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Preface

Interest in conducting polymers such as polypyrrole, polyaniline
and polythiophene has increased tremendously during the last few
decades on account of their tunable electronic properties for applications
in rechargeable batteries, electrochromic devices, optical switching devices
and as functional electrodes, sensors and smart materials. Conducting
polymers or electroactive conjugated polymers are materials that conduct
electricity and exhibit good electrical and optical properties that are
conventionally shown by inorganic systems. Electrically conducting
organic polymers with conjugated structure possess semiconducting and
metallic properties depending upon the extent of doping and have
incredible potential for applications in light emitting diodes, sensors,
photovoltaic cells, energy storage devices, corrosion inhibition devices,
micro-actuators and anti-electrostatic coatings. Among the conducting
polymers, polypyrrole (PPy) is a widely studied conjugated polymer
owing to its many advantageous features which include easily oxidizable
nature, high electrical conductivity, good solubility, eco-friendliness,
availability of precursor materials and unique redox properties. It has
attracted the attention of scientists in interdisciplinary fields due to the
ease of synthesis, good environmental stability and biocompatibility,
which make it a promising material for commercial applications. Even
though the polymerized form of pyrrole is widely studied, its electrical
transport properties have been not completely understood. Most of the
studies on PPy available in literature are on the electrochemically
synthesized form. There are also reports on the ionic conductivity and

the charge transfer mechanisms in PPy.

Polypyrrole is electrochemically active and permits the penetration

of the electrolyte into the polymer mass, which makes it a prospective



electrode material for applications in rechargeable batteries. By the
insertion and extraction of lithium ions, polypyrrole is found to be
electrochemically active in the voltage range of 2.0-4.5V versus Li/ Li+
with a theoretical capacity of 72 mAh/g. Apart from its electrochemically
active nature, PPy also functions as a conductive additive, thereby
reducing the inert weight associated with the preparation of the cathode
materials. It has also attracted much attention as an effective additive
material to enhance the performance of anode materials in lithium-ion
cells. As a conducting polymer, polypyrrole shows good compatibility
with sulphur and organic electrolytes. The morphology of polypyrrole is
ideal to enrich the electrochemical behaviour of the sulphur cathode in

lithtum- sulphur rechargeable cells.

The present thesis is divided into eight chapters. The work
presented in the first part of the thesis is centred on the synthesis of
polypyrrole using plasma polymerization and chemical oxidative
polymerization techniques. Since the conductivity of the plasma
polymerized PPy thin films is low, chemical oxidative polymerization
technique using different oxidants and dopants is attempted to synthesize
polypyrrole with higher electrical conductivity and solubility. Studies show
that the poor solubility of polypyrrole is because of the presence of long
chain conjugated structure, strong intramolecular interactions among the
polymer chains and weak interactions of polypyrrole with the solvent,
which limits its processability, characterization and applications. Even
though much work has been devoted to increase the solubility of
polypyrrole, the structural, morphological and electrical conductivity studies
of the polymer doped with different dopants and soluble in various
solvents have not been pursed in detail. The first phase of the thesis is
mainly focussed on detailed investigations on the solubility, electrical

conductivity, compositional aspects, structural morphology, optical
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characteristics and stability of polypyrrole samples both in bulk and thin
film forms, synthesized using plasma polymerization and chemical

oxidative polymerization techniques.

The second phase of the work presented in the thesis is devoted
to develop novel approaches to grow PPy based, cathode active
materials for applications in Li secondary cells. Polymers like
polypyrrole (PPy), polythiophene (PTh) and polyaniline (PANI) are
being extensively studied as active electrode materials for lithium cells,
because they can be easily switched between the oxidized and the
reduced states. However, many of the PPy based cathodes have several
problems related to low capacity and poor charge —discharge curves. In
the present work, attempts have been made to assess the suitability of
lithium enriched polypyrrole as the cathode active material for lithium
based cells. Detailed studies have been carried out to enhance the
electrochemical performance of the lithium substituted PPy based Li-ion
cells by modifying the synthesis techniques. The suitability of the
composite of the lithium enriched PPy with graphene to effect surface
modification of the sulphur cathode to realize lithium - sulphur cells
with high capacity and cycling stability has also been investigated in

detail in the second phase of the research work.

