen atmosphere.

Thermo-gravimetric analysis (TGA) is a technique to analyze the
thermal stability of materials. The materials are heated to degradation and
the weight of the sample as a function of temperature (and/or as a function

of time) with a controlled temperature program was recorded (11). Sample
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and reference were heated by a single source and the temperatures are

measured by thermo couples embedded in the sample and reference, and

attached to their pans. A derivative weight loss is plotted against temperature to

understand the point where the weight loss is maximum. The purity and

composition of a sample can be determined using this technique.

2.2.5 DC Conductivity Measurements

In this work, the DC conductivity measurements were performed

using two setups.

1.

For PANI and FMWCNT-PANI composites, whose conductivity is more
than 10 S/m, the conductivity of pellets were measured using the
standard four-probe method using a Keithley 6881 programmable
current source and a 2128 A nano-voltmeter supplied by Keithley, as
per the standard procedure ASTM F 43-99. The powdered samples
were compressed into pellets of 13mm diameter and about 1-2mm
thick disk using a hydraulic press operated at a pressure of 200 MPa.
The conductivities of the samples were measured at three different
positions, and an average of nine readings was used for conductivity
calculations. The conductivity (o) was calculated using Van der

Pauw relation

In2 I
X d |74

Where d is the thickness of the disc, I is the current and V is the
voltage. A constant current was passed with a direct current (DC)

voltage source through two outer electrodes and an output voltage was
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measured across the inner electrodes with the voltmeter. The pelleted
sample was placed in a temperature controlled chamber before the

measurement.

To investigate the stability of DC Conductivity of samples at elevated
temperature, the pelleted samples were subjected to cyclic thermal
ageing and isothermal accelerated ageing. In cyclic thermal ageing,
the temperature of the sample pellet was raised from 30°C to 150°C
and cooled back to 30°C. DC conductivity was measured at every
10°C intervals. This constituted one cycle. The duration of one cycle
is about 4hours. The pellet was cooled for 90 minutes. Four more
cycles were performed on the same pellet. In isothermal ageing
studies, the pellets were heated to 50, 80, 110, and 140°C in the
thermostatted chamber. The DC conductivity measurements were

performed at an interval of 15 minutes.

2. For FMWCNT-PANI /TPU samples, whose conductivity is less than
10 S/m, the DC conductivity of the composites was measured by a
standard two-probe electrode configuration using a Keithley 2400
nano voltmeter. Conductivity of the unstrained samples was calculated

using the formula

_ L
CTRXTxW

Where o is the electrical conductivity in S/m, L is the sample’s length in m,
W is the sample width in m, T is the thickness in m, and R is the measured

resistance in Q.
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2.2.6 Thermal Conductivity Measurements

An improved photo pyroelectric technique (12) was used to determine
the thermal conductivity of the composites. A 70 mW He-Cd laser with a
wavelength of 442 nm, intensity modulated by a mechanical chopper
(SRS Model, SR540), was used as the optical heating source. A PVDF film
with a thickness of 28 Im with Ni-Cr coating on both sides was used as the
pyroelectric detector. The output signal was measured with a lock-in
amplifier (SRS Model, SR830). The modulation frequency was kept above
60 Hz to ensure that the detector, sample, and the backing medium were all
thermally thick during the measurements. In the experiment we measured
the wvariations of the pyroelectric signal amplitude and phase with
modulation frequency. The thermal diffusivity and thermal effusivity of the
samples were then derived from these. From the values of thermal
diffusivity and thermal effusivity, the thermal conductivity of the samples

were calculated.

2.2.7 Seebeck coefficient Measurements

Pt Wireé
Sample Pellet< L
“ [
Thermocouples
\ T2 RN
Heater¢: [oowo] S~ |

High Impedence(
Voltmeter

Fig. 2.1: Experimental set up for measurement of Seebeck coefficient
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Seebeck coefficient (S) values were measured based on the differential
method. S values were measured by mounting the sample between two
silver blocks. One of the block acts as hot side and the other as cold side. A
temperature gradient was maintained across the sample. It was measured
using thermocouples. Silver wires were electrically connected to the Ag
blocks and the voltage drop was measured with them (Fig. 2.1) (13).
Seebeck coefficient was measured by applying a constant temperature
difference of 10K between the two phases of the pellet from 295K to 355K.
The potential difference (AV) was measured and Seebeck coefficient at

temperature (T) was obtained as S=-AV/ AT.

2.2.8 Measurement of strain sensing properties

The strain sensitivity measurements were performed on a Shimadzu
Universal Testing Machine (model AG-I) coupled with the Keithley 2400
nanovoltmeter (Fig. 2.2). The composite films were clamped between
copper electrodes, creating a gauge length of 50mm. The samples were
stretched at the tensile speed of 2mm/min. A constant current was passed
along the axial direction of the film and the corresponding resistance (R) was
systematically measured for various strains. The resistivity (p) was calculated
using the formula

RXTxW
pP=—"7T
In order to study the strain sensing reproducibility of the composite films,
twenty elongation/ contraction cycles were conducted. Cyclic deformation
consisted of stretching to 20% strain at the tensile speed of 2 mm/min and then

releasing to the initial position.
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Fig. 2.2: Experimental set-up for measurement of electrical resistance R
of the composite sample as function of tensile strain.

2.2.9 Tensile Analysis

Mechanical properties of TPU nanocomposites were studied using a
Shimadzu Universal Testing Machine (model AG-I) with a load cell of
10 kN capacity. The specimens used were dump bell shaped. The gauge
length between the jaws at the start of each test was adjusted to 40 mm and
the measurements were carried out at a crosshead speed of 150 mm/min at

room temperature (30°C).
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The ability of a material to resist breaking under tensile stress is an
important property of elastomers. The force per unit area required to break a
material in such a manner is called the tensile strength. The tensile modulus
is the ratio of stress to elastic strain in tension. The elongation at break is the
percentage increase in length that occurs before it breaks under tension.
Ultimate elongation values of several hundred percent are common for
elastomers. The combination of high tensile strength and high elongation

leads to materials of high applicability.

2.2.10 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analyser (DMA Q-800, TA Instruments) was
used to study viscoelastic properties of TPU/CNT composites. Rectangular
shaped specimens of approximately 6mm x 1.5mm X 0.5mm size were used.
The samples were tested under tension mode at a frequency of 1 Hz over a
temperature range of -60°C to 60°C. The temperature ramp was kept at

5°C/min.

2.2.11 Measurement of EMI shielding efficiency

The EMI shielding efficiency (SE) measurement was performed with
a ZVB20 vector network analyzer (VNA) in the frequency range of 8 to
12 GHz (X-band). The rectangular samples of Imm thickness were inserted
into rectangular sample holder which matches the internal dimensions of
X-band waveguide. Figure 2.3 shows a schematic diagram of network
analyzer used to measure the EMI shielding properties. A network analyzer
consists of a signal source, a receiver and a display. The source dispatches a
signal at a single frequency to the material under test (MUT). The receiver is

adjusted to that frequency to detect the reflected and transmitted waves from
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the material. Scatter parameters, also called S-parameters, were used to

calculate shielding parameters in a two-port EMI shielding setup. The

S-parameters describe the performance of a

completely (14).

SOURCE
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Fig. 2.3: Two port VNA (left) and its internal block diagram (right) (15)

The S-parameters are defined as,

| Sll |Z
in port 1
| Slz |2
incident voltage magnitude in port 2
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PANI AND FMWCNT-PANI COMPOSITES THROUGH
INTERFACIAL POLYMERISATION - STUDY OF DC
CONDUCTIVITY AND CONDUCTIVITY RETENTION

MWCNTSs were functionalised under mild reaction conditions. Nanocomposites of
FMWCNT and PANI were synthesised through dynamic interfacial polymerization
process, with varied CNT content ranging from 0 to 1g. Presence of CNTs
influenced polymerisation of aniline. SEM and TEM results indicated that
interfacial polymerisation in presence of CNT induced formation of a tubular
composite with thin PANI coating on the surface of CNTs. With 12.9% CNT,
polymerisation of aniline was mostly on the surface of CNTs. DC conductivity of
this composite showed highest improvement. The composite as well as PANI was
protonated with different dopants.

The high temperature DC conductivity stability was investigated through cyclic
thermal ageing and isothermal ageing studies. Composites exhibited good retention in
conductivity. Both PANI and composites containing NSA and TSA had a higher
thermal stability of electrical properties. On thermal cyclic treatment up to 150°C,
electrical conductivity for PANI samples rapidly dropped to 42-59% of their initial
values, while PANI-FMWCNT samples showed only 80-87% decrease after the fifth
cycle. Isothermal ageing studies also supported improved thermal stability of
conductivity in composites. FTIR spectra showed effective site-selective interactions
between the quinoid ring of PANI and CNTs. TGA analysis confirmed strong
interaction between PANI chains and CNTs. The role of CNTs and dopants in
stabilising the DC conductivity of composites at elevated temperature is discussed.

“A.P.Sobha and Sunil K. Narayanankutty, “Effect of Dopants on DC Conductivity of Functionalized Multi-Walled Carbon Nanotubes and
Polyaniline Composites”, Advanced Science, Engineering and Medicine DOI: 10.1166/asem.2014.1570 (Volume 6 Issue7) 756-764, July
2014.

A.P.Sobha and Sunil K. Narayanankutty, “A promising approach to enhanced thermal stability of DC conductivity of polyaniline — functionalised
multi-walled carbon nanotube composites”, /nternational Journal of Nanoparticles, DOI: 10.1504/1JNP.2014.064868, (Volume 7, No. 2 )112-132,
2014.
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3.1 Introduction

Application of PANI and MWCNT based PANI composites in hi-tech
areas such as electrochemical displays, sensors, thermoelectrics, catalysis,
capacitors, anti-corrosion coatings, electromagnetic shielding, and secondary
batteries are dependent on their consistency in conductivity. Earlier studies
on thermal ageing of DC conductivity are few on PANI and its composites.
The studies revealed that conductivity ageing for PANI occurred at elevated
temperatures and attributed the reason to deprotonation, oxidation and cross
linking reactions among PANI molecules (1-3). The high temperature
conductivity stability of composites is influenced by factors such as the method
of polymerisation, dopants used etc., an area which has not been critically

viewed so far.

This work aims at the synthesis of a highly ordered PANI chain on
MWCNTs which can remain unperturbed upon heating and retain conductivity
at high temperature. PANI and MWCNT-based PANI composites were
synthesised by dynamic interfacial oxidative polymerisation using ammonium
persulphate (APS) as oxidant with various dopants. Dynamic interfacial
method was used here because static interfacial method cannot incorporate
whole of the nanotubes as some of them will settle down at the bottom of
the reaction vessel. For the synthesis of homogeneous composites, the
MWCNTs were functionalised with 4-aminobenzoyl functional groups by
Friedel craft’s reaction under mild reaction conditions as per method
proposed by Lee et al. (4). This functionalisation method is unique in
diminishing damages to MWCNT while retaining its electrical conductivity.

Conductivity of these systems depends upon doping and the dopant used.
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The effect of various dopants on DC conductivity of various samples at
elevated temperature is investigated. Inorganic acids such as hydrochloric
acid (HCI), sulphuric acid (H,SOs) and organic sulfonic acids like
paratoluenesulphonic acid (TSA), naphthelene-2-sulfonic acid (NSA) were
used as dopants. A series of interfacial polymerisations of PANI on
FMWCNT was performed in an aqueous-organic interface to understand the
effects of FMWCNT/Aniline ratio on morphology and DC conductivity of the
composite samples. The high temperature DC conductivity stability was

investigated through cyclic accelerated ageing and isothermal ageing studies.

3.2 Experimental Procedure
3.2.1 Functionalisation of MWCNTs

The 4-aminobenzoyl functionalised MWCNTs was synthesised via
direct Friedel-Crafts acylation in a mild polyphosphoric acid/phosphorous
pentoxide medium as per the method by Lee (4). 20g MWNT, 40g
4-aminobenzoic acid, 600g PPA and 150g P,Os were placed in a resin flask
equipped with high-torque mechanical stirrer, nitrogen inlet and outlet. The
flask, immersed in oil bath was gently heated to 100°C and the reaction
mixture was stirred for 1 h. The reaction mixture was then heated to 130°C
and stirred for 72 h under nitrogen atmosphere. The dark homogeneous
mixture was poured into water. The precipitate was collected by suction
filtration and soxhlet extracted using distilled water for the first 3 days,
followed by methanol for another 3 days. The precipitate was finally freeze-
dried for 48 h. The resultant 4-aminobenzoyl functionalised multi-walled

carbon nanotubes are termed FMWCNT.
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3.2.2 Synthesis of PANI and PANI- FMWCNT composites through
dynamic interfacial polymerisation method

Synthesis of PANI and PANI-FMWCNT composite samples involves
polymerisation of aniline in a water/chloroform interface with ammonium per
sulphate (APS) as oxidant. Aniline and CNTs were in the organic phase and
APS in the aqueous phase. Six samples of nanocomposites were synthesised by
varying the CNT amount and fixing the amount of aniline. Different amounts
(0,02¢g,04¢g 0.6¢g, 08g 1g) of FIMWCNTs were dispersed in 100 ml of
CHCl; by sonication for 30 minutes and 4.65 g aniline was added and
sonication was continued for another 30 minutes. 11.25 g APS was dissolved in
200 ml. of 1 M HCIL. Nanocomposite was prepared by the following method.
The inorganic solution was added to the organic solution kept in a 500 ml
beaker at 0-5°C. The reaction mixture was kept under magnetic stirring. The
mixture turned green, indicating the formation of PANI emeraldine salt (ES).
The two phase solutions were kept at 0-5°C for 12 hr under stirring. After
words, the aqueous phase was transferred to another beaker. Treatment with
fresh quantities of chloroform was done five times to remove the organic phase.
The samples were filtered, washed repeatedly with distilled water and finally
with acetone. It was then dried at 80°C for 24 h. The composites were

denoted as PC(0), PC(0.2), PC(0.4), PC(0.6), PC(0.8) and PC(1).

3.2.3 Dedoping

The samples thus prepared were de-doped using large excess of
0.5M NH4OH to obtain the corresponding emeraldine base (EB). The solution
containing PANI/FMWCNT composite was kept overnight under vigorous
stirring and then filtered. The residue was washed with 500 ml of 0.5M NH,OH.

The de-doped samples were dried for 48 h under vacuum at 80°C.
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3.2.4 Doping with Acid Dopants

The PC (0.6) composite and PC(0) thus obtained in the EB form was
protonated with (1) 1.5 M HCI (2) 1.5M H,SO4 (3) 1.5 M TSA (4) 1.5 M NSA
solution in water. Protonation was achieved by extended mixing of de-
doped samples with the acid solution for 24 hrs. The solutions were filtered
and a dark green emeraldine salt (ES) was obtained. The samples were denoted
PANI-HCVFMWCNT, PANI-H,SO4/FMWCNT, PANI-TSA/FMWCNT and
PANI-NSA/FMWCNT. The PC (0) samples were denoted PANI-HCI,
PANI-H;SO4, PANI-TSA and PANI-NSA.

3.2.5 Characterisation

The morphology of the samples was probed by SEM and TEM. Thermo
gravimetric analysis (TGA) were performed on a Q50, TA instruments
Thermogravimetric analyser with a programmed heating of 10°C/min starting
at room temperature and proceeding up to 800°C in an air atmosphere. The
FTIR spectra of samples were recorded from KBr sample pellets using a
Nicolet Magna-5700 FTIR spectrometer. The DC conductivity of doped and
dedoped samples as well as the cyclic thermal ageing and isothermal ageing
studies were measured using a Keithley 6881 programmable current source

and a 2128A nano-voltmeter as described in section 2.2.6.

3.3 Results and Analysis
3.3.1 Functionalisation of MWCNT
Functionalisation of MWCNTSs with 4-aminobenzoic acid is confirmed

using IR, Raman spectroscopy and TGA. The TGA thermograms of MWCNTs
and FMWCNT are shown in figure 3.1a. The significant weight loss of
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MWCNTs, mainly attributed to the oxidation of nanotubes, starts from
510°C onwards leaving a residue of 1.02%. FMWCNT sample displays
weight loss of about 20.1% in the temperature range of 420-530°C owing to
oxidation of aminobenzoyl groups grafted on the surface of FMWCNTs.
Afterwards, there was a steady weight loss in the region 600 - 650°C for
further oxidation of CNTs. This indicates improved thermal stability of
FMWCNT which agrees with previous results (5).

100 4

A - MWCNT A-FMWCNT
B - FMWCNT] B - MWCNT

80

60

Weight %

20

Transmittance(a.u)

\

5(')0 10'00 15'00 20'00 25’00 30'00 35'00
Temperature(°C) Wavenumbercm1)

T T T T T T T T
0 100 200 300 400 500 600 700 800 900

Fig. 3.1a: TGA curves Fig. 3.1b: FTIR spectra

A -FMWCNT
B - MWCNT

0.010

0.009

0.008

0.007

Intensity

0.006

0.005

1(;00 12‘00 14I00 16‘00 18IOO 20‘00
Wave number(cm'l)
Fig. 3.1c: Raman spectra
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Figure 3.1b shows FTIR spectra of MWCNTs and FMWCNTs. The
spectrum of neat MWCNTs is featureless. The spectrum of FMWNTSs shows
new peaks at 1648cm™ (aromatic carbonyl C=O stretching) and 3,413cm™
(amine N-H stretching). These results indicate the functionalisation of

MWCNTs with 4-aminobenzoic acid.

The Raman spectra of MWCNTs and FMWCNTs are shown in
Figure 3.1c. The CNTs exhibit a strong band at 1580 cm™ (G mode) and at
1350 cm™ (D mode). The G band is assigned to the in-plane vibrations of the
graphitic wall and reveals the order and integrity of CNTs. The disorder-
induced D band originates from the defects in the graphitic structure (6,7).
The intensity ratio between the D band and G band (Ip/I) is sensitive to the
surface character of MWCNTs, which is the index of graphitization degree
of MWCNTs (7). For pristine MWCNTs, the Ip/Ig ratio is found as 0.77(8).
The ratio is increased to 0.83 for FMWCNTs. This suggests a reduction in
the degree of order and increase in the amorphous carbon on the surface of
MWNTs as a result of functionalization. As the increment is small, it is
inferred that integrity and order of curved grapheme sheets on the surface

of MWNTs has not been greatly altered.