Chapter 1 gives an introductory approach to polypyrrole and its
synthesis using various techniques, emphasizing the importance of the
oxidants and dopants in determining the structure, solubility and the
electrical transport properties. The versatile applications of polypyrrole
in different technological fields are reviewed, with special emphasis on
its applications in lithium based rechargeable cells. The prime objectives

of the present work are also highlighted in this chapter.

il



The growth of polypyrrole (PPy) thin films by ac plasma
polymerization technique in the pristine and iodine doped forms and the
detailed studies on the electrical conduction mechanism, presence of
defect states and the optical characteristics form the focal theme of
chapter 2 The electrical transport studies of the aluminium-polymer
tilm-aluminium structures have been carried out and the space charge
limited conduction (SCLC) mechanism is identified as the most
probable mechanism of carrier transport in these polymer films. Optical
band gap and related constants are estimated from the optical absorption
studies in the UV-visible-NIR spectral region. The investigations carried
out to understand the defect levels created in the pristine and iodine
doped PPy thin films, using Urbach tail analysis, also form a major part

of this chapter.

Chapter 3 deals with the attempts carried out to synthesize
polypyrrole with better solubility and higher electrical conductivity using
chemical oxidative polymerization technique, compared to the PPy
samples obtained using plasma polymerization method and the detailed
structural, morphological, electrical and optical characterization of the
synthesized PPy samples. Soluble polypyrrole with higher electrical
conductivity is synthesized by chemical oxidative polymerization using
ammonium persulfate (APS) as the oxidant and di (2-ethylhexyl)
sulfosuccinic acid sodium salt (NaDEHS), dodecylbenzene sulfonic acid
(DBSA) and dodecylbenzene sulfonic acid sodium salt (NaDBSA) as
dopants. The work highlights the prospects of utilizing the solubility of
doped PPy samples in various solvents for applications in the field of

electronic gadgets.

The attempts made to improve the solubility and conductivity of
polypyrrole films by synthesizing polypyrrole/graphene composite films,

soluble in organic solvents, using chemical oxidative polymerization
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method, with dodecylbenzene sulfonic acid (DBSA) as the dopant and
ammonium persulfate (APS) as the oxidant, form the core theme of
chapter 4. Thin films of polypyrrole /graphene composites ate
obtained on glass substrates by spin coating and electrospraying
methods.  The morphological, structural, optical, and electrical
properties of the spin coated and electro-sprayed thin films are found to

depend on the solvents used to dissolve the composites.

Chapter 5 introduces a relatively less expensive lithium salt, n-
butyllithium in hexanes (n-Buli)as the dopant for developing lithium
substituted polypyrrole, to be used as the cathode active material in
rechargeable Li ion cells. Polypyrrole is synthesized by chemical
oxidative polymerization method, with ferric chloride as the oxidant and
lithium substitution is achieved by treating with n-Buli, in an argon
filled glove box for four different volume concentrations of #-Bul.i to
improve lithium substitution or metalation. The lithium enriched PPy
samples are subjected to detailed structural characterization using XRD,
FTIR spectroscopy, FESEM and TEM techniques. The structural
analysis confirms the successful lithium substitution and the enhanced
crystallinity/order in Li substituted samples compared to pure PPy. The
coin cells assembled using the lithium substituted PPy as the cathode,
lithium metal as the anode and lithium hexaflurophosphate (LiPFg) as
the electrolyte show an open circuit voltage of 3.3 V. The assembled
cells are electrochemically characterized using cyclic voltammetry and
charge-discharge cycling techniques and it is seen that the Li substituted
polypyrrole based Li-ion cells are electrochemically active. All the four
cells show stable charge - discharge cycling behaviour up to 60 cycles,
specific capacity about 30.03 mAh/g for the cell with maximum lithium

substitution of 21.56 % and coulombic efficiency around 85 %. The



specific capacity of the cells can be further improved by optimizing the

lithium doping concentrations.