3.3.2 Morphology

The SEM images of pristine MWNT and FMWCNT, shown in
figure 3.2A and B respectively indicate that quite some bundling of nanofibers
occurs during functionalisation. This results in an increase in nanotube diameter.
Bundling is due to the polarity of functionality present on the CNTs (4). The
SEM image in figure 3.2(C) for PC(0) sample, shows the presence of PANI

nanofibers with a diameter in the range of 48-66 nm.
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Fig 3.2: SEM image of (A) MWCNT (B) FMWCNT (C) PCO), (D) PC(0.2)
(E) PC(0.4) (F) PC(0.6) (G) PC(0.8) and (H) PC(1).
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In interfacial polymerization with stirring, small drops of organic
phase containing aniline gets dispersed in aqueous phase. Aniline molecules
move to the interface and polymerisation occurs at the interface. The formed
polymer then migrates to the aqueous medium (9-11). When the polymer
leaves the interface, spontaneous termination of polymerisation process
occurs. Thus interfacial polymerisation efficiently avoids secondary growth
of polymer and nanofibres of superior quality are obtained. The PANI fibers
obtained here are of good quality but for some irregularities in the form of

non-uniform thickness and agglomerates.

The SEM images of nanocomposites [Fig. 3.2(D)—~(H)] exhibit
tubular-type morphology with core—shell structure, the CNTs being the core
encapsulated by a PANI shell. Surface of tubular composites is smooth-
indicating the formation of polymer chain through homogeneous nucleation.
All composites reveal uniform dispersion of the FMWCNTs in the PANI
matrix without any aggregation. CNT has a tendency to agglomerate and
sonication has helped in deagglomeration as there is no bundling observed
in SEM images of the composites. Also no free CNTs can be seen in the
SEM images and it can be assumed that the polymerization is beginning at
the surface of CNTs resulting in PANI coated nanotubes. For neat MWNTs,
a uniform dispersal in the polymer matrix is difficult to achieve because of
its long and entangled structure. The 4-aminobenzoyl functionality improves
the dispersion of CNTs in aniline. This functionality on the surface of CNTs
interacts with the hydrogen and nitrogen atoms in the -NH, group of aniline
through hydrogen bonds (-CO...HN-) (12). This ensures the adsorption of
aniline monomer on the surface of CNTs during sonication and can promote

extended conjugation of the PANI chains during polymerisation process. A
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close examination of the micrographs reveals that the thickness of the
coating is decreased as the CNT content increased. For PC composite (0.2),
the average diameter of the composite is 130 nm while it is reduced to 82 nm in
PC (1). This indicates that by varying the ratio of aniline monomer and CNTs,
the thickness of PANI layer on nanotubes can be effectively controlled. In this
experiment, the formation of nanocomposites involves strong interaction
between aniline and nanotubes. During interfacial polymerisation with APS,
two nucleation sites (initiation sites) are available i.e., (1) aminobenzoyl
radical grafted on CNTs and (2) aniline radical adsorbed on CNTs. Aniline
gets polymerised on the surface of CNT at the interface and PANI coated
FMWCNT diffuses gradually into the aqueous phase avoiding secondary
growth. This special advantage of interfacial polymerisation contributes to
narrow size distribution of PANI coating in core-shell structures. The influence
of CNT content is such that, at low CNT level, the PANI chains formed at the
aqueous-organic interface gets deposited on the PANI coated nanotubes and
thereby increases the thickness of the composites. But with an increase in
nanotube content, polymerisation is confined to the CNT surface only.
Considering the principles of heterogeneous catalysis, the reaction take place

along the surface of CNT due to low activation energy (13).

The thickness and uniformity of PANI coating on CNT is studied on
the nanocomposite sample PC (0.6). Figure 3.2F and 3.3 show the SEM and
TEM images respectively of this sample. TEM image of this sample is a
proof for the existence of a polymer coating on CNT and its thickness. TEM
image confirms the highly extended and well aligned polymer chain
encapsulation formed on CNTs. The diameter of 65 composite tubes was

measured from SEM images and it was confirmed with TEM image (Fig. 3.3).
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From the size distribution curve (Fig. 3.4), the average diameter of the tubes
are found to be 93 nm (diameter varying from 78 nm to 110 nm). This
indicates that the thickness of PANI coating is 50-60 nm in this composite.
The influence of PANI coating thickness on the DC conductivity of various

samples is discussed in the next section.
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Fig. 3.3: TEM image of PC (0.6) Fig. 3.4: Size distribution curve of PC (0.6)

3.3.3 DC Conductivity

The room temperature conductivity of all the doped samples given in
figure 3.5(a) shows a fall in conductivity in the semiconductor range. The
conductivity of pure PANI is 23 S/m and that of the composites is increased

by one order in magnitude compared to PANI.

The increase in electrical conductivity of composites compared to
pure PANI is due to the charge-transfer effect from the quinoid ring of
PANI to CNTs (14). The excellent transport properties and high aspect ratio
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of CNTs help them to interconnect efficiently with the conducting channels
and conducting grains of the PANI coated over them (15). A striking
observation is the remarkable improvement in DC conductivity of the
nanocomposite, PC (0.6). The conductivity of PC (0.6) increases to 412 S/m
from 233 S/m of PC (0.4).
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This behaviour can be explained by considering the role of CNTs as
efficient “conducting bridge” leading to improved conductivity (16). The
morphology studies reveal that due to the efficient templating effect of
CNTs in the composite formation of PC (0.6), uniform and thin polymer
chains result here. The PANI chains remain strongly bonded to the tubes.
With their high aspect ratio, the CNTs interconnect the conducting ES
sequence effectively. Improved charge transfer from the quinoid moiety of
PANI to CNTs take place contributing to enhanced carrier mobility and
increased electrical conductivity. Thus PC (0.6) exhibits remarkably superior
conductivity. In samples PC (0.8) and PC (1), there is improvement in
conductivity. But the aim of this work is to achieve maximum conductivity
with minimum quantity of CNTs. In order to confirm this observation, the
samples were dedoped and the conductivity was measured (Fig.3.5b). Sample
PC (0.6) showed an improvement of one order revealing the efficient
tunnelling of charge carriers through PANI base. A thin coating of PANI
base allows efficient tunnelling of charge carriers through PANI base (17).
In this experiment this tunnelling effect is achieved with very low CNT
content of 12.9% through interfacial polymerisation. Konyushenko et al.
(17) have studied the effect of PANI base coating on the conductivity of
PANI/MWCNT composites. They concluded that at high MWCNT loading,
a non-conducting PANI base is not a true insulator, but it could probably
mediate the charge carrier transfer over short distances between the

neighbouring CNT, similar to the protonated conducting PANI.
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For doped PANI and composites, organic sulfonic acid doped samples
showed better DC conductivity (Fig. 3. 6). Large counter ions of TSA and
NSA can keep the chains in a more expanded confirmation thereby leading
to increased delocalization of charge carriers (18). This improves DC

conductivity of sulfonic acid doped samples.

3.3.4 Fourier Transform Infrared Spectroscopy

Figure 3.7(a) and (b) shows the FTIR spectra for doped PANI and doped
PANI-FMWCNT composites respectively. All characteristic spectra of PANI
are reflected in PANI-CNT composites. There are no new peaks, only a few
obvious changes in the form of shifts in certain peaks are observed. Thus
introduction of CNTs doesn’t damage the backbone structure of PANI. The
peak at 1136 -1143 cm-1 is a characteristic of the so-called electron-like
band described by MacDiarmid et al. (19). It is observed that the peaks at

1136-1143 in pure PANI samples are shifted to lower wave numbers
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(1124-1128) in composites. The highest down shift is for NSA doped
sample. This shift can be due to the higher protonated state and intensive

interaction between CNTs and PANI chain (16).
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The intensity of this band (E band) is measured for different samples
[Fig. 3.8(a)]. It is observed that for composites, in this particular band, the
intensity 1s increased. This can be ascribed to the charge transfer
interactions between the m conjugated surfaces of MWCNT and quinoid
moiety of doped PANI (20). Organic sulphonic acid doped samples shows
higher increment, as these interactions can be stabilised by the counter

ions of TSA and NSA. This agrees with the measured conductivity values.
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Reversal of relative intensity of the quinoid and benzenoid bands in the
composites compared to pure PANI is also observed. The characteristic bands
around 1570 and 1485 cm™ correspond to the C=C stretching vibrations of

quinoid and benzenoid rings, respectively (21). The spectra of composites
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exhibited an increased quinoid (Q) to benzenoid (B) band intensity ratio
(Io/Ig) compared to pure PANIL. A comparison of Iy/Ig for various samples
is given in [Fig. 3.8(b)]. The increased ratio reveals the richness of the
composite with quinoid units that can be assigned to strong interaction
between m bonded surface of CNTs and conjugated PANI ring through
quinoid ring. These site-selective interactions between the quinoid ring of
the PANI and CNTs are likely to promote the stabilization of the quinoid
ring structure in the composite. This leads to more conductive bipolaronic
structure which is confirmed by improved DC conductivity results. Among
the samples, better characteristics are exhibited by sulphonic acid dopants,
especially NSA. It is reasonable to believe that compared to Cl” and SO,%,
large counter ions such as toluene sulphonate and naphtalene sulphonate can
keep the polymer chains in a more expanded confirmation. This can promote
the interaction between the m electrons of dopant anion and the aromatic

rings of the PANI resulting in improved conductivity.

3.3.5 Thermogravimetric Analysis

The results of TGA analysis of neat PANI, PANI-FMWCNTs are
given in Figure 3.9. PANI exhibits three-step decomposition ie: release of
water molecules, dopant, and oxidation of polymer chain. Release of
moisture occurs over a range of temperature 50—-110°C. Later on release of
dopant occurs at around 150-275°C. HCI being more volatile is lost at an
early temperature of 115°C. It is evident from Table 3.1 that PANI doped
with HCl and H,SO4 has lower thermal stability towards de-protonation.
Compared to HCI and H,SO4 dopants, TSA and NSA doped PANI exhibit
higher thermal stability. This is confirmed by additional thermal stability
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of DC conductivity of these samples at high temperature. The main weight

loss which is due to oxidative degradation of PANI occurs over a wide

temperature range of 340—600°C.
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Fig. 3.9: TGA curves of PANI and composite samples

TGA thermograms of PANI-FMWCNTs given in figure 3.9 illustrate the
elevated thermal stability of nanocomposites after the introduction of CNTs. In
composites the dopant showed better thermal stability and dopant molecules are
retained till 200°C. This agrees with high temperature retention of DC
conductivity of composites. These dopant molecules are more easily confined

and stabilized among compact and well-aligned nanotubes. These stabilising
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interactions are responsible for binding dopants to the system due to which
their release is delayed. This is reflected in DC conductivity retention of
PANI-CNT composites during cyclic ageing and isothermal ageing studies
which will be discussed in later sections. Regarding the polymer chain
degradation, as demonstrated in Table 3.1, the maximum degradation
temperature (Tp.x) for PANI is increased by 30-35°C in the composite
compared to neat PANI.

This increase in Ty, is indicative of high thermal stability of PANI in
the composite. This result suggests that there is a good interaction between
PANI and nanotubes and that the nanotube surface is uniformly coated by
PANI. This strong interaction is possible through charge transfer
mechanism from conjugated polymer chain to nanotubes (22). Another
interesting observation is the additional weight loss at about 610°C in all
composites. This weight loss is not characteristic of either PANI or
nanotubes. In morphology studies it is seen that polymerisation of aniline
occurs on the aminobenzoyl radical moiety of nanotubes and aniline radical
adsorbed on nanotubes. The PANI chains covalently bonded to nanotubes
are strongly bound and this polymer-nanotube interface can remain
undecomposed till 610°C. These polymer-nanotube interfaces stay intact
providing additional thermal stability to the composites. So the covalent
grafting and strong interaction between polymer chains and nanotubes result

in additional thermal stability of composites.

Development of functionalised multiwalled carbon nanotube/polyaniline composites for electrical applications



Chapter 3

Table 3.1: Thermal analysis data for PANI and PANI-FMWCNT composites

T ax. for T mayx, for
smple 1 dcqragaton 1

°O) (°C)
PANI-HCI 115 478
PANI-HC/FMWCNT 202 512 690
PANI-H2S04 150 480
PANI-H2SO4/FMWCNT 205 511 687
PANI -TSA 175 485
PANI-TSA/FMWCNT 220 516 693
PANI-NSA 180 485
PANI-NSA/FMWCNT 227 520 696

3.3.6 Thermal stability of DC Conductivity

The DC conductivity retention of composites was examined through

cyclic thermal ageing and isothermal accelerated ageing.

3.3.6.1 Cyclic thermal ageing

The results from cyclic thermal ageing (Fig.3.10) suggest that some

observations are common for all samples.

1)  All samples exhibit semiconductor behaviour — electrical conductivity

increases with increasing temperature.

2)  For doped PANI samples the conductivity increased to a maximum
and then started decreasing. The behaviour of PANI-FMWCNT
composites is slightly different, their conductivity reaches a maximum

and then the rate of increase reduces.
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3)  After the first cycle there is a significant drop in conductivity for all
samples. Pure PANI samples were subjected to large decrease, while

in the case of composites a lesser decrease resulted.

4) In the subsequent cycles, though there is a decrease, it is negligible

and stabilization of conductivity is achieved.

5)  After completion of one cycle, the samples again show increase in
conductivity in subsequent cycles. For neat PANI samples the extent
of increase is low while PANI-FMWCNT composites are capable of

reaching higher conductivity.

6)  Sulphonic acid doped samples exhibit better conductivity retention

compared to inorganic acid doped samples.

The increase in DC conductivity of samples with variation in
temperature indicates ‘thermal activated’ conduction phenomena. But when
raised to higher temperatures, the conductivity reaches a maximum and after
a certain point there is reduction in conductivity. The cyclic ageing studies
for PANI-HCI sample and PANI-H,SO4 (Fig.3.10A and B) show a
maximum value for conductivity at around 100°C. For PANI-TSA and
PANI-NSA (Fig.3.10C and D) it is at 110°C. Thereafter a decrease in
conductivity is seen for all doped PANI samples. In the case of
PANI/FMWCNT composites (Fig.3.10E, F and G), the conductivity
increases linearly up to 150°C. But there is a reduction in the rate of
increase in conductivity after 100°C. During cyclic ageing, doped PANI

samples undergo considerable loss in conductivity.
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Figure 3.11A, reveals that after the first cycle, the percentage retention
of conductivity of PANI-HCI, PANI-H,SO4, PANI-TSA and PANI-NSA at
30°C are 62.936, 66.04, 67.799 and 69.21, respectively. At the end of fifth
cycle, the corresponding values are 41.99, 48.58, 53.98 and 58.92,
respectively for these samples. Sulphonic acid doped samples show the best
values of conductivity retention compared to inorganic acid dopants with HCI
recording the least values. An unusual ability to retain DC conductivity is
shown by PANI/CNT composites. All composites exhibit good retention of
conductivity after the first cycle. The values for percentage retention of
conductivity after the first cycle for PANI-HCI/CNT, PANI-H,SO4/CNT,
PANI-TSA/CNT, PANI-NSA/CNT are 87.82, 88.84, 90.64 and 91.68,
respectively. The reduction in DC conductivity is negligible compared to that
of neat PANI. The performance of sulfonic acid doped samples is found to
be superior to that of HCl and H,SO4. After five cycles, the percentage
retention values are 80.43, 82.38, 85.16and 86.4 which reveal their excellent
capability to retain DC conductivity at higher temperatures. When the value
of PANI-NSA and PANI-NSA/CNT are compared, conductivity of PANI-
NSA is decreased to 69.2% while that of composite remained almost
unaffected with 86.4%. Similarly for PANI-HCl and PANI-HCI/CNT,
conductivity of PANI-HCI rapidly decreased to 42% of its initial value while
that of PANI-HCI/CNT decreased to only 80.43%. Here the contribution of
sulphonic acid dopants to conductivity retention with values of 85.16% and
86.4% require special mention. In general during cyclic ageing, the loss in
conductivity is maximum after the first cycle; thereafter the percentage of
reduction is not that significant. From the data furnished, a striking difference

observed is that the loss in conductivity of pure PANI is much larger
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compared to composites. In composites, the loss in conductivity after the first
cycle is negligible and from second cycle onwards conductivity remains more

or less the same. So performance-wise, pure PANI samples seem inferior to

composites.
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Fig. 3.11: Percentage retention in DC conductivity of various samples (A) at
30°C and (B) at 150°C for each cycle under cyclic aging conditions
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The conductivity value at 150°C was examined for each cycle and
percentage retention is depicted in Figure 3.11(B). After the first cycle, the
conductivity retention percentage is found to be 59.31, 62.41, 65.14 and
66.73. For the fifth cycle, their values are seen to have decreased to 45.03,
50, 52.99 and 58.36. In all these experiments, PANI-NSA has the best value
for high temperature retention followed by PANI-TSA, PANI-H,SO4 and
the least value obtained for PANI-HCI. For composite samples, the study
reveals that all of them behave in almost a similar manner. Their percentage
retention at 150°C is more than 90%. When the percentage retention of
conductivity is compared for each cycle, there is excellent consistency in
their conductivity at 150°C. Sulfonic acid doped samples show only 15%
and 14% reduction in DC conductivity even for the fifth cycle. Thus the use
of bulky sulphonic acid dopants enhances the high temperature retention of
DC conductivity of samples. When the behaviour of PANI and PANI/CNT
composites is compared during heat treatment to 150°C, PANI/CNT exhibit
unique capacity to increase its conductivity to high values. In literature,
decrease in conductivity is attributed to deterioration of polymer structure as
there are many changes occurring at high temperature. According to Rannou
et al. (23), chemical processes and structural changes in PANI occurs when
temperature is elevated, leading to degradation of conductivity. The reason
for the same is explained as dedoping, chemical cross-linking, ring
chlorination, ring sulphonation, oxidation etc. The temperature range of the
study is not supposed to lead to chemical changes other than deprotonation
and slow aerial oxidation of PANI chains. In order to investigate conductivity
degradation mechanism, the well-accepted theory in conducting polymer

system (24,25) which describes the system as semi crystalline with conducting
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regions separated by insulating region can be adopted. Accordingly, neat PANI
consists of conducting phase composed of long sequence of protonated PANI
units across a non-conducting phase created by short sequences of chains
containing structural defects. They proposed that at high temperatures the
de-protonation of some PANI units results in the reduction of long sequence
of PANI units. Thus, conducting polymer phase is converted into the
damaged phase, thereby decreasing the conducting regions and reducing the
electrical conductivity. The TGA studies of the samples reveal that there is a
weight loss at about 100°C which is attributed to the loss of dopants and
moisture. Being relatively more volatile, HCI loss is faster and hence, the HCI
doped PANI has the highest decrease in conductivity. For other samples, the
loss of dopant is relatively slower and hence they exhibit improved retention
in conductivity during cyclic ageing. PANI-NSA sample (Fig. 3.11) shows
highest stability. Here the interaction of m electrons of the conjugated
naphthalene ring with the m conjugation system of PANI is providing extra

stability to the system and retains the dopant to the polymer chain.

The cyclic ageing studies reveal the exceptional high temperature DC
conductivity stability performance of PANI-FMWCNT samples. From TGA
thermograms of PANI-FMWCNTs, the elevated thermal stability of
nanocomposites as well as the delay in loss of dopant after introduction of
FMWCNTs has been revealed. The role of stabilising interactions which are
responsible for binding dopants to the system due to which their release is
delayed has already been discussed. Thus, the retention of dopants to the
polymer chain can aid in conductivity stability of composites during cyclic

ageing studies. But a remarkable change observed is the relatively small
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difference in the percentage reduction in conductivity of various composite
samples compared to pure samples. This indicates that the conductivity
degradation is not solely due to deprotonation, i.e., the ability of all
composite samples to retain conductivity after thermal cycling, to maintain
stable conductivity at elevated temperatures and how it is retained in
subsequent cycles seeks further investigation into the interactive forces between
PANI chains and nanotubes. In this interfacial polymerisation process, PANI
chains are growing along the surface of nanotubes in a highly ordered way and
are strongly held to nanotubes through covalent grafting and m-w interaction.
The interaction between m bonded surface of nanotubes and conjugated
surface of PANI is responsible for such an ordering in the chain packing of
PANI (26). Thus a highly extended and orderly aligned polymer backbone
chain structure is obtained on CNT surface. Thus in composites the PANI
chain is growing along the surface of CNTs resulting in polymer chains
which are highly ordered and crystalline domains are present in PANI shell
around the nanotube shell. This unique structure on CNTs can remain intact
and unperturbed upon heating. The interface that constitutes the polymer chain
covalently grafted to CNTs is also of importance here. The strong interaction
between CNTs and conjugated polymer chain is not disturbed upon heating to
150°C and the electronic conduction in this phase remains unaltered. Even if
the outer PANI layer is degrading this phase can retain the level of conductivity
at elevated temperatures. The improved stabilisation in conductivity for all
composites at higher temperatures can be due to this new phase and improved
crystallinity of the samples. In the next section isothermal accelerated ageing of
these samples is carried out in order to investigate possibility of factors

contributing to conductivity ageing phenomenon.
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3.3.6.2 Isothermal ageing studies

Table 3.2: Isothermal DC conductivity ageing data of various samples

DC Conductivity of (S/m)
@ —~ -
S £ = o < = N
2 £ 5 ¢ % § 3z 3z 3= 3%
o ~ T = z To 0 FO 20
ST . - - -z Iz =z ==
S £z 2 z 2 22 2% 22 23
[ a < a a ol UL aU x o
0 262 | 241 90.5 116.0 | 430.3 382.7 | 662.8 1009.5
15| 274 256 923 | 1189 4364  386.8 6704 1018.3

50°C | 30 | 28.1| 26.5| 93.7 | 1205 4392 | 389.6 | 671.9 1021.7
45 | 280 26.1 | 935 121.6 4424 3913 6725 1022.8
60 | 285 267 | 942 1228 | 4433 | 392.1 6733 | 10234
0 302 26.8 985 1324 | 4725 4292 7132 | 1084.3
15| 320 279 99.7 | 136.0 | 479.7  435.0 7225 1101.2
80°C | 30 | 32.7 281 1023 139.1| 481.5 438.1 7289 11029
45 | 325 29.5 103.1 | 139.7 | 486.3 | 440.6 = 730.5  1103.5
60 | 33.1 29.7 103.1 140.8 | 4884 | 441.1  731.1  1104.0
0 266 | 254 963 118.8  481.6 | 4533 | 756.8 | 1131.3
15 | 257 249 | 958 | 117.5| 481.9 | 4542 | 757.1 11325
110°C | 30 | 24.0 | 24.1 927 | 115.7 4812 | 4542 | 7579 11325
45 | 23.1 | 23.7 ) 915 1151  480.9 | 4545 7583 11329
60 |« 223 233 90.2 1142 | 480.7 | 4543 7585 | 11334
0 214 | 227 76.8 929 479.0  458.0  757.4  1130.5
15 195 213 | 72.1 90.2 4735 4543 7562 | 11294
30 | 181 20,5 709 893 471.0 4522 7559 | 11285
45 158 | 193 693 87.1 4693 | 449.7 | 754.6 11283
60 | 152 17.7 | 682 855 | 468.5  449.2 7540 1128.1

140°C
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The isothermal stability of samples with respect to DC conductivity is
studied with isothermal accelerated ageing at 50, 80, 110 and 140°C at
15 minute intervals. The DC conductivity ageing data is given in Table 3.2.
The relative conductivity of samples is obtained by dividing conductivity at
0,15,30,45 and 60 minutes with the one at zero minute. The relative
conductivity of samples at 0, 15, 30, 45 and 60 minutes is plotted as a
function of time in Figure 3.12. For pristine PANI samples, as expected,
conductivity increases and stability is achieved at 50 and 80°C. From 110°C
onwards there is a gradual reduction in conductivity with increase in time. A
noticeable observation is for isothermal ageing at 140°C where the conductivity
keeps on decreasing. Though the degree of aging is comparatively less in NSA
doped and TSA doped PANI, the drop in conductivity is observed here also.
These phenomena points to the possibility of damage in conjugated PANI
chain structure by atmospheric agents. The relationship between aerial
oxidation and conductivity deterioration is studied by Tansley and Maddison
(27). They have reported that oxygen absorption occurs on the surface of
polymers followed by its diffusion into the bulk. This could lead to
incorporation of oxygen into the polymer chain causing discontinuity in
conduction pathways and thus decreasing the conductivity of polymer. As
discussed earlier, this observation substantiate the possibility of conducting
polymer phase getting converted into the damaged phase and thus decreasing
the conducting regions. In PANI-FMWCNT composites improved thermal
stability of DC conductivity is observed. These samples exhibit increase in
conductivity at 50°C and 80°C and though there is no further increase,
consistency in conductivity is achieved at 110°C. At 140°C the conductivity

decreases and there is a stabilisation for conductivity.
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The stabilisation in more pronounced in sulphonic acid doped composite
samples. Among PANI-FMWCNT composites also NSA doped and TSA
doped composites exhibit superiority in conductivity stability. The
deterioration in conductivity of composites at 140°C denotes that the polymer
phase is on the verge of conductivity ageing. On the basis of this study, the
conductivity stability of doped PANI and doped PANI/FMWCNTs can be
rated as follows PANI-HCI < PANI-H2SO4 <PANI-TSA < PANI-NSA <
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PANI < HCVFMWCNT < PANI-H2SO4/FMWCNT <PANI-TSA/FMWCNT
<PANI-NSA/FMWCNT.

The above observation ascertains that CNTs are preventing the
polymer phase from degradation and the polymer-CNT interface is
responsible for retaining the conductivity at elevated temperature. In this
context, role of FMWCNT in protecting the polymer chain from
atmospheric oxidation needs further investigation. It is reported that
functionalisation of CNTs can prevent diffusion of oxygen through the
polymer chain (8) which inhibits oxidation by atmospheric oxygen. When
polymer chain oxidation occurs it can reduce = electron delocalisation due
to decrease of protonation level and ES sequence and hence destruction of
polaron structure (28). In composites, it can be presumed that when
polymer chain oxidation is prevented, conducting region within the
polymer phase is protected from ageing. Thus PANI-CNT interface and
strong interaction between these two lead to synergistic properties to the
composites. These properties are responsible for high conductivity of
composites and their retention up to a temperature of 140°C. The grafting
of FMWCNTs to the polymer chains is actually locking the CNTs to the
polymer chains which is exceptionally stable and prevents the ageing of
DC conductivity of composites. Among the dopants TSA and NSA, due to
their efficient delocalisation of PANI chains exhibit best conductivity
retension at high temperature. The impact of FMWCNTs in dynamic
interfacial polymerisation of aniline is revealed by its conductivity
retention at high temperature. So a wider range of applications can be

considered for these composites at high temperature.
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3.7 Conclusions

Different FMWCNT loadings were used to fabricate PANI/FMWCNTs
through interfacial polymerization. With 12.9% of CNT content, nanocomposites
of thin, uniform PANI encapsulation on CNTs are obtained. SEM and TEM
images show PANI coated uniformly on the surface of the FMWCNTs and
shows highest improvement in DC conductivity. The sample is doped with
dopants like HCl, H,SO4, TSA and NSA. TGA analysis confirms the
covalent grafting and strong interaction between polymer chains and
nanotubes. FTIR spectra reveal effective site-selective interactions between
the quinoid ring of PANI and CNTs, facilitating charge-transfer processes
between the two components. These results suggest that interfacial
polymerisation in presence of FMWCNT is an effective way for improving
DC conductivity and thermal stability. Cyclic and iso-thermal ageing studies
reveal the improved high temperature retention in conductivity of the
composite. When PANI and composites are doped with TSA and NSA there
is further improvement in conductivity as well as conductivity retention.
The order of high-temperature stability of DC conductivity is PANI-HCI <
PANI-H,SO4 < PANI-TSA < PANI-NSA < PANI-HCI/FMWCNT < PANI-
H,SO4/FMWCNT < PANI-TSA/FMWCNT < PANI-NSA/FMWCNT.
Deprotonation and polymer chain degradation by atmospheric oxygen are
the prime reasons for conductivity ageing at high temperature. The well-
aligned PANI chain structure on CNTs remains unperturbed upon heating.
This leads to high temperature retention of DC conductivity of composites
compared to pure PANI and this excellent property of composites may

imply their potential application in the high temperature range.
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SYNTHESIS OF FMWCNT-PANI COMPOSITES BY
DIFFERENT METHODS AND STUDY OF
THERMOELECTRIC PROPERTIES

AND THERMAL STABILITY OF DC CONDUCTIVITY"

Nanocomposites consisting of FMWCNT and PANI were prepared by traditional
single phase (SP) polymerization and dynamic interfacial polymerisation (IF) methods.
Morphological and structural analysis showed that synthesis by interfacial
polymerisation resulted in a well-ordered coating of PANI with a uniform core-shell
structure, while single phase polymerisation resulted in thick core shell structure
with many protrusions. IF composite showed better electrical conductivity and
Seebeck coefficient as compared to SP composite. However, there was no corresponding
increase in thermal conductivity of the composite. The introduction of a large
number of nano-interfaces that scatter phonons very effectively leads to the
development of composites with enhanced power factor making it suitable for
thermoelectric applications.

The composite was further characterized by Raman, FTIR, UV-Vis spectroscopy, XRD
and TGA. The thermal stability of electrical conductivity of the composites was
investigated over a temperature range of 30-150°C by cyclic and isothermal ageing.
On cyclic thermal ageing, the conductivity of the IF composites showed 87% retention
while the conductivity of the SP composites registered 62.38% after five cycles. On
isothermal ageing for 3h at 140°C, 99.8% conductivity was maintained by IF samples
while the SP samples could retain only 92% conductivity.
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Chapter 4

4.1 Introduction

Thermoelectrics are promising materials having high energy efficiency.
Being ‘greener’ and leaving very little or no carbon emission, these
materials are gaining increased attention among researchers. The performance
of thermoelectric materials is determined by a dimensionless quantity called

the figure of merit ZT,

ZT = S?%0T/k

Where S is Seebeck coefficient (thermoelectric power, the change in
voltage per unit temperature difference in a material), o is the electrical

conductivity, T is the temperature in Kelvin and k is the thermal conductivity.

Studies on the TE properties of PANI/CNT composites have suggested
that they can be promising candidates for the development of lightweight and
low-cost polymeric composites for TE applications (1). Strong m—n interaction
between CNTs and PANI achieved through in situ polymerisation creates a
well ordered chain structure improving the electrical properties of the
composites (2). In the previous chapter it has been described that interfacial
polymerisation of aniline in presence of CNT at an aqueous-organic interface is

an efficient method for meeting the above requirement.

In this study, PANI/FMWCNT nanocomposite was synthesised
through dynamic interfacial polymerisation. The composite was also
synthesised through single phase dynamic polymerisation for comparison.
The influence of polymerisation method on the morphology and crystallinity
was investigated by means of SEM, TEM and XRD. The interaction
between PANI chain and CNTs was studied through spectroscopic and
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thermogravimetric analysis. Thermoelectric properties (electrical conductivity,
seebeck coefficient and thermal conductivity) of the as-prepared PANI/
FMWCNT nanocomposites were studied and correlated with the structure of
composites. Also, the thermal stability of electrical conductivity of the
composites was investigated over a temperature range of 30-150°C by cyclic

and isothermal ageing.

4.2 Experimental Procedure

4.2.1 Synthesis of PANI and FMWCNT-PANI composite by in-situ

dynamic interfacial polymerisation method

Synthesis of PANI-FMWCNT composite involves polymerization of
aniline in a water/chloroform interface with aniline and nanotubes in the
organic phase and APS in the aqueous phase. 0.6g of FMWCNT was
dispersed in 100mlof CHCIl; by sonication for 30 minutes and 4.65g aniline
was added and sonication was continued for another 30 minutes. 11.25g
APS was dissolved in 200ml. of 1M HCI. The organic solution was kept in a
500ml. beaker at 0-5°C and the inorganic solution was added to the organic
solution kept in the beaker. The reaction mixture was kept under constant
stirring. The mixture turned green, indicating formation of the polyaniline
emeraldine salt. The two phase solution was kept at 0-5°C for 12h.
Afterwards, the aqueous phase is transferred to another beaker. The organic
phase is removed by repeated treatment with fresh quantities of chloroform
for five times. The composite was filtered, washed repeatedly with distilled
water and finally with acetone, and then dried at 800°C for 24h. The
PANI/FMWCT composite thus prepared was de-doped using large excess of
0.5 M NH4OH to obtain the corresponding base. The solution containing
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PANI/FMWCNT composite was kept overnight under stirring and then
filtered. The residue was washed with 500 ml of 0.5M NH4OH. The
de-doped PANI/FMWCNT samples were dried for 48 h under vacuum at
80°C. The samples thus obtained were protonated with 1.5M NSA dopant.
The weight percentage of CNTs was calculated from the weight of the
starting materials and the weight of the products after polymerization. As
the NT remains in the composite, the final yield will be the sum of NT and
aniline polymerized. From this the weight percentage of NT was calculated.
The weight percentage of FMWCNT in S; was found to be 24.5%. Let this
composite sample be S;. The weight percentage of FMWCNT in S; was
estimated and found to be 24.5%.

4.2.2 Synthesis of PANI and FMWCNT-PANI composite single phase
polymerisation method

0.6g. of FMWCNT was dispersed in 100ml. of 1M HCI by sonication
for 30 minutes. 4.65 g aniline was added and sonication was continued for
another half an hour.11.25g of APS dissolved in 200ml. 1M HCI was slowly
added to the reaction mixture which is kept under constant stirring. The
polymerisation reaction was continued for 12h. at 0-5°C. The product was
filtered, washed repeatedly with distilled water and acetone, dried at 800°C
for 24h. The product was de-doped and re-doped with NSA as in S;. Let
this composite sample be S,. The weight percentage of FMWCNT in S, was
estimated and found to be 18.2%.

4.2.3 Characterisation

The morphology of the samples was probed by SEM and TEM. XRD,

FTIR, UV-Vis and Raman spectroscopy were used to carry out the
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structural characterization of the samples. The DC conductivity as well as
the cyclic thermal ageing and isothermal ageing studies were performed as
described in section 2.2.6. Seebeck coefficient and thermal conductivity
measurements were done as described in section 2.2.7 - 2.2.8. TGA were
performed on a Q50, TA instruments thermogravimetric analyser with a
programmed heating of 10°C/min starting at room temperature and

proceeding up to 800°C in an air atmosphere.

4.3 Results and Discussion

4.3.1 Morphology studies

The SEM and TEM images obtained for samples S; and S, are shown
in figure 4.1. The SEM images (Fig. 4.1A.) of both composite samples show
tubular morphology with carbon nanotubes as core encapsulated by the
PANI coating forming core-shell nano structure. Thus it seems that the
polymerisation is beginning at the surface of nanotubes, nanotubes acting
both as core and template resulting in PANI encapsulated nanotubes. The
striking difference noticed in the images of the composite samples is that in
S the PANI coating is highly uniform while it is thicker in S, with many
protrusions. For S; the core shell structure is seen to be thin, homogeneous
and well-aligned with an average diameter of 93nm (diameter varying from
78 to 110nm.). The images of S, reveal that the PANI coating is non-uniform
as there are aggregates of PANI formed on CNTs. The non-homogeneity is
evident from the diameter distribution i.e., here the average diameter is
175nm (diameter varying from 115 to 190nm). The thickness and uniformity
of PANI coating is confirmed using TEM images. Figure 4.1b shows TEM

of sample S;and S, where single tubes are visible.
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Fig. 4.1: (A) SEM images of Composites S; (A and C) and S,. (B and D). Scale
bar is 500nm and 100nm.