Chapter 6 highlights the modifications undertaken to enhance the
electrochemical performance of lithium substituted polypyrrole, used as
the active cathode material for Li-ion cells, discussed in the previous
chapter. The capacity and the cycling stability of the cells can be enhanced
by synthesizing polypyrrole by chemical oxidative polymerization, using
ammonium persulfate (APS) as the oxidant, instead of FeCls, discussed in
the previous chapter. The electrochemical characterisation of the cells
assembled using Li-substituted polypyrrole as the cathode, lithium metal
toil as the anode and lithium hexaflurophosphate (LiPFg) as the electrolyte
shows an enhancement in the overall performance of the cells. Specific
capacity of about 52.02 mAh/g, close to the calculated theoretical
capacity has been obtained for the assembled cells with lithium
substitution up to a maximum of 25.8 % for the cathode active material.
The Li-ion cells are found to show an open circuit voltage of 3.8 V
and an initial discharge capacity of 52.02 mAhg! and 45.70 mAhg! at
0.1 C and 0.2 C rates. All the cells show stable charge discharge cycling

behaviour up to 85 cycles and coulombic efficiency around 88%.

Chapter 7 of the thesis gives a detailed discussion on the
incorporation of PPy, graphene (G) and the composite of PPy with
graphene into the conventional sulphur (S) cathode with a view to
improve the capacity and the cycling stability of rechargeable lithium -
sulphur cells. The electrochemical characterizations are carried out by
assembling stainless steel Swagelok type lithium-sulfur cells in an argon
filled glove box using PPy-S, S-G, and PPy-(G)-(S) composites as the
cathode active materials, lithium metal foil as the anode and 1 M
lithium perchlorate in a mixture of 1, 3-dioxolane (DOL) and 1,

2-dimethoxymethane (DME) at a volume ratio of 1:1 including 0.5 M
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LiNOj; as the electrolyte. The assembled cells are characterized using
cyclic voltammetry and charge discharge cycling techniques and it is
seen that the cells are electrochemically active. The discharge capacities
of PPy-S, S-G and PPy-S-G composite cathodes based Li-S cells are
1248 mAh/g, 1317 mAh/g and 1444 mAh/g respectively with a capacity
retention of 61%, 63% and 69% after 100 cycles. The enhanced capacity
of the Li-S cells based on the PPy-G-S composite cathode can be a
consequence of the ability of the doped PPy to accommodate large
volume of sulphur on its branched structure and the absorption of
polysulfides into the pores of PPy, thereby inhibiting the adverse effects
of the volume expansion of sulphur during Li intake and the polysulfide

shuttling phenomenon.

The summary of the research work carried out and the highlights of
the results are presented in the last chapter. The future prospects for
turther investigations based on the results of the present work are also

emphasized.
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Chapter 1
INTRODUCTION

(7727}

An overall introduction to the work presented in the thesis is given in
this chapter. The chapter begins with a short overview on the history of
conducting polymers and the significance of polypyrrole among the
class of electrically conducting polymers based on its exceptional
structural aspects, fascinating electrical and electrochemical attributes
and the wide application prospects. As the title of the thesis illustrates,
development of polypyrrole with appreciable solubility and processability
suitable for wvarious device applications is addressed with special
emphasis on the applications of polypyrrole and its composites in the
development of the next generation, flexible energy storage devices. The
brief discussion on the objectives of the present studies and the

motivation behind the work also forms a vital part of the present chapter.