Fig. 4.1: (B) TEM image of S; (E) and S, (F).
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The formation mechanism of S; and S, composites is responsible for
this drastic change in morphology. In sample S; the CNTs along with
adsorbed aniline molecules is present in the droplets of organic phase and
they migrate to the water-chloroform interface. During polymerisation with
APS, two initiation sites are available i.e. aminobenzoyl radical grafted on
CNTs and aniline radical adsorbed on CNTs. Aniline gets polymerised on
the surface of CNT at the water-chloroform interface and diffuses gradually
into the aqueous phase avoiding secondary growth. As secondary growth is
suppressed here, non-uniform and thicker PANI coating is prevented. This
special advantage of interfacial polymerisation contributes to narrow size
distribution of PANI chains in core-shell structures. As PANI chains are
formed along nanotubes due to strong m-m attraction between the hexagonal
surface lattice of the CNT and the planar structured molecules of PANI, the
general compacted coil conformation and random molecular arrangement of
PANI is avoided here (3). Instead interfacial polymerisation induces a
greater polymer chain ordering on nanotubes resulting in highly extended,
ordered and well aligned polymer chain in the composite structure. This
result reveals the possibility of better control of the polymer coating

thickness on nanotubes through interfacial polymerisation.

Contrary to this, in S,, as the polymerisation is proceeding in single
phase, more and more aniline gets polymerised on the nanotube surface.
Though nanotubes are there to act as template, after formation of a few
initial layers, the m-m interaction becomes weaker and cannot retain the
ordering in chain packing along the nanotubes. Thus secondary growth is

possible leading to coiled and random arrangement of PANI chains
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resulting in a thick and non-uniform polymer shell on CNTs. Deposition of
PANI lumps occur which is seen as projections in SEM and TEM images.

The proposed scheme for formation of composites S; and S, is shown in

figure 4.2.
i 3
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Fig. 4.2: Schematic representation of polymerisation process for
composite formation.
4.3.2 Spectroscopy

In order to understand the interfacial interaction between CNTs and

PANI, Raman, FTIR and UV Visible Spectra studies were conducted.
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4.3.2.1 Fourier Transform Infrared Spectroscopy
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Fig. 4.2: FTIR spectra of S; and S, (inset — FTIR in the range 500-3700cm™).

Figure 4.2 shows the FTIR spectra for S; and S,. All characteristic
absorptions of PANI are reflected in PANI-CNT composites. The peak
around 1130 cm !, described as the “electron-like band”, is considered to be
a measure of delocalisation of electrons (4). This peak is observed at

1138 cm 'in S, and at 1126 cm ! for S;. It is also noted that the intensity
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of the peak is higher for S;. This may be ascribed to better m-m interaction

between the conjugated surface of CNT and PANI in the case of S;.

The characteristic bands around 1562 and 1486 cm ™' correspond to the
C=C stretching vibrations of quinoid and benzenoid rings, respectively. The
spectrum of S; shows a higher ratio of these intensities (Io/Ig), indicating
quinoid-rich PANI layer. Usually, aromatic structures interact strongly with
the basal plane of graphitic surfaces through © stacking (5,6). The site-
selective interactions between the quinoid ring of the PANI and NTs are
likely to promote the stabilization of the quinoid ring structure in the
composite. This leads to more conductive bipolaronic structure which is

confirmed by DC conductivity results.

4.3.2.2 Raman Spectroscopy
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Fig. 4.3: Raman spectra of composites S; and S,.

In fig 4.3 Spectra of S; and S, show the typical bands of coated PANI on CNTs
which includes C—H bending of quinoid ring at 1,169 cm-1, C—H bending of
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benzenoid ring at 1,260 cm”, C-N' stretching at 1,339 cm-1, C=N
stretching vibration at 1,484 cm™ and C—C stretching of the benzene ring at
1,600 cm™. These observations reveal the presence of the doped PANI-ES
structure and formation of core—shell nanocomposite (7). With respect to
composite Sy, new peaks at 1425 and 1639 cm™ appear in S;. This is an
implication of improvement of the ordering degree of the PANI chains in S;.
Also in the spectrum of S;, C-H bending of the benzenoid ring at 1175 cm’
has shifted to 1166 cm™. These support the fact that PANI chains are highly
ordered along CNT axis in S; and the polymer coating is enriched with

microcrystalline domains.

4.3.2.3 UV Visible Spectra

The UV-Visible spectra (Fig. 4.4) of both samples in NMP exhibit two
characteristic peaks - (a) at 328nm (S;) and 337nm (S,) corresponding to w-m*
transition (b) at 715nm (S;) and 682nm (S,) due to n-m* transition (8).
Compared to S,, the spectrum of S; exhibits a slight blue shift for m-m*
transition. This can be suggested to be due to the site-selective interaction
between the quinoid ring of the PANI and CNTs (9) and when PANI coats over
the CNTs, the interfacial interaction between the two causes the 7—n* transition
to shift to a lower wavelength. The spectrum in the wavelength 682nm in S; is
red shifted to 715nm in S;. This is indicative of an increased delocalization of
charge carriers resulting from the presence of CNTs in composite (9). This
again confirms strong interaction between CNTs and quinoid ring of PANI

resulting in enhanced charge transfer from quinoid unit of PANI to nanotubes.
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Fig. 4.4: UV—visible spectra of S; and S,.

4.3.3 X-Ray Powder Diffraction Analysis

X-ray diffraction (XRD) analysis was done to assess crystallinity and
molecular ordering which can influence electrical transport properties in
composites. Figure 4.5 presents the XRD patterns of FMWCNT and
nanocomposites S; and S;. For FMWNTs, an intense diffraction peak is
observed at 25.1° and low intense peaks at 42- 43°, corresponding to a graphite-
like structure. The diffractograms of S; and S, clearly indicate that amorphous
state of pristine PANI is changed significantly by the introduction of CNTs.
Both composites present crystalline peaks approximately at 15.2°, 20.7° and
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25.8°. Many authors (10-12) have reported the increased order of polymer
chains in the PANI coatings on CNTs in composites. Yao et al. (10) reported
the peak sharpening in PANI/SWCNT composites. They related this to the
monodistribution of the periodicity between the polymer backbone chains,
revealing that polymer chains in the composites have a more ordered

arrangement and that the composites are more crystalline.
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Fig. 4.5: XRD patterns of FMWCNT, Composites S; and S,.

All these peaks especially the one at 25° in composite S; is more intense and
sharper compared to S,. This can be ascribed to the fact that interfacial

polymerisation promotes order and alignment in polymer chain confirmation
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along nanotubes leading to an integrated crystalline structure. Even more
promising observation for S; composite is the presence of a sharp and
intense peak at 6.47°. This peak is characteristic of nanostructured polyaniline
(11,13), whereas such a peak is absent in S;. This confirms the fact that
polyaniline chains are ordered along CNT axis in S; and the polymer coating
is enriched with microcrystalline domains. In conventional polymerisation
process, more and more PANI is deposited on nanotubes forming large
aggregates. As the distance from NTs increases, it is not possible to distribute
the polymer chains on nanotubes with the same order of periodicity as seen in
Si. As a result amorphous regions increase in composite S,. Thus XRD studies
provide strong evidence that there is enhanced structural ordering of PANI

chains in composite S; compared to S.

4.3.4 Thermogravimetric Analysis

The TGA thermograms of S; and S, composites from room
temperature to800°C at a heating rate of 5°C/min in an air atmosphere is
illustrated in figure 4.6. The delay in the loss of dopant in composite S; is
evident from its TGA thermograms. For S; the loss of dopant starts from
227°C and for S, it starts from 190°C. In S;, the dopant molecules are more
easily confined and stabilized among compact and well-aligned CNTs. These
stabilising interactions are responsible for binding dopants to the system due
to which their release is delayed. These strong interactions is reflected as
improved DC conductivity and DC conductivity retention of S; composites
during cyclic ageing and isothermal ageing studies which will be discussed in
later section. Regarding the polymer chain degradation, three observations are

made (1). Tonser for PANI degradation gets delayed in S; by 35°C (2). The
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maximum degradation temperature (Tp,x) for PANI is increased by 30°C in
S| compared to S,. This increase in Tmax is indicative of high thermal
stability of PANI in the composite S;. This result also suggests that there is a
good interaction between PANI and nanotubes and nanotube surface is
uniformly coated by PANI. This strong interaction is possible through charge
transfer mechanism from conjugated polymer chain to nanotubes (9,14). (3)
Another interesting observation is the delay in the degradation of nanotubes in
Sicomparedto S,. There is an additional weight loss at about 610°C in S;.
Though this weight loss is not characteristic of either PANI or nanotubes, this

confirms additional thermal stability of S; compared to S.
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Fig. 4.6: TGA of FMWCNT, S; and S,.
4.3.5 Thermoelectric properties
4.3.5.1 DC Conductivity

The electrical conductivities of the composites were measured from

295 to 355K which is depicted in figure 4.7. The following observations are
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noted. (i) The room temperature DC conductivity of S; (960S/m) is more
than ten times that of S; (76.3 S/m). (ii)) With increasing temperature, there is a
steady increase in conductivity for both samples indicating a semiconducting
behaviour. The electrical conductivity of a semiconductor is given by the
equation ¢ = nep, where n, e, | are carrier concentration, electric charge and

carrier mobility, respectively.
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Fig. 4.7: Tenfold increase in electrical conductivity for the composite
S; compared to S,.

In order to explain this remarkable difference in conductivity between the
samples of composites S; and S,, the transport mechanism in these
composites has to be investigated. Generally introduction of CNT to PANI
enhances the electrical conductivity of composites by facilitating the
interaction between PANI chains and nanotubes through charge transfer
between the two (16). More importantly, with their excellent transport

properties and high aspect ratio, CNTs can interconnect efficiently with the
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conducting channels for carrier transport in various conducting grains of the
PANI coated over them (17). In such carrier transport through hoping
mechanism of conducting particles, the reduction in the interfacial contact
and tunneling resistance plays an important role in facilitating conductivity.
Both morphology and XRD studies reveal that due to the efficient
templating effect of CNTs in the composite formation of S;, highly
oriented and extended polymer chains with improved crystallinity results
here. It is well-known that such ordered molecular structure increases the
effective degree of electron delocalization between polymer chains and
CNTs and therefore lowers the carrier hopping barrier (16). Also this
increased ordering degree of the PANI chains on nanotubes makes the
nanotubes interconnect efficiently to the polymer chains by countering the
interfacial contact and tunneling resistance (17, 18). It can be understood
that such structures can facilitate the transport of charge carriers, by
providing them a smooth pathway leading to improved carrier mobility as
well as increased electrical conductivity. Thus in sample S;, the PANI
chains remain strongly bonded to the tubes and act as an effective
“conducting bridge” leading to improved DC conductivity. While in S, the
thick, randomly coiled and entwined PANI chains on CNTs can hamper
the nanotubes from bridging the carrier paths. Such polymer coating on
CNTs cannot stabilise the PANI - CNT interaction in composites and thereby
increase DC conductivity. Contrary to what is seen in S;, thick PANI layers
in S, are acting as tunneling barriers between adjacent nanotubes inhibiting
carrier transport. Thus the remarkable difference in conductivities of the
composites S; and S, is attributed to the alignment and confirmation of PANI

chains on CNTs. This is substantiated from the conductivity values of
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dedoped samples. When composite S, was dedoped, the room temperature

conductivity was reduced to 9 S/m while that of S| reduced only to 323 S/m.

4.3.5.2 Thermal Conductivity

The room temperature thermal conductivity of composites was
measured. MWCNTs have high thermal conductivity (19) while PANI has an
extremely low thermal conductivity of 0.43 W/m/K. Another promising result
from this study is that the thermal conductivity of composite samples is seen to
be reduced to that of PANI (Table 4.1). Previous studies have reported that the
thermal conductivity of CNT/polymer composites is relatively insensitive to
the CNT concentration (10, 20, 21). In this aspect they are found to be much
superior to that of inorganic thermoelectric materials. Many studies on
thermal conductivity of conductive polymer composites reveal that the charge
carrier contribution to the thermal conductivity is generally small while
phonon contribution is dominant (21, 22). These investigations have indicated
that the nanostructures, including nano inclusions and nano interfaces in
composites, can scatter phonons and reduce thermal conductivity. The prepared
composites consist of numerous nanointerfaces which act as effective scattering
centers of phonons. As the phonons are highly scattered, thermal transport in
these composites is impeded. Thus the thermal conduction behaviour and
electrical conduction behaviour of composites are different. In sample S;, there
is further reduction in thermal conductivity and this is attributed to the fine
PANI layers on nanotube surface as a result of interfacial polymerisation. It is
in agreement with earlier reports which reveal that the advantage of polymer
composites is in the improvement of electrical conductivity while the thermal

conductivity remains comparable to typical polymeric materials.
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4.3.5.3 Seebeck coefficient

Figure 4.8 shows variation of seebeck coefficient, S of composites
with temperature. S values are positive which confirms that the composites
are of P-type materials (23). Both composites exhibit an increase in Seebeck
coefficient with increasing temperature over the measured range from 295K
to 355K. In the present study, room temperature Seebeck coefficient of
sample S; (27.9 nV/K) is significantly improved compared to S, (18.23 pV/K)
i.e., 53% higher than that of S,. Interestingly, the remarkable improvement
of DC conductivity in S; doesn’t result in decrease of its Seebeck coefficient.
Usually when there is an improvement in electrical conductivity through
charge carrier concentration, it has a detrimental effect on Seebeck
coefficient (24). As Seebeck coefficient relies on the energetic carrier
transport and the electrical conductivity depends on the transport of all
mobile charges increased carrier concentration enhances electrical conductivity,

but causes decrease in the Seebeck coefficient (25).

34 26
¢ 33 F25 g
ey 1 |=S1 P =
> 3] N Lo S
3 | -S2 3
= P =
= 31 ™ 23
C E /I/ /° E
D 304 . —° 22 ©
2 1 —" /c)/° o
= 29 " L21 =
T " o %
O 28{ g—nm o 20 &
@) : o @)
27 4 o |19
' e X
(@] 1 0-‘"°/° (@]
D 26 - L18 &
O i o]
<1}
D 254 -7 D
w N
24 16

200 300 310 320 330 340 350 360
Temperature (K)
Fig. 4.8: Seebeck coefficient of S; compared to S,.
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In studies of conducting polymer based thermoelectric materials,
where there is a simultaneous increment in both electrical conductivity and
Seebeck coefficient, the enhancement was attributed to the improvement of
charge carrier mobility (26, 27). The authors state that the improved carrier
mobility is a consequence of improved molecular ordering in polymer
chains. As far as thermoelectrics are concerned, the most successful route to
achieve improved TE properties is the above mentioned route as it avoids
the unpleasant depreciation of Seebeck coefficient with increasing electrical
conductivity. The explanation put forward by Meng et al. (22) is important in
our experiment also. They relate the improvement of thermoelectric
properties of the composite to the size dependent energy-filtering effect
caused by the nanostructured PANI coating layer enwrapped over the CNTs.
Owing to the efficient templating effect of FMWCNTs during interfacial
polymerisation, an exceptional order in chain packing state is acquired. As
in the case of electrical conductivity in S;, the more aligned and extended
confirmation of polymer chain on nanotubes is allowing smooth passage of
energetic charge carriers also. Thus it can be ascertained that if increased
carrier mobility is achieved through improved molecular ordering of

polymer chains, both electrical conductivity and seebeck coefficient can be

improved.
Table 4.1: Thermoelectric properties of composites.
Electrical Thermal Figure of
Sample Conductivity =~ Conductivity Seeslzeci(]/i(;eff merit ZT
o (S/m) k(W/m K) H (300K)
Si 960 0.49 27.9 457.6 x 10°°
S, 76.3 0.516 18.25 14.77 x 10°
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A comparison of thermoelectric properties of composites at 300K is
given in the Table 4.1. Based on the measurement results, the performance
of a thermoelectric material is evaluated by its dimensionless figure of
merit, ZT=S? 6T/k. The figure of merit of S; is more than 25 times that of S,
which shows the improvement brought about by the molecular ordering of
polymer chains in composites. As the composites have comparable thermal
conductivity, comparison of thermoelectric performance is also done on the

basis of power factor (Sc).
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Fig. 4.9: Improved power factor for composite S;compared to S,.

The PF of composite samples is plotted against temperature and is
depicted in figure 4.9. The thermoelectric power factor of composites is
at par with the figure of merit. This study suggests a simple method for
achieving unique combination of high electrical conductivity, good
seebeck coefficient and low thermal conductivity in CNT based PANI

composites. Though, ZT of the composite is currently too low to be
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considered as a good thermoelectric material, the results show the
possibility of tuning the thermoelectric properties of the conductive
polymer and for fabricating efficient thermoelectric devices based on CNT

based PANI composites.

4.3.6 Thermal stability of DC conductivity

Cyclic thermal ageing (Fig. 4.8) and isothermal ageing (Fig 4.10)
methods were used to study the DC conductivity retention of composites.
Earlier reports have revealed the role of MWCNT on the electrical conductivity
of MWCNT/PANI composites (28, 29). On cyclic thermal ageing process,
electrical conductivity increases with increase in temperature pointing to a
semiconductor behavior of both composites. During the first cycle, conductivity
steadily increases up to 120°C for S; samples and up to 110°C for S, and then
the rate of increase diminishes. A significant drop in conductivity is observed
after the first cycle, with Sample S, showing a larger decrease. After the
completion of one cycle, the samples again show increase in conductivity in
subsequent cycles. While sample S; is capable of achieving a higher
conductivity, the extent of increase is low for sample S,. The values for
percentage retention of conductivity after each cycle at 30°C and 150°C are
given in figure 4.9. It shows that the percentage retention in conductivity of
S;and S; at 30°C 1s 91.7 and 70.5 respectively. The corresponding values at
the end of the fifth cycle are 87% and 62.38%, respectively. So it is seen
that S; has better capability to retain DC conductivity at higher temperatures

compared to S,.
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Fig. 4.8: The temperature dependence of DC conductivity under cyclic
ageing up to 150°C for S,and S,.
A similar behavior is observed at 150°C (Fig. 4.9b.) with S; showing
more retention than S,. In chapter 3, the conversion of conducting polymer
phase into the damaged phase resulting in decreased electrical conductivity

was discussed. TGA thermograms of sample S; has revealed the elevated
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thermal stability and the delay in loss of dopant for this sample.
Spectroscopic studies indicated the role of stabilising interaction between
PANI and CNTs in S;. XRD analysis revealed that S; has ordered polymer
chain structure with improved crystallinity. This unique structure on
nanotubes stands almost unaffected upon heating. So S; is more resistant to
damage under elevated temperature. S, samples are devoid of such structural
ordering, crystallinity and interaction. Hence there is large conductivity
degradation. For conducting polymers like PANI, carrier transport is very
sensitive to confirmation and ordering of polymer chains along CNT. Wang
et al. (26) reported that arrangement of the PANI chains on CNTs reduced
the m—m conjugated defects in the polymer backbone besides increasing the
effective degree of electron delocalization and therefore enhanced the
carrier mobility in PANIL. It can be inferred that to retain conductivity at
elevated temperature, the structure and alignment of PANI chains on

nanotubes should be retained.
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Isothermal stability of samples with respect to DC conductivity is
studied with isothermal ageing at 50, 80, 110 and 140°C at 30 minutes
intervals. The relative conductivity of samples is obtained by dividing
conductivity at 0,30,60,90,120,150 and 180 minutes with the one at zero
minute. The relative conductivity is plotted as a function of time in figure 4.10.
For sample S; improved thermal stability of DC conductivity is observed.
These samples exhibit increase in conductivity at 50°C and 80°C and though
there is only slight increase, consistency in conductivity is achieved at
110°C. At 140°C, after an initial decrease, stabilisation for conductivity is
achieved. For S, sample, as expected, conductivity increases and stability is
achieved at 50 and 80°C. From 110°C onwards there is a gradual reduction in
conductivity with increase in time. For isothermal ageing at 140°C, the
conductivity of the sample keeps on decreasing. After three hours, the
conductivity reduced to 92% of the initial value. These observations
substantiate the results from cyclic ageing. Apart from this, the phenomenon
also reveals the possibility of oxygen absorption on the surface of polymers
followed by its diffusion into the bulk (30). Tansley et al. (31) reported that
oxygen absorption occurs on the surface of polymers followed by its diffusion
in to the bulk. This could lead to incorporation of oxygen into the polymer
chain transforming the semiconducting state into an oxidized one. This
oxidation can lead to discontinuity in conduction pathways and thus decrease
the conductivity of polymer. From the previous discussions regarding the
structural and interactive forces operating in S; and S, composites, it is clear
that S; can resist the diffusion and the attack of atmospheric oxygen on
polymer chains. But in S, the thick but loose polymer chains allow the

diffusion of oxygen into the polymer chains and causes oxidation of polymer
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chains. This disruption in conjugated chain structure hinders conductivity as
is evident from the ageing studies on S, samples. Based on the above
discussion, deprotonation and polymer chain degradation by atmospheric

oxygen lead to conductivity ageing at high temperature.
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The morphology and interaction between PANI and CNTs are crucial in
deciding the extent of degradation. Thus the excellent properties of S;

composite are very promising for electronic applications.

4.4 Conclusions

PANI/FMWCNT composites were prepared by single phase (SP)
polymerisation and interfacial polymerisation (IF) methods. By proceeding
with dynamic interfacial polymerisation, remarkably enhanced electrical
conductivity, improved seebeck coefficient and ZT are obtained in
PANI/FMWCNT composites. The XRD, SEM and TEM results of this
sample showed that this composite possess an extended and ordered
molecular structure as secondary growth is avoided here. This polymer chain
with ordered molecular structure formed on the surface of nanotubes
increased the carrier mobility resulting in an electrical conductivity of
960 S/m and Seebeck coefficient 27.9 uV/K. Though this process allows for
thermoelectric performance improvement, it maintains the low thermal
conductivity of PANI Thus we have demonstrated an effective synthetic
route which lead to favorable improvement in seebeck coefficient, electrical
conductivity and thermal conductivity which makes this composites more

attractive for thermoelectric applications.

When subjected to cyclic thermal ageing for five cycles, the IF
composite shows 87% retention while the conductivity of SP sample retains
only 62.38%. The composite synthesised through interfacial polymerisation
maintains 99.8% conductivity on isothermal ageing for three hours at 140°C,
while the other sample retains 92% conductivity. Morphology, XRD, FTIR,
Raman, UV-Visible spectroscopy and TGA studies reveal the role of interfacial
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polymerisation in the formation of highly ordered polymer backbone on
CNTs, improved crystallinity and strong PANI-NT interactions in the

composites.
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Chapter 5

IMPROVED STRAIN SENSING PROPERTY OF
FUNCTIONALISED MULTIWALLED CARBON

NANOTUBE/POLYANILINE COMPOSITES IN TPU MATRIX"
—

PANI / FMWCNT based conductive thermoplastic polyurethane (TPU) films
were prepared to study their strain sensing property. The composites were
prepared by solution casting method using FMWCNT coated with
polyaniline. The coating was done by in-situ and ex-situ polymerization of
aniline. The composites thus prepared were designated as FMWCNT-
PANI/TPU (1) and FMWCNT-PANI/TPU (E), respectively. The electrical
resistivity and resistivity — strain behaviour of these composites were
measured. The percolation threshold and the strain sensitivity of these films
depended on the dispersion of conductive fillers in the polymer matrix. The
well-dispersed filler in FMWCNT-PANI/TPU (I) composites resulted in low
percolation threshold and improved strain sensitivity. The composite with
2weight % filler content, showed a gauge factor of 1075 at 100% strain and
exhibited high reversibility in resistivity upon elongating to 20%. A coating
of PANI on FMWCNT reduced its entanglement and enhanced the
interfacial interaction between the nano fillers and TPU, leading to
improved strain sensitivity. The experimental data for strain sensing was in
good agreement with the theoretical equations derived from a model based
on the tunneling theory by Simmons.

“A.P.Sobha and Sunil K. Narayanankutty, “Improved strain sensing property of functionalised multiwalled carbon nanotube/polyaniline
composites in TPU matrix”, Sensors & Actvators: A. Physica/D01:10.1016/.sna.2015.06.012, (Volume 233) 98—107, September 2015.
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5.1 Introduction

The ability to change the electrical conductivity when tensile strain is
applied is considered as a potential requisite for a strain sensor. Recently,
significant advances have been made in building highly sensitive strain
sensors using CNT/ polymer composites (1-3). When an elastomer is used
as matrix, strain sensors with high surface area and wide strain range can be
produced. Due to their better stretchability, bendability, mechanical robustness,
light weight, and low-cost of fabrication, they find application in many areas
where conventional strain sensors cannot be used (4). The CNT based
elastomeric sensors developed have higher sensitivity compared to
conventional strain sensors such as metal-foil strain gauges (4-7). The higher
sensitivity observed in these strain sensors is attributed to factors such as
formation of conductive network, variation in internal conductive network,
tunneling effect of conductive particles and piezoresistivity. The electrical
conductivity in these CPCs is provided by conductive filler which forms a
network within the polymer matrix. A low filler content is to be maintained
as the amount of conductive fillers reduces the recovery rate (8). However, the
efforts to develop strain sensors with low percolation threshold, low filler
content, high sensitivity, good repeatability, low hysteresis and excellent
durability has not fully succeeded yet. Infrastructures like buildings, bridges
etc., are expected to stay for centuries. In the case of vehicles they are expected
to serve for years. So the stability of conductive network under harsh conditions
is essential. In our earlier studies it was reported that the composites of
FMWCNT and PANI prepared through interfacial polymerisation exhibited
improved electrical properties as well as high temperature stability in electrical

conductivity (9). Recent works on thermoplastic polyurethane (TPU)
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composites showed that they can sustain very large deformations and
possess excellent thermo physical properties. No systematic study on the
strain sensitivity of FMWCNT-PANI/TPU composites has been reported
yet. In this chapter the dependence of electrical conductivity on the strain
level of composites based on FMWCNT-PANI/TPU is reported. The
FMWCNT with a surface layer of PANI was prepared through in-situ
polymerisation and ex-situ polymerisation methods. FMWCNT without PANI
were also used for comparison. The observed difference in electrical and
electromechanical properties was examined based on their morphology and
distribution of the conductive component within the insulating matrix. The
experimental data was compared with theoretical equations derived from a
model based on the variation of the tunneling distance between conducting

particles under strain.

5.2 Experimental

5.2.1 Synthesis of FMWCNT-PANI/TPU composites FMWCNT-PANI/TPU

composites were prepared by the following methods.

(1)  Synthesis of FMWCNT-PANI/TPU (I) composite films

FMWCNT-PANI filler was synthesised through interfacial polymerisation
of aniline in presence of FMWCNTs as per section 4.2.1. The procedure
involved polymerisation of 0.465g of aniline in a water/chloroform
interface with aniline and nanotubes in the organic phase and APS in
the aqueous phase. The composite sample was dedoped and redoped
with 1.5M naphthalene sulphonic acid (NSA) dopant. FMWCNT-
PANI/TPU(I)composites were prepared as follows. A fixed quantity(4g)
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of TPU was dissolved in 100ml THF under vigorous stirring.
Different weight percentages of FMWCNT-PANI filler (0.25, 0.50,
0.75, 1.00, 1.25, 1.50, 2.00, 2.50, and 3.00 weight %) were dispersed
in 100ml THF through sonication for 1 hour at room temperature.
These two solutions were mixed together by ultra sonication for 1
hour and the mixed solution was transferred into a Petri dish and kept
in an oven at 60°C under vacuum for 10 hours to remove the solvent.
The polymer composite films were collected and cut into the required
dimensions for further measurements. These FMWCNT-PANI/TPU
(D) composites are designated as NC;, NCj,, NCj3, NCy4, NCjs, NCys,
NCj7and NCis.

(i)  Synthesis of FMWCNT-PANI/TPU (E) composite films

Polyaniline was synthesised through interfacial polymerisation of
aniline in absence of FMWCNTSs. Appropriate quantity PANI is
mixed with FMWCNT and the mixture (0.25, 0.5, 0.75, 1, 1.25, 1.5, 2,
2.5, and 3 weight %) were dispersed in 100ml THF through sonication
for 1 hour at room temperature. The remaining procedure is the same as
in (i). These composites FMWCNT-PANI/TPU (E) composites are
designated as NCj;, NCp,, NCj3, NCa4, NCys, NCy6, NCy7 and NCpg.

(ii1)) Synthesis of FMWCNT/TPU composite films

Different quantity of FMWCNT (0.25.0.5.0.75, 1, 1.25, 1.5, 2, 2.5, and
3 weight %) were dispersed in 100ml THF through sonication for
1 hour at room temperature. The remaining procedure is the same as
in (1). These composites FMWCNT/ TPU composites are designated
as NCsj, NCj3z, NCs3, NCs4, NCss, NCs6, NC37 and NCsg,
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5.2.2 Characterization

The microstructure of the composites was observed using Hitachi
SU6600 Variable Pressure FESEM and JEOL 300 KV HRTEM. To study
the electrical and electromechanical properties, samples of the size of
60mm x 10 mm x 1 mm were cut from the composite films. The DC
conductivity of the composites was measured by a standard two-probe
electrode configuration using a Keithley 2400 nanovoltmeter as described in
section 2.2.5. The strain sensitivity measurements were performed on a
Shimadzu Universal Testing Machine (model AG-I) coupled with the
Keithley 2400 nanovoltmeter as per section 2.2.8.

5.3 Results and analysis

5.3.1 Electrical properties of unstrained samples

Figure 5.1 presents the measured DC electrical conductivity of the
composite films at filler concentrations up to 3 weight percentage. Virgin
TPU film is reported to have an electrical conductivity of the order of
10" S/em(11). FMWCNT-PANI/TPU (I) composite exhibits more pronounced
enhancement in conductivity than the other two composites (Fig. 5.11). In
this case the conductivity increases by 10 orders at a CNT loading of
0.75%. This sharp increase in conductivity to 1.1x 10 S/m indicates the
formation of infinite conductive networks by the filler particles (12). In the
case of FMWCNT/TPU and FMWCNT-PANI/TPU (E) the conductive
network formation occurs at 1% filler concentration. At high filler
loadings all the composites show a stabilization effect. It is observed that
FMWCNT with a uniform coating of PANI greatly improves the conductivity
of TPU films.
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Fig. 5.1: Electrical conductivity of various composites as a function
of the weight % of the filler.

According to the classical percolation theory

0 = 00 (V-VE)' oo (5.1)

for v > v,

where o is the electrical conductivity of the composite, oy is a constant for a
particular filler—polymer combination, v is the filler’s volume fraction, v, is
the percolation threshold, the exponent ‘t’ is related to sample dimensionality,
te., t =1, 1.33, or 2.0 for one, two, or three dimensions, respectively
(12,13). By getting the logarithm from both sides of Eq. (5.1), this equation

can be written in the following format,
log 6 =102 60+ 1108 (V-Ve) werevrieeiiieeiieeiee e (5.2)

Eq. 5.2 can be used to find the percolation threshold and the critical exponent

via linear regression of log (o) versus log (v-v). By fitting the experimental
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data to a plot of log o versus log(v- v/v¢), as shown in figure 5.2a,b and c,
the percolation threshold values for FMWCNT-PANI/TPU(I), FMWCNT-
PANI/TPU (E) and FMWCNT/TPU composites are found to be 0.6, 0.9 and
0.95 weight% respectively (0.42, 0.6 and 0.63 volume percentage). Critical
exponent values of the FMWCNT-PANI/TPU (I), FMWCNT-PANI/TPU
(E) and FMWCNT/TPU composites found in this study are 2.97, 2.28 and
2.11, respectively. The fitted value for the critical exponent deviates from
the theoretical universal scaling value t = 2. This can be explained by
multiple percolations in conducting polymer systems, as proposed by Levon
et al. and Grimaldi et al. (14,15). According to the authors, the electrical
conductivity of a polymer system is determined by the morphology of filler
particles also in addition to the filler loading. In the case of tunnelling
percolation network, such a large exponent indicates a broad distribution of
the tunnelling resistance and hence a broad distribution of the inter particle
distance (15). In this experiment, the results prove that PANI coated
nanotubes can improve the conductivity and decrease percolation threshold.
From the above discussion it can be inferred that the low percolation
threshold value for FMWCNT-PANI/TPU(I) results from its well-dispersed
and high-aspect ratio filler components. The dispersion of various filler
particles in TPU matrix and its effect on effective aspect ratio is discussed in

the section of morphology studies.
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Fig. 5.2a: Log-log plots of opc and v-v./v.of FMWCNT-PANI/TPU(I).
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Fig. 5.2b: Log-log plots of opc and v-v./v. of FMWCNT-PANI/TPU(E).
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Fig. 5.2¢: Log-log plots of 6pc and v-v./v. of FMWCNT/TPU.

5.3.2 Morphology

The FESEM micrographs in figure 5.3 show the surface morphology
of the FMWCNT, PANI coated FMWCNT, FMWCNT-PANI/TPU(I),
TPU/PANI/FMWCNT(E) and FMWCNT/TPU samples.

Fig. 5.3a: FESEM image of FMWCNT.
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15.0kV 14.4mm x30.0k SE

Fig. 5.3b: FESEM image of PANI coated Fig.5.3c: TEM image of PANI
FMWCNT. coated FMWCNT.

The FESEM image of FMWCNT (Fig.5.3a) shows that its average diameter is
20nm. FESEM images of the PANI coated FMWCNT and TEM image of the
same (Fig.5.3b and ¢) confirm that the outer surface of the individual CNTs is
coated uniformly by a thin PANI layer of thickness about 10nm. The image of
FMWCNT-PANI/TPU(I) composite(filler loading of 2 weight%)in figure 5.3d
shows that PANI coated FMWCNTs remain fairly straight, non-entangled and
homogeneously dispersed in the polymer matrix. The average diameter of these
PANI coated nanotube fillers is about 80nm in TPU matrix, indicating that a
layer of TPU is formed on its surface. The large surface area of the CNTs
increases the van der Waals intermolecular interactions leading to a strong
tendency to aggregate when dispersed within the polymer matrix. This
aggregation is detrimental to the conductive network formation (16). So, CNTs
though possessing a high aspect ratio, its flexibility and tendency for
aggregation reduces its effective aspect ratio. This reduction in actual aspect
ratio is an obstacle for acquiring high conductivity and low percolation

threshold. In FMWCNT-PANITPU(I) composites, the tendency for
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agglomeration is reduced and effective aspect ratio of nanotubes is retained
because of the presence of a uniform coating of PANI on the CNT surface. It is
assumed that the numerous bonding sites between PANI encapsulated
FMWCNTs and TPU polymer chains are leading to an enhanced dispersion of
these filler particles in the polymer matrix. Even with a low percentage loading
of PANI/ FMWCNT, the composite seems capable of forming an efficient
network. This efficiency in network formation leads to low percolation
threshold and high conductivity in FMWCNT-PANI/TPU(I) composites. In the
other two composites (Fig. 5.3e and f) FMWCNT and PANI are seen as curled,
entangled and randomly oriented, aggregates. There is poor adhesion between
CNTs and polyurethane. The aggregation of CNTs suggests that the
functionalisation of CNTs do not aid in dispersion of CNTs in TPU matrix.
Even the presence of PANI does not modify the dispersion of CNTs in
FMWCNT-PANITPU(E) samples. Thus the poor adhesion and heterogeneous
dispersion of conductive fillers in TPU matrix is responsible for the relatively

high percolation threshold and low electrical conductivity of these composites.