1.1 Polymers

Polymer science has advanced from humble beginnings to its
present dimension of modernity in which sub-atomic building
frameworks enable polymer materials to be produced in predetermined
specifications [1]. A comprehensive information of the association
between the structure and the properties of polymers has enabled the
present day engineers to design and synthesize materials with all intents

and purposes for any physical attributes that are expected.
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A polymer may be defined as a large molecule or a macromolecule
built up by repeating structural units joined by the covalent bonds. The
word polymer has been derived from the Greek words, poly meaning
many and mer, meaning, part. The repeat unit is called the monomer
from which the polymer is formed and the process by which the
monomer molecules are linked to form a big molecule is called
polymerization [2]. The number of repeat units in the chain specifies the
length of the polymer chain. This is called the degree of polarization (D
P). The molecular weight of the polymer is the product of the molecular
weight of the repeat unit and the DP. Depending on the functionality of
the monomers used, one can get linear, branched or three-dimensional

cross-linked polymers.

W. H. Carothers in 1929, Mark in 1940 and Flory in 1953
recommended that all polymers could be divided into two categories
depending upon the mechanism of polymerization, namely condensation
polymers and addition polymers [3]. Condensation polymers are those in
which the molecular formula of the repeat unit of the polymer chain does
not have certain molecules present in the monomer from which it is
formed. In polymer formation, condensation takes place between two
polyfunctional molecules to produce a large molecule. This is also called

step growth polymerization and examples are polyester and polyamide.

On account of their wide scope of applications, both synthetic and
natural polymers play an imperative and omnipresent role in customary
day to day life due to their mere presence. Polymers range from familiar

synthetic plastics such as polystyrene to natural biopolymers such as

2 Department of Physics
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DNA and proteins that are essential for biological building and utility.
Their substantial atomic mass with respect to small molecular
compounds gives rise to extraordinary physical properties, including
stiffness, viscoelasticity, and an affinity to form glasses and semi-

crystalline structures rather than crystals.

1.2 Intrinsically conducting polymers

Intrinsically conducting polymers (ICPs) or electroactive polymers
(EP) are not quite the same as the other conducting polymers, in which a
conducting material such as a metal or carbon powder has been
uniformly dispersed in a nonconductive polymer [4]. The ICPs or simply
the conducting polymers combine the mechanical and chemical
properties of insulating polymers with the electrical and optical
properties of inorganic semiconductors and metals. This class of
polymers has an all-inclusive arrangement of conjugated carbon-carbon
double bonds [5]. These polymers are described by sigma (o) and pi ()
bonds in which the o electrons are fixed and immobile, due to the
formation of covalent bonds between the carbon atoms and the
remaining w electrons become delocalized, after doping. The
conductivity of ICPs can be increased by doping, which is either the
addition of electrons (n-doping) or the removal of electrons (p-doping)
from the polymer. Examples of conducting polymers include polypyrrole,
polyaniline polythiophene and polyacetylene. The history of development
of different types of conducting polymers is quite interesting and is

beautifully illustrated in literature [6, 7, 8, 9, 10, 11].
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The field of conducting polymers gained attention since 1977,
when Alan Heeger, Alan MacDiarmid and Hideki Shirakawa. reported
the synthesis of the first intrinsic, electrically conducting organic
polymer, doped polyacetylene. The electrical conductivity of
polyacetylene increased 10° times after it was oxidized (doped) by
chlorine, bromine or iodine vapor. These three researchers were awarded
the Nobel prize in Chemistry in the year 2000 for their pioneering
contributions to nurture the development of conductive polymers.
Subsequently, in the past two decades, many research groups have
devoted their endeavours for developing new classes of electrically
conducting polymer materials and great progress has been accomplished
in the growth of newer fields like organic and molecular electronics,

polymer optoelectronics and polymer nanophotonics.

In spite of the remarkable progress attained in enhancing the
electrical conductivity and achieving perfectly metallic behaviour in
polymers, an apt understanding of the origin of metallic transport
properties is still constrained by the disordered structure of conducting
polymers [12]. Recent years have witnessed the development of
advanced production and processing routes for the synthesis of more
ordered and homogeneous classes of polymers, both in bulk and thin

film forms.