15.0kV 16.3mm x45.0k SE 1.00um

Fig. 5.3d: FESEM image of FMWCNT- PANI/TPU(I).
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15.0kV 15.3mm x45.0k SE 1.00um

Fig. 5.3e: FESEM image of FMWCNT-PANI/TPU(E).

15.0kV 14.4mm x50.0k SE 1.00um

Fig. 5.3f: FESEM image of FMWCNT/TPU.

5.3.3 Strain sensing

Generally the variation of the effective electrical conductivity of strain
sensing nanocomposites is more sensitive to an applied strain when the

conducting filler concentration is close to the value of the percolation
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threshold (17, 18). At this concentration, any distortion of the conductive
network generates a change in potential barrier that makes the transport of
charge carriers difficult. As a consequence, a significant change in
resistance will be produced (19). But, once the applied strain reaches a
critical value, the separation between MWCNTs is so large that the electrically
percolating network breaks down and electrical ‘‘depercolation’” occurs (7, 20).
At this stage, measurement of the resistance of the composites to an applied
strain can be difficult due to the extremely high values in the non-conducting
regime. Therefore, an optimum value near the percolation threshold has to be
chosen, which doesn’t cross the measurable limit of resistivity. In order to
acquire detailed information about the behaviour of the conductive network
during mechanical deformation, composites containing 2 weight % of filler

concentrations are chosen.

Figure 5.4 shows the change in resistivity of the TPU composite film
with respect to applied strain up to 100%. All the samples present a definitive
trend where resistivity increases proportionally with increasing tensile strain.
Up to 2.5% strain there is only a slight increase in resistivity in all these
composites. During elongation, two phenomena occur simultaneously in the
composite films i.e. breakdown of existing conductive networks and
formation of new conductive networks. These two phenomena compete with
each other during the whole process (21-23). When there is hardly any
increase in resistivity, it reveals that the number of the formation and
breakdown of the conductive paths formed by filler particles are balanced.
At 5% strain, the relative resistivity reaches 2.6, 1.14 and 1.05 for
FMWCNT-PANI/TPU(I), FMWCNT-PANITPU(E) and FMWCNT/TPU

respectively. From there onwards a linear relationship can be observed
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between resistivity and strain. Here the breakdown of conductive
networks is more predominant than its formation. Though the behaviour
of all composites follow the same pattern, a steeper slope for FMWCNT-
PANI/TPU(I) is noticed. During the 100% deformation, FMWCNT-
PANI/TPU(I) composite records an increase of three order while for the
other two composites it is of one order only. Generally for a conductor-
filled polymer to be electrically conductive, the filler particles must either
be in contact, or be sufficiently close to each other to enable conductance
through ‘‘tunnelling effect’” (24,25). Conductivity of the system therefore
is dependent on the number of contact points and the distance between
neighbouring particles. In our experiment, for FMWCNT-PANI/TPU(I)
film, the homogeneity in dispersion aids in the formation of an efficient
conductive network and high conductivity. The strong interfacial interaction
between TPU matrix and PANI coated CNTs leads to a linear alignment of
the filler particles. When an external strain is applied, the alignment of
polymer chains in the direction of the stretch increases the average distance
between the conductive filler particles. This corresponds to a decrease in
effective filler particle concentration, as suggested in a number of studies.
Here the filler particles are already at an optimum distance contributing
maximum to the electrical conductivity. Consequently there will be a hike in
the electrical response of the composite film. This will result in highest

strain sensitivity for this sample.

For TPU/PANI/FMWCNT(E) and for FMWCNT/TPU the increase in
resistivity with elongation is relatively less. In both of these composites
CNTs are in an entangled and coiled state. Upon elongation, the uncoiling

of CNTs occur which can induce formation of new conductive paths. i.e.,
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breakdown of existing conductive networks and formation of new
conductive networks take place simultaneously, though the former process
predominates. Thus the increase in resistivity during the tenure of 100%

elongation is comparatively less in these composites.
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Fig. 5.4: Resistivity Vs. Strain percentage for the composite films.

To estimate the strain sensitivity of these composites quantitatively,
the gauge factor has been calculated. It is defined as the relative change in
electrical resistance due to an applied mechanical deformation. It is thus a

dimensionless parameter, which can be obtained from

where R is the steady-state electrical resistance of the material without

deformation and dR is the resistance change caused by the change dl in
length (1) (25).
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Fig. 5.5: Gauge factor as a function of strain percentage for the
composite films.

The calculated GF values are given in figure 5.5. As expected, FMWCNT-
PANI/TPU(]) is the most strain sensitive with a gauge factor of 14 at 5%
strain which jumps to 896 at 60% strain. From there onwards, the rate of
increase is rather small and GF reaches to 1075 at 100% strain. On the other
hand, for the other two composites GF values are, 24 and 17 at 100% for
FMWCNT-PANITPU (E) and FMWCNT/TPU, respectively. Enhanced
sensitivity (GF > 50) is usually difficult to achieve in CNT based TPU
composites due to inhomogeneous mixing, irregular particle/CNT bundle
sizes, wide distribution of tunnel gaps etc. (4). As discussed in section 3.1,
FMWCNT-PANI/TPU(I)has high effective aspect ratio, uniform dispersion
and low resistivity. These geometrical and resistivity factors contribute to
the high gauge factor obtained. L. Lin et al. (4) has demonstrated the use of
mixed carbon fillers and functionalized carbon nanotubes in TPU based

strain sensors and reported of large strain-sensing capability and a wide
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range of strain sensitivity. They compared the range of tunable sensitivity
with some other results reported in literature. They noted that a GF of 5 to
140238 (220% strain) obtained in their study with 10% filler content, is
much larger than the results reported previously. But reducing the filler
content is also very important as it determines the portion of unrecoverable
elongation in TPU. In the case of filled TPU composites, it was also
reported (27) that almost complete recovery (up to 98%) after elongation
can be reached in pure polyurethane. However, the presence of the
conductive filler reduces the recovery rate down to 70% when the load is
above the percolation threshold. Hence achieving good strain sensitivity
along with low filler content is highly desirable. In our experiment a gauge

factor of 1075 at 100% strain with 2% filler concentration is achieved.

Usually mechanical deformation of the elastomeric composite leads to
deformation and disruption of the electrical percolation network. The extent
of this deformation is evident from the relative conductivity changes when
samples are subjected to elongation/contraction cycles (9,28). As the
deformation in practical use is usually under 15%, the samples were
stretched to a 20% strain and then the strain was released. Figure 5.6 reveals
the resistance changes during the elongation/contraction cycle. All samples
exhibit hysteretic behaviour. E. Hrehorova et al. (29) pointed out that, the
portion of unrecoverable electrical conductivity in polyurethane elastomer/
polyaniline (PU/PANI-HCI) composite films is probably due to micro-
heterogeneity of PU/PANI-HCI composite. They explained that some places
previously occupied by PANI-HCI clusters became micro-pores (“free
volume places”) and might be filled with polymer segments or PANI-HCI

clusters during mechanical unloading. The probability of their complete
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healing was negligible considering the very small content of the PANI phase
in the composite. According to them, intermolecular interactions would
promote diffusion of flexible and chemically similar chain segments of the
elastomer matrix rather than reversion of dissimilar and hard fragments of
PANI-HCI into these vacant ‘‘free volume places’’ of the PU matrix. In our
experiment, the same reason can be applied for FMWCNT-PANI/TPU (E)
and FMWCNT/TPU composites. But for FMWCNT-PANI/TPU (I)
composite, the film resistivity increases from 11.8 to 334 ohm-m at 20%
elongation and returns to 40.5 ohm-m after elongation. This composite exhibit
excellent sensitivity as well as high reversibility of conductivity after
deformation. Because of the well-distributed inter connections of conducting
paths existing between PANI coated CNTs and TPU chains, even with
100% elongation, some of the conducting networks are retained. This is
seen from the FESEM images of the 100% strained samples given in
figure 5.7. The high effective aspect ratio and strong adhesion between the
filler particles allows them to align in the direction of elongation and return
to previous state without much damage. In earlier reports (28-30) the
irreversible component of resistance in TPU/PANI composites were very
large as in the case of FMWCNT-PANI/TPU (E) and FMWCNT/TPU
composites. In CNT based elastomeric composites, there should be good
interaction between polymer chains and nanotubes to counter this
irreversible portion. In FMWCNT-PANI/TPU (I) composite, the PANI
coated FMWCNTs are well bound to the TPU chains. When a stretching
force is applied, the filler particles are dragged along the line of stretch. On
retraction, the contacts between filler particles are restored. As a result, high GF

combined with excellent reversibility is obtained. For FMWCNT-PANI/TPU
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(E) and FMWCNT/TPU composite films, due to the strong attraction, CNTs
form rigid aggregates which in turn restrict its mobility. Thus relatively
weak bonding between CNTs and TPU chains results in poor strain

sensitivity and reversibility.
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Fig. 5.6: R/Rfor the first elongation/contraction cycle with a
maximum strain of 20% for the composite films.
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Fig.5.7: FESEM image of FMWCNT- PANI/TPU(I) composite (A) Unstrained
condition (B) after 100% elongation
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The bonding between polymer chains and filler particles is best
revealed from the cyclic straining studies of the composites. Generally,
during the first ten cycles, the resistance drops to lower values which then
tend to stabilize (29, 30). Hence the reversibility of the change in electrical
resistance at elongation was tested under continuous cycles up to 20% for
20 cycles. Figure 5.8 shows the plot of resistance change ratio after each

cycle for 5%, 10%, 15% and 20% for the three composites.

All the composites exhibit hysteresis behaviour as the electrical
conductivity is not completely recoverable under loading /unloading
cycles. However, after 5-7 cycles, the strain-dependent resistance
responses were almost stabilized. It is seen that all the three composites
exhibit good reversibility in conductivity up to 5% elongation/contraction
cycles. As the strain percentage increases, the irreversible component also
increases. From the resistance change ratios given in the figure 5.8, it is
clear that FMWCNT-PANI/TPU(I) composite film exhibits minimum
hysteresis during these cyclic elongation/contraction cycles. This indicates
the stability in resistivity during the cyclic straining of the film. The
conductive networks formed by CNTs with high effective aspect ratio is
capable of reconstructing the conductive pathways i.e., such a network is
beneficial in avoiding the fracture of conductive path. This rearrangement
of CNTs results in an efficient conductive network along the stretching
direction after every cycle. It can be observed that variation in structure
and bonding of conductive fillers in TPU matrix, results in different strain

sensing behaviour as well as its reproducibility.
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Fig. 5.8: Resistance change ratio for each elongation/contraction cycle with a
maximum strain of 20% for the composite films.
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Figure 5.9 shows the plot of relative resistance of the composites for
each cycle plotted as a function of time under 20% strain. During these
cycles, shoulder peaks are seen for all the composites. This might be
originating from the competition between destruction and reconstruction of

conducting pathways during loading-unloading cycles (31).
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Fig.5.9: R/R, for each cycle plotted as a function of time under
20% strain for the composites.
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5.3.4 Origin of strain sensitivity

The origin of high strain sensitivity of FMWCNT-PANI/TPU(I)
composite films is investigated. The strain sensing response of the CPC
films arises from the dimension-dependent change in the intrinsic resistivity
of the composite. It has been reported that parameters such as geometry of
the percolative network, the CNT nano-structure and the relative contribution
of the tunneling resistance to the total electrical resistance decide the strain

sensitivity of such composites (32,33)

In order to investigate the origin of strain sensitivity, Zhang et al. (34)
carried out a modeling study based on the tunneling theory by Simmons (35).
According to the model derived in, the total electrical resistance R of the

composite is

R = (%) (3:7;};:2) EXP(YS) v (5.4)

where Lis the number of particles forming a single conducting path, N the

number of conducting paths, h the Plank’s constant, s the least distance
between conductive particles, a* the effective cross-section, where tunneling

occurs, e the electron charge, and yis calculated as

)0.5

_ 4n(2me _ 4mV2me
= h = P TIPS PI (5.5)

where m is the electron mass and ¢ the height of potential barrier between

adjacent particles.
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If strain is applied to the composite film, the resistance will be altered
due to the change in particle separation. At low strains (<10%), the
following assumptions are followed (1). The inter-particle distance changes
proportionally with increased strain from sy to s. (2) The height of the
potential barrier changes linearly with applied strain, from ¢¢ to ¢. (3) The

number of conducting pathways decreases linearly with strain.

The inter particle distance s is given

s=80(1 +Ce)=s0[1+C (AVlp)] ceveeeereemrerieeieeieenen. (5.6)
O =0do(1 +De)=0dg[1 + D (Al/Ip)] weevvreeerreierrerannns (5.7)
N =No(l —Eg) =No [1 (E AVIp)].eecveriereeiiieiennnne (5.8)

where Sy is the initial inter-particle distance at zero strain, Ny is the initial
number of conducting paths, ¢y is the initial potential barrier when no strain is
applied, ¢ is the tensile strain of the elastomer matrix, 1 is the deformation of a
composite sample, Iy is the initial length of a sample, and C, D and E are
constants. The total number of conducting particles (n) is constant, expressed as

follows:

Substitution of Eqn. (5.5)—(5.9) into Eqn. (5.4) yields

B(1+Cx)

R= exp [A(1+Cx) (14Dx)™’] ..(5.10)

\/1+Dx(1—Ex2)

where x = ¢, A =y sg, B = 8nnhsy/3y ONO2 a’e’ and n is the total number of

conducting particles.
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Fig. 5.10: Experimental and theoretical data of strain dependent resistance
for FMWCNT-PANI/TPU (I) composites with strain less than 10%.

The plot of resistance versus strain based on this model as well as
experimental data points at 10% strain are also shown in figure 5.10. Good
agreement between the theoretical and experimental data suggest that the
model of tunneling currents quite well suitable for this system. The fitting
parameters are A = 1.003, B =4.064, C =8.9045, D = 0.0243, E= 0.000043.
Usually tensile elongation increases the distance between the conducting
particles, increasing the resistivity of the composite film. The low rate of
resistivity hike with strain indicates that the number of conducting paths
remains almost the same at strain below 10%, i.e. conductive networks are

only slightly affected.

It is assumed that for larger strains (>10%), the inter-particle distance
changes linearly and proportionally with increased strain from Sy to S. The

high rate of the increase of R/Ry at larger deformations 1/l is related to
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destruction of the conducting network. As the number of conducting paths N

decreases, corresponding increase in resistivity is also observed.

For an elastomeric composite, the separation s under tensile strain is

calculated as

s=50(1 +C&) =50 [1 + C (AVI)] wrorrorreeerrerrerreeern (5.11)

Due to the high rate of resistivity increase at larger strains, it is assumed that
the number of conducting pathways changes at a much higher rate, and can

be expressed as follows(40)

N = Np/exp (Me + We2 + Ue® + V) oo, (5.12)

Where M,W, U and V are constants. Substituting Eqns (5.11) and (5.12) into
Eqn (5.4) yields

R=B (1 +Cx)exp [A+(2M+ AC) x + 2Wx* + 2Ux* + 2Vx’] ... (5.13)

where x =¢, A=ysand B= 87tnhs0/2y0N02aze2

The plot of experimental and theoretical resistance data at strain
levels above 10% is shown in figure 5.11. This indicates that the model of
tunneling currents describes the experimental data quite well at relatively
large deformation. The fitting parameters are, A = 10.785, B = 0.000915,
C=0.7322, M =1.8347, W = -5.7966, U = 1.526 and V = 1.2091.
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Fig. 5.11: Experimental and theoretical data of strain dependent resistance for
FMWCNT-PANI/TPU (I) composites with strain greater than 10%.

The high rate of increase in resistance observed with large
deformations is due to the extensive destruction of conducting networks.
With deformation, the number of CNT-to-CNT contact reduces, resulting
in an increase in the electrical resistance. In the case of FMWCNT-
PANI/TPU (I), uniform dispersion and high effective aspect ratio of the
conductive inclusions lead to maximum number of filler contacts in the
composite providing it with minimum percolation threshold and high
conductivity (section 3.1). For this composite film, the reduction in the
number of break downs of CNT-CNT contact (conducting path, N) is

very large resulting in a drastic reduction in conductivity.

( Department of Polymer Science and Rubber Technology, CUSAT



Improved strain sensing property of functionalised multiwalled carbon nanotube/polyaniline . ..

5.4 Conclusions

Conductive TPU composite films are prepared by adding in-situ and ex-
situ polymerised PANI-FMWCNT as conductive filler. The in-situ polymerised
PANI-FMWCNT filler particles are able to decrease the percolation threshold
for electrical conductivity of the composite film. The electrical and strain
sensing properties of this composite film are significantly higher than the other
composites, confirming the advantage of the in-situ polymerised PANI-
FMWCNT as effective conductive fillers. With a filler content of 2%, the
composite shows the highest gauge factor of 1075 on 100% straining. Also, the
composites exhibit excellent reversibility in resistivity after cyclic deformation.
In this composite, homogeneous dispersion of Polyaniline coated FMWCNT
filler particles in TPU matrix keeps the conductive fillers as individual tubes
increasing its interfaces with the matrix. Electrical and strain sensing properties
of the composite films strongly depend on the dispersion and interfacial
interaction of the filler particle with the TPU matrix. The experimental data for
strain sensing can be described based on the theoretical equations derived from

a model based on the tunneling by Simmons.
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Chapter 6

ELECTRICAL, THERMAL, MECHANICAL AND
ELECTROMAGNETIC SHIELDING PROPERTIES OF
PANI/FMWCNT/TPU COMPOSITES

Thermoplastic polyurethane (TPU) composites based on Polyaniline (PANI)
and functionalised multiwalled carbon nanotubes (FMWCNT) were
prepared by in-situ polymerization of aniline in TPU solution assisted by
ultra sonication (PANI/ FMWCNT/TPU). Composites without polyaniline
were also prepared by the same method (FMWCNT/TPU). Field emission
scanning electron microscopy and transmission electron microscopy images of
these composites showed good dispersion in the case of PANI/FMWCNT/TPU
composites. The electrical and electromagnetic shielding properties of the
prepared composites were studied as a function of weight percentage of
FMWCNTSs. In-situ polymerisation reduced the aggregation of FMWCNTSs
and improved its dispersion as well as interfacial interaction with TPU
matrix. Thus a low percolation threshold (0.58 wt %) was obtained in
PANI/FMWCNT/TPU composites. It displayed a conductivity of 28.6 S/m
and SE of 31.35dB in X band region at 8% filler concentration. For
FMWCNT/TPU composites, the values were 1.52s/m and 19.65dB respectively.
Absorption, rather than reflection, was found to be the major shielding
mechanism. Enhanced thermal and mechanical properties of the currently
synthesised composites were confirmed by TGA, DMA and tensile analysis.

* A.P.Sobha and Sunil K. Narayanankutty, “Improved EMI shielding of FMWCNT/Polyaniline composites in TPU matrix”, International
Conference on Advanced Functional Materials (ICAFM) 2014, . NIIST, Thiruvananthapuram, Kerala, India.

A.P.Sobha, Shreekala P.S and Sunil K. Narayanankutty, “FMWCNT-PANI/TPU Composite as efficient EMI shielding material, 6th National
Conference on Advances in Polymeric Materials (polycon-2014), SJCE, Mysore, Karnataka, India.
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6.1 Introduction

With the introduction of high operating frequency and band width in
electronic systems, concerns about the ill effects on the environment due to
EMI are being raised. The signal strength and the quality of functioning of
electronic equipments are affected by these electromagnetic waves. EMI can
interfere with the functioning of any electronic equipment — from cell
phone, medical devices to the high security military equipments (1-3). This
led to studies on the development of materials with the capacity to absorb or
to reflect these radiations ie: shielding. Microwave absorber in the field of
stealth technology gives the object a capacity to evade radar detection (4).
Microwave absorbers can also be used for the reduction of electromagnetic
interference problems. So a microwave absorber with a wide absorption
frequency, high absorption capability, and good thermal stability is aimed
here. Because of low density, design flexibility, ease of processing and high
conductivity at low filler loading, polymer nanocomposites based on high
aspect ratio conductive nanofillers are promising materials for EMI
shielding. It was evident that polymers filled with high aspect ratio
nanofillers exhibit higher EMI shielding effectiveness (SE) than polymers
filled with the conventional microfillers. High strength and stiffness,
extremely high aspect ratio, and good electrical conductivity of CNT make it a
filler of choice for shielding applications (4, 5). Despite these advantages, a
homogeneous dispersion of CNTs in a polymer matrix devoid of entanglement
is difficult to attain. This results in low electrical conductivity of these
nanocomposites. Many groups have attempted strategies to improve the
dispersion of CNTs and thereby improve electrical conductivity (4-7).

According to them, parameters such as aspect ratio, conductivity, orientation,
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dispersion and concentration of CNTs influence percolation threshold,
conductivity and EMI SE of the polymer composites. The Processing
method also has a crucial influence on these parameters. The improved
dispersion and low electrical percolation of polyaniline coated FMWCNT in
TPU matrix has been demonstrated in chapter 5. Better dispersion of CNT
in the polymer matrix can improve its dispersion stability and connectivity,
which in turn will increase the EMI shielding effectiveness of the

composite.

In the present chapter, we report the synthesis of nanocomposites of
PANI coated FMWCNT in TPU matrix through in-situ polymerisation of
aniline in TPU matrix containing FMWCNTSs. The polymerisation process
was accompanied by ultra sonication. FMWCNT in TPU matrix were also
synthesised by dispersing FMWCNT in TPU matrix through sonication. The
EMI shielding efficiency of the composites was studied over a frequency

range of 8-12 GHz in the X band.

6.2 Experimental
6.2.1 Synthesis of FMWCNT-PANI/TPU Composite films

FMWCNT-PANI/TPU composites were prepared by the following
methods. (1) Ultra sonically assisted in-situ polymerisation of aniline in TPU
matrix containing FMWCNTs. Composite samples containing different
weight % (0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6 and 8) of FMWCNTs were
synthesized by one-step in-situ polymerization of aniline with APS as the
oxidant in TPU solution. 4gm TPU was dissolved in 100ml THF. Different
weight percentages of FMWCNTs (0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 4, 6 and 8)
and 0.093gm of aniline were dispersed in 100ml 1M PTSA solution through
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sonication for 30 minutes. The reaction mixture was kept at 0-5°C. 4gm
TPU was dissolved in 100 ml THF through magnetic stirring and was added
to the above reaction mixture and sonication was continued. 10ml 1M APS
solution was added drop wise and sonication was continued for another half
an hour. The solution was again stirred at room temperature for 30 minutes.
The reaction mixture was filtered and washed. Then the composites were
dissolved in THF and cast into films with thickness of about 1mm. The
polymer composite films were collected and cut into the required dimensions
for further measurements. These FMWCNT-PANI/TPU composite films
(2, 4, 6 and 8 wt %) are designated as NCj,, NCj4, NCj4, and NCjg
(Sample NC)).

6.2.2 Synthesis of FMWCNT/TPU composite films

Composite films of FMWCNT/TPU samples were also synthesised by
introducing FMWCNTs (0.25, 0.5, 0.75,1, 1.5,2,4,6 and 8 weight %) into
the TPU matrix. The FMWCNTs were dispersed in THF by sonication for
30 minutes. 4gm TPU was dissolved in 100ml THF. The two solutions were
mixed thereafter and sonication continued for another 30 minutes. The
FMWCNT/TPU composite films (2, 4, 6 and 8 wt.%) are designated as
NCp2, NCps, NCye, and NCpg (Sample NC,).

6.2.3 Characterization

The microstructure of the composite was observed using a Hitachi
SU6600 Variable Pressure Field Emission Scanning Electron Microscope
(FESEM) and transmission electron microscopy (TEM) (JEOL JEM 120 KV).
The DC conductivity of the composite films was measured by a standard

two-probe electrode configuration using a Keithley 2400 nanovoltmeter.
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Dynamic mechanical properties of composite films were measured by
dynamical mechanical analyser (DMA) (800, TA Instruments). The tensile
properties of the samples were performed according to ASTM D 142 using
a Shimadzu Universal testing Machine (model AG 1) with a testing velocity
of 150mm/min. Thermo gravimetric investigations (TGA) were performed
using a Q 50, TA Instruments Thermo Gravimetric Analyser in the
temperature range between 40 and 700°C in nitrogen gas with a heating rate
of 10°C/min. The EMI shielding efficiency (SE) measurement was
performed with a ZVB20 vector network analyzer in the frequency range of

8to 12 GHz (X-band) as described in section 2.2.11.

6.3 Results and Discussion
6.3.1 Morphology

The electrical properties and EMI SE of composites are determined by
the dispersion state of CNTs in the polymer matrix (8). Therefore, to
investigate the dispersion state of CNTs in the TPU matrix, FE-SEM and
TEM were used. Morphology of the composites is shown in figure 6.1(a-f)
Figure 6.1a showing FMWCNTs are of diameter 15-30 nm. The image
shows that some of them have diameter greater than 30nm, indicating
bundling of the nanotubes. The FESEM image of NC; composites (Fig. 6.1 b,d
and e) shows uniform dispersion of PANI coated FMWCNTs embedded in
the TPU matrix. A tubular morphology for PANI coated FMWCNTs in
TPU matrix is noted here. The nanotubes are devoid of tangling and
agglomerates are minimal. Such uniform dispersion results because of the
strong interfacial adhesion existing between CNTs and TPU matrix. In

contrast, the FESEM image of NC; reveals the distribution of CNTs with
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entwined agglomerates. This morphology is indicative of weak interfacial
interaction between CNTs and TPU matrix. This difference in morphology
is due to the difference in the mechanism of formation of composites. In the
NC,composites, aniline is adsorbed on the CNT surface and these CNTs are
dispersed in TPU matrix through sonication. During in-situ polymerisation
of aniline assisted by ultra sonication, anilinium ions are formed on the CNT
surface. These ions repel each other and get polymerised on the CNT
surface resulting in formation of PANI coated individual CNTs. When
CNTs along with aniline is dispersed in TPU matrix, the polymerisation
results in the formation of thin and uniform  PANI encapsulation. The
PANI coated CNT interact with TPU matrix through hydrogen bonding.
Thus PANI coating on CNT can cause (1) reduction in Van der Waal’s force
among nanotubes (2) interfacial bonding of PANI and TPU matrix. This
better compatibility between polyaniline and TPU allows homogeneous
distribution of filler particles. These filler particles as suggested by TEM
form a thorough network which is helpful for improving the electrical
conductivity and shielding efficiency of these composites. At the same time,
morphology of NC, reveals that sonication helps little in overcoming the
Van der Waal’s force between CNTs. Repulsion happens during sonication
in this case also, but there is bundling of CNTs during solidification, as
revealed by FESEM analysis. As a result, the distance between the
conducting particles is increased. This microstructure can have detrimental
effect on the formation of conductive network, resulting in reduced

conductivity and shielding efficiency.
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5.0kV 14.4mm x30.0k SE

Fig. 6.1a: FESEM of FMWCNT

15.0kV 15.3mm x60.0k SE ' 500nm
Fig. 6.1b: FESEM of NCi¢
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15.0kV 15.8mm x11.0k SE ; i 5.00um

Fig. 6.1c: FESEM of NCy

Fig. 6.1d: FESEM of NCi3
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Fig. 6.1f: TEM of NC,3
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Fig. 6.2: Electrical conductivity of composite films as a function of the
weight % of the conductive filler
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Fig. 6.2 shows the electrical conductivity versus CNT content in
weight% for all composite films. Pure TPU is an insulating material and has
an electrical conductivity of 10" S/m (9). It is seen that the electrical
conductivity increases with the increase of CNT content for both composites.
Depending on the type of fillers, the composites behave differently. The
insulator-to-semiconductor transition of the NC; composites shifts to lower
CNT content compared to that of the FMWCNT/TPU composites. As the
concentration of PANI is too low, the major contribution to conducting
path is provided by the CNTs in these composites. The PANI coated
FMWCNT/TPU film with 0.5% CNT exhibited an increase in conductivity to
9.7x 10 S/m, indicating the formation of a conductive network. The
conductivity of the composite raises greatly to 28.6 S/m with 8% CNT
content. In contrast NC, composites have a higher percolation threshold. The
conductivity reaches to 1.6x10”° S/m only at 1% CNT content. It is
noticed that the percolation threshold of NC; composites is 0.58 while
that of NC, is 0.984. At 8 wt% filler content, while the PANI coated
FMWCNT/TPU composite reaches a conductivity of 28.6 S/m, the
FMWCNT/TPU composites shows only 1.52 S/m. This reveals the advantage
of PANI coated FMWCNT as effective conducting filler for improving the
electrical conductivity of TPU. This can be attributed to the difference in
morphology and level of dispersion of the CNT in TPU, as explained before.
Generally polymer systems with non-entangled and well-dispersed CNT

fillers show lower percolation threshold and high conductivity (10).

6.3.3 Dynamic Mechanical Analysis

The effect of the PANI coated CNTs on the viscoelastic property of
TPU/CNT nanocomposites was analyzed by DMA. The storage modulus of
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the composites as a function of temperature are shown in figures 6.3a and b.
Below the glass transition region, all the composites show modulus values
close 1000 MPa. The modulus drops by an order of 10 across the glass
transition temperature. The Tg of the composites show a gradual improvement
with increasing filler content (Table 6.1). The effect of fillers is very
pronounced at post- Tg temperatures. As the segmental mobility is increased
at temperatures above glass the transition temperature, the restraining effect
of fillers is specifically effective at these temperatures. A cross plot at 25°C
shows a linear relationship between the storage modulus and filler loading
for both composites (Fig. 6.3c). The steeper slope of the NC; samples is due
to better bonding of the CNT with the matrix. At a CNT loading of 8 %, the
storage modulus is improved by 673 % in the case of NCyg and 802% in the

case of NC,g composites.

1000 4

— TPU
100 ——NCypp
] ——NCyyq
——NCyg
——NCyg

Storage Modulas(MPa)

[
o
1

-60 I —410 I —2IO 0 20 40
Temperature(°C)

Fig. 6.3a: Storage Modulus of PANI coated FMWNT/ TPU nanocomposites
as a function of temperature
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Fig. 6.3b: Storage Modulus of TPU-FMWNT nanocomposites as a function

of temperature
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Fig. 6.3c: Storage Modulas of composites at 25°C
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Table 6.1: Storage Modulas and Tg of TPU, NC; and NC, composite films.

Storage Modulas at -60°C

Sample Name (MPa) T, (°C)
TPU 962 -31
NCy, 1024 -29
NCy4 1096 -26.5
NCi¢ 1171 -25
NCyg 1215 -22.5
NCyp, 1008 -29.5
NCyy 1064 -28
NCy 1116 -27.5
NCys 1159 -26

The variation of loss tangent with temperature is shown in figure 6.3d
and e. The tan d peak corresponding to Tg shifts toward higher temperature.
For NC; composites, the Tg increases from -31°C to — 22.5°C on increasing

the filler content while for NC, composites, the increment is to -26 °C.

054 — TPU
—NCy,

044 —NCy4
S ——NCyp
© — NC
S 034 18
c
<
|_

0.2

0.1- -

T T T T T T

-éO I -SIO I -AIfO -30 I -2|O I 10 0 1IO I 2|0 I 3|0 I 4IO I 5|0 I 60
Temperature(OC)

Fig. 6.3d: Tan delta of NC, composite film as a function of temperature
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Fig 6. 3e:Tan delta NC, composite film as a function of temperature

6.3.4 Tensile properties

The tensile behaviour of the investigated composites is given in
figure 6.4a, 4b and in Table 6.2. The tensile strengths of the nanocomposite
films are enhanced with CNT content for both the composites. For example,
NCi; and NC,; displayed 1.2 and 1.14 times increased tensile strength,
respectively. At the same time the elongation at break is still above 500%
for all these composites. For pure TPU, elongation at break is 620%. This
shows that the composite films retained excellent stretchability, a key
characteristic of elastomeric materials. NC; composites exhibit improved
tensile strength with minimum reduction in elongation at break. Modulus at
50% strain is increased with increasing CNT content, indicating the
reinforcing capability of PANI coated CNT in TPU matrix. The overall

improvement in mechanical properties of the composites is due to the

Development of functionalised multiwalled carbon nanotube/polyaniline composites for electrical applications



Chapter 6

efficient reinforcement effect of the well dispersed PANI coated CNTs in
the TPU matrix. The relatively lower elongation in the case of NC, may be

due to the uneven dispersion of the CNTs.
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Fig. 6.4a: Stress strain curves of NC; composites
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Fig. 6.4b: Stress strain curves of NC, composites
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Table 6.2: Tensile strength and Elongation at break of TPU, NC, and NC,
composite films

Sample Name Tensile Elongation at Tensile Modulas
Strength(MPa) break (%) at 50% (MPa)

TPU 28.84 620 7.3

NCp, 30.86 610 7.9

NCy4 34.38 600 8.7

NCis 32.78 560 9.88
NCis 32.45 520 10.64
NCy, 30.55 600 7.57
NCy4 32.64 580 8.35
NCy 31.93 530 9.09
NCys 31.75 500 9.68

6.3.5 Thermo Gravimetric Analysis

Figure 6.6 shows the TGA curves of TPU and composites in
nitrogen atmosphere. The data from TGA analysis is shown in Table 6.3.
As TPU degraded completely in the nitrogen atmosphere, the residue left
is the amount of CNTs in the composite. TPU and composites show two
main stages of decomposition. The onset of the initial decomposition
(stage 1) occurs around 250°C. The temperature corresponding to the
maximum rate of degradation for TPU is at 362°C. The composites show
only a small increase in the decomposition (stage I) temperature. However,
the second decomposition (stage II) temperature increased with the composites

showing enhancement in thermal stability.
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Fig. 6.6b: TGA of NC, Composites

For NC; composites, the increment is from 411 to 432°C and for NCyg
composites to 425°C. This improved thermal stability can be attributed to a
favorable interaction between the CNTs and the polyurethane chains in NC;

composites.
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Table 6.3: TGA data of TPU, NC; and NC, composites.

Sample Name Tdegmd(.% )Stage) Tdegmd.(gcl)stage) (R\;g;’l/;e)
TPU 362 411 0.9
NC,, 364 419 2.76
NC,, 367 426 4.92
NCy¢ 367 429 6.97
NCig 368 433 9.25
NCyp, 362 416 2.88
NCa, 365 420 4.65
NCo 366 422 7.03
NCos 366 425 8.95

EMI Shielding Efficiency

The EMI SE of the NC; and NC, composite films in the microwave
frequency was determined in the range of 8-12 GHz. The EMI SE of a
material is defined as the ratio between the power (electric field) of the
incident (P;or E;) and transmitted electromagnetic wave (Pt or Er) [11,12].

Total SE in decibels (dB) is given by

EMI SETotal =10 IOgl() PT/P] =20 10g10 ET / EI ............. (61)

When electromagnetic radiation is incident on a shielding material, phenomena
such as reflection, absorption, and transmission take place. The total

shielding can be expressed as the sum of three terms ie,

SEita1 = SEa + SER + SEM weorreveeeeereeeeeseeeessseeseeeeeen (6.2)

Where SEgr, SE4, and SEy are shielding due to reflection, absorption, and
multiple reflections, respectively. When SEy, > 10 dB, SEy can be neglected

(12), and it is usually assumed that
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SEtotal = SEA + SER

Scattering (S) parameters i.e., Si1 (or Sx,), Sy1 (or Sy,) are used to investigate
the contribution of the absorption and reflection to the total EMI SE of the
samples, (14). The transmittance (T), reflectance (R) and absorbance (A)

coefficients are obtained using the S parameters as follows (15)

T=AFTRAT e (6.4)
T= Et/El = Sl = [S21]% coooeeeeeeeeeeeeeeeeeeens (6.5)
R= ER/E1 = |Sll|2 = |Szz|2 ........................................ (66)

The shielding efficiency by reflection (SEg) and absorption (SE4) are
calculated by the following equations (6.16)

SER=1010g I/1-R oo (6.7)
SEA=10102 T—R/T cooieiieeeeeeeeee e (6.8)
Total SE = SEg + SEA=1010g1/T ..ceecvveieieieeenens (6.9)

The S parameters (S;; and S,) of the composite films were measured

by vector network analyzer.