Many research groups have developed new classes of conducting
polymers and their derivatives for applications in various fields. These
include organic polymers such as polypyrrole (PPy), polyaniline (PANI),
polythiophene (PTh), polyfuran and so on.

4 Department of Physics
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The chemical structures of the most common conducting polymers

are given in figure 1.1.

Polypyrrole

- H

|©|© ©]I

N, N N; N
n

Polyaniline

Polythiophene

Poly (p-phenylene)

O
cFONgZCNEC
I I I
H H H .
Polyacetylene

Figure 1.1 Chemical structures of conducting polymers
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1.3 A brief introduction to polypyrrole

Among the ICPs, polypyrrole is one of the most important and
widely investigated polymers. It has received a great deal of attention
owing to its high electrical conductivity, promising electrochemical
attributes, excellent environmental stability, non-toxic nature and
biocompatibility. It finds numerous prospective applications in
electronic and electro chromic devices, light-weight batteries, sensors,
and optoelectronic and photonic devices [13] and in areas such as bio-

imaging, drug delivery, microwave shielding and corrosion protection [14].

1.4 Conduction mechanism of polypyrrole

Investigations on the electrically conducting properties of polypyrrole
by different research groups show that they depend upon the temperature
during polymerization, the polymer thickness, the nature of the counter
ions, the solvent, any substituted functional groups on the pyrrole
monomer, the electrochemical polymerization conditions utilized [15]
and the presence of structural defects in the polymer. On the other hand,
the conduction mechanism and the molecular structure of polypyrrole,
are not totally comprehended and there is inconsistency over a few

actualities.

The polymer becomes conducting after doping with suitable
dopants and counter ions are built up with the charged polymer
backbone, conveying a net charge of zero. This technique incorporates
dications or dianions (radical ions or bipolarons) which are the charge
carriers into the polymer [16]. The electrical conductivity is increased in

view of the well-ordered movement of these charge carriers.

6 Department of Physics
Cochin University of Science and Technology



Introduction

H
H
ﬂ. F‘]J N + _

Bipolaron formation

n

Figure 1.2 The chemical structures of neutral polypyrrole and the oxidative
doping of polypyrrole

At the point when still higher doping levels are accomplished, the
lattice distortions turn out to be significant to the point that the mid-gap
bands of the bipolarons overlap with the valence and conduction bands.
Good conductivity is retained, with the electrons as the charge carriers
[17, 18]. Indeed, even at the 100% doping level, a band gap still stays in

polypyrrole, so that it never achieves the band structure of a genuine
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metal. However, the band gap turns out to be small to the point that
electrons are promptly promoted at room temperature to produce the

partially filled bands essential for electronic conductivity.

An inter- chain or intra - chain charge-hopping mechanism for the
bipolarons is essential for polypyrrole to be a powerful conductor, as
many basic deformities can emerge in the polymerization process [19].
These deformities disturb the short-range delocalization and overlap of
the bipolaron states, which implies that polypyrrole does not behave

totally as a one-dimensional conductor.

1.5 Synthesis of polypyrrole

Polypyrrole can be synthesized from the pyrrole monomer by
using chemical oxidative polymerization, plasma polymerization and
electrochemical polymerization. The synthesis of polypyrrole by oxidation
of pyrrole goes back to 1888 and by electrochemical polymerization to

1957.

1.6 Chemical oxidative polymerization

Chemical oxidative polymerization [20] is a typical strategy
utilized to synthesize conducting polymers in bulk form. Chemical
polymerization is the procedure in which comparatively small
molecules, called monomers, join chemically to produce a very large
chainlike or network molecule. The monomer molecules may be all
similar, or they may represent two, three, or more different compounds.
Often, many thousands of monomer units are combined in a single

molecule of a polymer.

8 Department of Physics
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In this technique, the monomer is dissolved in the dopant acid
solution. Oxidants like ammonium peroxydisulfate ((NH4)S,0s), hydrogen
peroxide (H2O;) and salts containing transition metal ions are typically
utilized [21]. The oxidant dissolved in the appropriate solvent is added
dropwise to the mixture with continuous stirring for 4-24 hours. The
precipitate obtained is filtered, washed and dried. This is one of the
easiest methods adopted for synthesizing conducting polymers in bulk

form.

1.7 Plasma polymerisation

Polymer thin films find a variety of applications in various types of
electronic, optoelectronic, photonic and nanophotonic devices (22,
23.24). An overview of the literature reveals that polymers like
polyaniline, polypyrrole and polythiophene grown in thin film forms
have been investigated in depth with a view to study their structural,
electrical and optical properties. Even though different techniques
such as spin coating, solution casting and electro chemical deposition
are available for the preparation of polymer thin films, plasma
polymerization plays a significant role because of its cost viability and

simplicity [25].

Plasma polymerization or glow discharge polymerization refers to
the formation of polymeric materials under the influence of plasma. It is
an excellent technique for the preparation of organic and inorganic thin
films on various substrates from a starting monomer [25]. This method is
utilized not exclusively to deposit thin films on appropriate substrates

but to control the composition of the surface layer of a material for

Polypyrrole with improved solubility, synthesized using different doping techniques 9
for applications in energy storage devices



Chapter 1

appropriate applications too. The morphology and composition of
plasma polymers are functions of the plasma parameters like power
input, monomer flow rate, monomer vapor pressure, substrate temperature
and the positioning of the substrates relative to the plasma zone. This
method is normally used to produce pinhole free and flawless thin films
of organic and inorganic materials on various substrates which include,
glass and metal surfaces, quartz plates, fabrics, nanocomposites and

nano fibers. [26].

In customary plasma polymerization set up, the monomer is fed
into an evacuated chamber and an ac or rf discharge is created which
helps the monomer species dissociate into reactant fragments in the form
of electrons, ions and free radicals. The result of recombination of these
fragments on a substrate is a highly branched and cross linked three
dimensional network-a plasma polymer. By controlling the plasma
current density, the extent of branching and cross linking can be
decreased to some extent with the possibility that the subsequent plasma
polymer will have a little extent of conjugation in the structure. The
factors that can be promptly controlled during this ionization-deposition
process are power density, precursor flow rate, the ratio of precursor
vapour pressure to that of an inert carrier gas, reaction time, reactor
geometry, plasma frequency and power and temperature of the reactor
[27]. The ionized species formed acquire energies typically up to 2 eV,
while electrons and metastable species, up to 20 eV. Normally plasma
polymerisation reaction occurs at a pressure of around 107 torr. The
gas phase reaction involving polymerisation process can be explained

by a modified kinetic theory of gases. The process of plasma
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polymerisation involves the fragmentation of the monomer into reactive
species and recombination of the fragments on a substrate which is
placed inside the plasma chamber [28]. The plasma polymerization
method in general includes the use of dc, ac, rf, pulsed and magnetron
assisted plasmas. The techniques are suitably adjusted according to the
nature of the monomer, the carrier gas, input power, monomer flow rate
and the other kinetic and mechanical aspects of plasma polymerization
[29, 30, 31, 32, 33, 34]. Being a dry method, plasma polymerization is
useful as a polymer thin film deposition technology in the microelectronics
industry. Plasma polymerized films have a variety of applications as low
dielectric constant intermetallic coatings [35, 36], coatings for surface
modifications, barrier coatings and dielectric photo resistant and wave
guiding films for microelectronics and photonics [37]. The potential
fields of applications of plasma polymers, because of their intriguing
photonic and electronic properties also include anti-reflection coatings,

polymer LEDs, optical sensors and surface passivation coatings [38].