The EMI SE of NC; and NC, with various weight % of FMWCNTs
as a function of frequency are presented in figure 6.5a and b. It is seen that
the SE of each composite is almost constant in the frequency range
studied. Neat TPU film doesn’t exhibit any EMI shielding efficiency.
Therefore, the EMI shielding properties of the films is entirely contributed
by the CNTs. The increment of SE in both the composites followed the

same pattern. It is observed that the average SE increases with increase in
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FMWCNT content. Generally for all samples, there is an increase in SE
with increase in conductivity. As the CNT content increases in the TPU
matrix, the number of conducting filler interconnections increases. Interaction
between the nano fillers and incoming radiation improves the shielding
effectively. In the case of NC, composite films, up to a weight % of 1,
there is no noticeable SE. At 8% filler loading, the SE is 19.65 dB. In the
case of the NC,; films, at 1wt % of FMWCNT, the SE is 4.23dB and the
highest SE of 31.35 dB is obtained with 8% FMWCNT. This value much
greater than the ones reported in literature for many CNT based
composites (17-20). This variation in SE of these composites can be due to
the differences in the electrical conductivity and nature of conductive

network within the matrix.

There are conflicting views on the relation between conductivity and
EMI SE. While conductivity requires connectivity, EMI shielding requires
only conductive particles to interact and impede the radiations (21, 22).
Figure 6.5a and b show that the increase in the SE is not directly proportional
to the increase in conductivity. In the case of electrical conductivity (Fig. 6.2)
the increment is slow after the percolation threshold, whereas SE shows a
consistent improvement. Al-Saleh et al. (13, 23) have observed that for
CNT/Polymer systems, EMI shielding by absorption depends on the spacing
between MWCNT particles and/or the composite electrical resistivity in
addition to the MWCNT content. Similar mechanism has been suggested by
other researchers also (24-26). In order to explore the mechanism of
shielding, the contribution of reflection (SEg) and absorption (SE,) to the
total EMI SE (SE7) is considered. Figure 6.5c shows the SEt, SEA and SEg
values of NCjand NC, composites at a frequency of 10 GHz. The SEx
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increase greatly with increasing of filler content while the SEr shows only a
nominal increase. It indicates that the major mode of EMI shielding is
absorption. The enhancement of SEt and SE, of NC; composites is more
pronounced than that of NC, composites. Though both the films contain the
same wt % of CNTs the higher SE of NC, samples may be attributed to more
homogeneous dispersion and effective connectivity of CNTs in the polymer
matrix. Shielding occurs by the interaction of electromagnetic radiation with
electrical and magnetic dipoles of conductive fillers. In this experiment, NC;
composites perform better than NC, composites. This is because the well
dispersed conductive filler interact and absorb the incoming electromagnetic
radiation. This confirms the contribution of absorption to the Shielding
property. The interfacial interaction between CNTgs and TPU, homogeneous
dispersion of CNTs and the conductive network formed in the TPU play a

crucial role in the improvement in the SE by absorption of NC; composites.
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Fig. 6.7a: SE of NC, Composite films
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High shielding effectiveness as well as good mechanical and thermal

properties are produced by PANI/FMWCNT/TPU composites prepared by

in-situ polymerization of aniline in TPU solution in presence of FMWCNTs.
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In-situ polymerisation assisted by sonication significantly reduces the
agglomeration among CNTs and the CNTs formed an efficient conductive
network. As a result, low percolation threshold (0.58 wt%), high electrical
conductivity and high EMI shielding efficiency are achieved in these
composites. EMI SE of 31.35 dB in X band has been obtained by the
addition of 8 wt% filler concentration. This is attributed to the good
dispersion and the strong interfacial adhesion of PANI coated FMWCNTs in
TPU leading to efficient conductive network formation. The homogeneous
dispersion of CNTs is confirmed by morphology studies. The experimental
results also show that absorption is the primary mechanism of EMI SE.
TGA, DMA and tensile analysis reveal the improved thermal and mechanical

properties of the composites.

References

[11  Z. Chen, C. Xu, C. Ma, W. Ren, HM. Cheng, Adv. Mater., 25, 2013,
p. 1296.

[2] D.D.L. Chung, Carbon, 39, 2001, p. 279.

[3] Z.Fan,G. Luo, Z. Zhang, L. Zhou, Fei, Materials Science and Engineering:
B, 132, 2006, p. 85.

[4] A.P. Singh, M. Mishra, D.P. Hashim, T.N. Narayanan, B.K. Gupta,
Carbon, 85, 2015, p.79.

[51 Y. Huang, N. Li, Y. Ma, F. Du, F. Li, X. He, L. Xiao, G. Hongjun,
C. Yongsheng, Carbon, 45, 2007, p. 1614.

[6] P. Saini, V. Choudhary, B.P. Singh, R.B. Mathur, S.K. Dhawan, Synth.
Met., 161, 2011, p. 1522.

[71  S.P. Pawar, K. Pattabhi, S. Bose, RSC Adv. 4, 2014, p. 18842.

( Department of Polymer Science and Rubber Technology , CUSAT



Electrical; thermal, mechanical and electromagnetic shielding properties of PANT/FMWCNT/TPU. ..

(8]

(%]

[11]

[12]

[13]

[14]

[17]

[18]

[19]

(20]

M. Arjmand, M. Mahmoodi, G.A. Gelves, S. Park, U. Sundararaj,
Carbon, 49, 2011, p. 3430.

J. Masanoto, T. Iwamot, Polymer data handbook. London: Oxford
University, 1999.

ZM. Dang, M.J. Jiang, D. Xie, S.H. Yao, L.Q. Zhang, J. Bai, JAppl
Phys, 104, 2008, p. 024114.

T.A. Skotheim, R.L. FElsenbaumer, J.R. Reynolds, Handbook of
Conducting Polymers, 2nd edn. (CRC Press, New York, 1997)

K. Singh, A. Ohlan, P. Saini, S.K. Dhawan, Polym Adv. Technol., 19, 2008,
p. 229.

M.H. Al-Saleh, W.H. Saadeh, U. Sundararaj, Carbon, 60, 2013, p. 146.

American Society for Testing and Materials, Standard Test Method for
Measuring the Electromagnetic Shielding Effectiveness of Planar
Materials, ASTM, Philadelphia, PA, 1999, p. D-4935.

D.K. Ghodgaonkar, V.V. Varadan, V.K. Varadan, Trans. Instrum. Meas.,
39, 1990, p. 387.

P. Saini, V. Choudhary, B.P. Singh, R.B. Mathur, S.K. Dhawan, Mater.
Chem. Phys., 113, 2009, p. 919.

S.H. Park, P.T. Theilmann, P.M. Asbeck, P.R. Bandaru, |IEEE
Transactions on nanotechnology, 9, 2010, p. 464.

P. Bhattacharya, S. Dhibar, G. Hatui, A. Mandal, T. Das, C.K. Das, RSC
Adv., 4, 2014, P, 17039.

R.Mathur, S.Pande, B.Singh, T.Dhami, Polym. Compos., 29, 2008,
p. 717.

Y. Yang, M.C. Gupta, K.L. Dudley, R.W. Lawrence, Nano Lett., 5, 2005,
p. 2131.

Development of functionalised multiwalled carbon nanotube/polyaniline composites for electrical applications



Chapter 6

[21]

[22]

(23]

[24]

[25]

[26]

DDL. Chung, Carbon, 39, 2001, p. 279.

S.Y. Yang, K. Lozano, A. Lomeli, H.D. Foltz, R.Jones, Compos Part A.,
36, 2005, p. 691.

M.H. Al-Saleh, U.Sundararaj, Carbon, 47, 2009, p. 1738.

Z. Fan, G. Luo, Z. Zhang, L. Zhou, F. Wei, Materials Science and
Engineering B, 132, 2006, p. 85.

JS. Im, J.G. Kim, S.H. Lee, Y.S. Lee, Colloids and Surfaces A:
Physicochem. Eng. Aspects 364 (2010) 151-157

S.T. Hsiao, C.M. Ma, H.W. Tien, W.H. Liao, Y.S. Wang, S.M. Li, Y.C.
Huang, Carbon, 60 2013, p. 57.

( Department of Polymer Science and Rubber Technology , CUSAT



Chapter 7

CONCLUSIONS

Successful development of novel devices based on conducting polymeric
composites requires low percolation threshold, high conductivity and
stability in conductivity. The main objectives of the study were to synthesise
core-shell nanoparticles of CNT and PANI with high conductivity and retention
capability. MWCNTs were functionalised and PANI-FMWCNT composites
were synthesised through interfacial polymerisation and single phase
polymerisation process. Studies on the electrical, thermoelectric, electro
mechanical and EMI shielding were conducted to assess the applicability of

these conductive fillers.

Nanocomposites consisting of FMWCNT and PANI were prepared
through dynamic interfacial polymerisation process, with CNT content
ranging from 0 to 1gm. Presence of CNTs influenced polymerisation and
induced formation of a tubular composite with thin PANI coating on the
surface of nanotubes. At 12.9% CNT content, DC conductivity shows
highest improvement. SEM and TEM images show PANI coated uniformly
on the surface of the CNTs. FTIR spectra and TGA analysis confirm strong
interaction between PANI chains and CNTs. The role of CNTs and dopants
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in stabilising the DC conductivity of composites at elevated temperature is
studied through cyclic thermal ageing and isothermal ageing studies. The
loss in conductivity of pure PANI is much larger compared to composites
and sulphonic acid doped samples have notable retention in conductivity.
Deprotonation and polymer chain degradation by atmospheric oxygen are
the prime reasons for reduction in conductivity at high temperature. The
highly ordered PANI chain structure on nanotubes can retain the dopants
and resist the diffusion of oxygen into the interior of composite. PANI-CNT
interface and strong interaction between these two are responsible for high
conductivity and retention up to a temperature of 150°C. Dopants TSA and
NSA, due to their efficient delocalisation of PANI chains exhibit best
conductivity retension at high temperature. This excellent property of

composites may imply their potential application in high temperature ranges.

NSA doped PANI/FMWCNT composites were prepared by traditional
single phase (SP) polymerisation and dynamic interfacial polymerisation
(IF) methods to study thermal stability of conductivity and thermoelectric
properties. Morphological and structural analysis showed that synthesis by
interfacial polymerisation resulted in a well-ordered coating of PANI with a
uniform core-shell structure, while single phase polymerisation resulted in
thick core shell structure with many protrusions. Interfacial polymerisation
makes it possible for aniline molecules to polymerise and grow in an
ordered manner on the surface of FMWCNT resulting in highly oriented
PANI chain alignment. The electrical conductivity of sample synthesized
through interfacial polymerisation is more than ten times that of single
phase polymerised sample. This composite shows improved stability in

conductivity at high temperature during cyclic ageing and isothermal ageing
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studies. The morphology, crystallinity and interaction between PANI and
CNTs are crucial in deciding the extent of degradation. XRD studies
provide strong evidence that there is enhanced structural ordering of PANI
chains in this composite. The sharp and intense peak at 6.47°is characteristic of
nanostructured polyaniline. This can be ascribed to the fact that interfacial
polymerisation promotes order and alignment in polymer chain confirmation
along nanotubes leading to an integrated crystalline structure. TGA analysis
reveals the elevated thermal stability as well as the delay in loss of dopant
for this sample. Spectroscopic studies also indicated the role of stabilising
interaction between PANI and CNTs. This unique structure of PANI on
CNT is responsible for high resistance to conductivity damage under
elevated temperature. The excellent properties of this composite are very
promising for electronic applications. But single phase sample is devoid of
such structural ordering and strong PANI-CNT interaction. The thick and
loose polymer chains allow the early deprotonation as well as diffusion of
oxygen in to the polymer chains and causes oxidation of polymer chains. This
disruption in conjugated chain structure is responsible for conductivity ageing.
Regarding thermo electric properties, Seebeck coefficient of interfacial sample
shows significant improvement. Simultaneous increment in both electrical
conductivity and Seebeck coefficient reveals that the enhancement is due to the
improvement of charge carrier mobility. The improved carrier mobility is a
consequence of improved molecular ordering in polymer chains. No
corresponding improvement in thermal conductivity of composite is seen and it
remains equal to that of PANI. In this aspect the composite is much superior to
that of inorganic thermoelectric materials. Good electrical conductivity, good

seebeck coefficient and low thermal conductivity in CNT based PANI
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composites with a power factor (ZT) of 457.5 x 10 is achieved. This ZT value
is currently too low to be considered as a good thermoelectric material. But the
results show the possibility of tuning the thermoelectric properties of the
conductive polymer and for fabricating efficient thermoelectric devices based

on CNT based PANI composites.

When CNTs are introduced into insulating polymer matrix, conducting
polymer composites (CPC) with high conductivity and low percolation
threshold resulted. Due to the change in electrical properties under applied
strain, these ICPs have potential for application in strain sensing. Knowledge
regarding the effective aspect ratio of CNT in polymer matrix, conductive
network formation, piezoresistivity, reversibility of resistivity are essential to
develop a strain sensor. Here, PANI coating of FMWCNT was done by in-
situ and ex-situ polymerisation of aniline and CPCs of FMWCNT/PANI/TPU
were synthesised. A comparative study with respect to percolation threshold,
strain sensitivity, gauge factor and cyclic stability in resistivity of the
composite films are carried out. The morphology studies reveal that in-situ
polymerised PANI-FMWCNT filler particles are homogeneously dispersed
in TPU matrix. The PANI coating on CNT keeps the conductive fillers as
individual tubes, avoiding aggregation and increasing its interfaces with the
matrix. Consequently low percolation threshold and improved strain
sensitivity is achieved. These composites with 2 weight% filler content,
showed a gauge factor (GF) of 1075 at 100% strain and exhibited high
reversibility in resistivity upon elongating to 20%. The origin of high GF of
this composite film is investigated. It has been reported that parameters such
as geometry of the percolative network, the CNT nano-structure and the

relative contribution of the tunneling resistance to the total electrical
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resistance decide the strain sensitivity of such composites. In order to
investigate this, a modeling study based on the tunneling theory by
Simmons is carried out. The experimental data for strain sensing agrees with
the theoretical equations derived from a model based on the tunneling
theory by Simmons. Incorporation of PANI coated CNT brings new insight
into conductive network formation and strain sensing mechanism in TPU

where the effective aspect ratio of nanofillers is a major component.

Another strategy for achieving homogeneous dispersion, low percolation
threshold and high conductivity is in situ polymerisation in the polymer
matrix. In order to obtain TPU films of high EMI SE, in-situ polymerisation
of aniline in presence of CNT assisted by sonication is carried out in TPU
matrix. PANI coated CNTs demonstrated better dispersion in TPU and
provided lower electrical percolation threshold. The homogeneous dispersion
of CNTs is evident from morphology studies. Low percolation threshold,
high electrical conductivity and high EMI shielding efficiency are achieved
in these composites. EMI SE of 31.35 dB in X band has been obtained by
the addition of 8 wt% filler concentration. This is attributed to the good
dispersion and the strong interfacial adhesion of PANI coated FMWCNTs
in TPU leading to efficient conductive network formation. The primary
mechanism of EMI shielding is absorption. TGA, DMA and tensile analysis
reveal the improved thermal and mechanical properties of the composites.
Thus employing in-situ polymerisation is helpful for successful incorporation
of CNTs into TPU, resulting in a composite with increased electrical, thermal
and mechanical properties. Here CNTs served as nucleating agents for
polymerisation of aniline, thus increasing the dispersibility of CNTs. This

provided an ideal environment for good interaction at the CNT-TPU
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interface. This reveals a simple guideline for the synthesis of FMWCNT/TPU
composite with a modest CNT content, but resulting in mechanically strong

and thermally stable EMI shielding films.
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APS
ASTM
CPC
dB
DBSA
DC
DMA
EAP
EB
EMI
CNT
CVD
FESEM
FIT
FMWCNT
FTIR
GF

h

I

ICP

keV
kN
L
Min
MPa

Abbreviations and Symbols

Ammonium persulfate

American society for testing and material
Conducting polymer composite

Decibel

Dodecylbenzene sulphonic acid

Direct current

Dynamic mechanical analyser
Electroactive polymer

Emeraldine base

Electromagnetic interference

Carbon nanotube

Chemical vapor deposition

Field emission scanning electron microscopy
Fluctuation Induced Tunnelling
Functionalised Multi-Walled Carbon Nanotube
Fourier transform infrared

Gauge factor

Hourour

Current

Intrinsically conducting polymer
Thermal conductivity

kilo electron Volt

Kilo Newton

length

Minutes

Mega Pascal
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MWCNT
MUT
NC
NMP
NSA
PANI

R

S

SE

SEM
SWCNT
TSA

TE

TEM

XRD
TGA
TPU
UV-Vis

VRH
T

Multi-Walled Carbon Nanotube
Material under test
Nanocomposite
N-Methyl-2-pyrrolidone
Naphthalene sulphonic acid
Polyaniline

Resistance

Seebeck coefficient

Shielding efficiency

Scanning electron microscopy
Single-Walled Carbon Nanotube
p-Toluenesulfonic acid
Thermoelectric

Transmission electron microscopy
Glass transition temperature
X-ray powder diffraction
Thermogravimetric analysis
Thermoplastic polyurethane
Ultra-Violet Visible

vector network analyzer
Variable Range Hopping
Thermoelectric figure of merit
Resistivity

Conductivity
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