1.7.1 Urbach tail analysis and the calculation of defect levels of
plasma polymerised thin films

In 1953, Urbach proposed an empirical equation for the optical
absorption coefficient o, related to the electronic transitions from the
valance to conduction band tail in disordered solids [39]. This rule
states that a = ay exp (hv/Eu) where ayp is a constant and Eu is the
Urbach energy. Investigations establish that the Urbach absorption edge
is practically a universal property of the disordered solids and that the
underlying physics is both simple and general and can be connected to

polymeric materials too. The presence of impurity levels or the dopants
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contributes to the optical absorption in solids since they make charged
imperfections and distortion levels [40,41]. The Urbach energy
characterizes the slope of the exponential edge region and the inverse of
the slope gives the width of the localized states in the band gap. The
value of Eu that decides the steepness of the Urbach tail relies upon the

structural disorder of the amorphous solid under study.

1.7.2 Space charge limited conduction (SCLC) in plasma
polymerized thin Films

When an ohmic contact is made to a metal-polymer-metal
(M-I-M) configuration, the carriers can be infused from the metal
electrode into the conduction band of the polymer under an applied
electric field. In the event that the measure of the infused carriers is
beyond that can be transported across the film, a space charge will be built
up at the metal polymer interface. Electrons moving through the system
under an electric field will be hindered and controlled by the space charge
gathered at the metal polymer interface and this gives rise to the
phenomenon known as space charge limited conduction (SCLC) [42]. This
type of conduction shows a linear region only at low bias voltages, where

the equation of conductivity will follow the ohm’s law [43]
V
J = une— 1
Hny J (1)

where e is the electronic charge, V' the voltage applied, p the carrier
mobility, n, the equilibrium carrier concentration and 4 the inter

electrode distance or the film thickness of the polymer.
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At higher voltages SCLC current density is given by the Mott-

Gurney relation
9 Vv
J = g Ogr/up ? (2)

where &, €, is the permittivity of the polymer, 4, the hole mobility and
d the thickness of the film. From the slope of the logJ-logV plot one can
observe that the current density J depends quadratically on the voltage V,
which is characteristic of SCLC and after this region, the quadratic
dependence of J on V changes to a trap filled limit (TFL) situation with
slope greater than 2. The slope of the graph in the high voltage region is
about 3. The thickness dependence of the space charge limited current
follows the relation d™ where n is a parameter, which depends on the trap

distribution and is equal to or greater than three in the presence of traps.

The temperature dependence of current density follows the relation

J=euN, (gj exp(— f;j 3)

where N, is the effective density of states in the valence band, k the

Boltzmann constant and Ea the activation energy.

1.8 Spin coating

The method of spin coating is a basic procedure for growing thin
uniform films on flat surfaces. It is used normally in polymer research,

because of its convenience, in spite of the fact that it is not particularly
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suited for large-scale film processing [44]. This technique can be applied
to inorganic, organic and inorganic/organic solution mixtures. It is
utilized for coating of photoresist on silicon wafers, for the coating of

sensors, for protective coatings, paint coatings and optical coatings [45].

In spin-coating, the coating solution prepared by dissolving the
coating material in an appropriate solvent is dispensed onto the substrate
surface, which is then rotated at high speed in order to spread out the
solution and, as the solvent evaporates away, a thin film of the coating

material is left on the substrate surface.

1.9 Electro-spraying

Electro-spraying is a practical and adaptable strategy that uses
electrically charged jet of the solution of the material under study for the
collection of particles at micron, submicron and nano scales. It is a
method of fluid atomization by electrical forces. It is a one-step method
which can possibly produce restricted size distributions of submicrometric
particles, with constrained agglomeration of particles and exceptionally
high yields [46]. The principle of electro-spraying depends on the
capability of an electric field to distort the interface of a liquid drop. The
machine was initially built up by Lord Rayleigh in 1882 and was further
established by Zeleny in 1917 and Sir Taylor in 1964 [47].

The procedure of electro-spraying is straightforward. The solution
of the polymer under study is stacked into a syringe and utilizing a
syringe pump, passed through a tiny, however, exceedingly charged

narrow capillary gauge needle. The voltage used is commonly up to + or
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—30 kV and the collector may be set at 7 to 30 cm away from the
capillary. Once the droplets get detached from the Taylor cone, the
solvent evaporates, producing dense and solid particles, impelled

towards the collector [48].

1.10 Techniques employed for the synthesis of soluble polypyrrole

For practical applications of conducting polymers good solution
processability and chemical stability of the polymers are often required.
But many reports indicate that, as with most of the conducting polymers,
polypyrrole, polymerized either electrochemically or chemically are
insoluble in most of the solvents. The presence of long chain conjugated
structure and the strong intermolecular and intramolecular interactions and
cross-linkings in polypyrrole chains make it insoluble in aqueous/non-
aqueous solvents which restrict their processability, characterization and

applications [49].

A major development has begun with the alteration of the chemical
structure of PPy by adding solubilizing substituents onto the pyrrole
monomer unit. The derivatives of PPy comprising alkyl or alkoxy
substituents have been observed to be soluble in chloroform, tetrahydrofuran
and o-dichlorobenzene [50, 51]. The solubility of polypyrrole can be
enhanced by the addition of counter ions to the polymer backbone. The
strong intermolecular interactions between conducting polymer chains will
diminish because of the introduction of these substituted monomers by
doping. The planarity of the polymer is affected by the introduction of long
chain substituents to the monomer ring due to steric interference. Doping

the polymer with organic sulfonic acids like dodecylbenzenesulfonic acid
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(DBSA) and camphorsulfonic acid (CSA) can strongly influence the
conductivity, morphology and thermal stability of the bulk polymer [52].

Polypyrrole synthesized by chemical method using DBSA as
dopant and APS as oxidant is found to be highly soluble in m-cresol and
conditionally soluble in chloroform or dichloroethane. The solubility of
the polymer can be attributed to the presence of the huge dopant DBSA,
which reduces the inter and intra molecular interactions by placing itself
between the polymer molecules. Likewise, the moderate polymerization at
0 °C reduces the crosslinking reactions, in electrochemical polymerization
[53]. The high conductivity of doped polypyrrole is due to the presence
of delocalized electrons and higher concentration of bipolarons which
can be affirmed by UV/VIS/NIR spectroscopic studies. Numerous
reports available on the techniques adopted to enhance the solubility and
processability of polypyrrole using different dopants and the effect of
doping on the structural, morphological, electrical and optical

characteristics of the polymer [54, 55, 56, 57].

1.11 Rechargeable Li-ion cells: An overview

Energy storage is indispensable for the operative improvement of a
power-driven economy and execution of renewable energy programmes
as well as electricity generation from sun, wind and waves. This requires
high performance energy storage innovations, since the energy produced
is often irregular and must meet the necessities for large scale
applications, including high energy density with environmental
friendliness and low cost. Making energy storage systems that ensure

uninterrupted power supply with consumer demand is one of the prime
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objectives to be accomplished. Among the accessible energy storage
systems and technologies, lithium ion cells are established as the most
attractive ones due to the high gravimetric and volumetric energy
densities they offer and the minimum capacity loss when compared to

other rechargeable battery systems [58].
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Figure 1.3 Comparison of lithium ion batteries with other
rechargeable batteries in terms of volumetric and
gravimetric energy densities

The inspiration for the development of Li ion battery technology is
the fact that lithium is the lightest and most electropositive metal and
along these lines, helps to achieve exceptionally high energy density
[59]. The rechargeable lithium ion batteries (LIB), offer much better
performance compared to other rechargeable systems and were marketed

by Sony in the early 1990s [60] and are generally utilized to power
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portable electronic devices, laptop computers, medical implants and

hybrid electric vehicles.
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Figure 1.4 Schematic representation of Li-ion cell

A Li-ion cell usually consists of cathode, anode, the electrolyte
and the separator which eludes the shorting of the electrodes. The active
material for the cathode is lithium metal oxide and for the anode, it is
graphite. Because of the electrode potential of the Li'ions, they are
transported between the electrodes through the electrolyte which is
normally soaked up in the permeable separator, which acts as a physical

barrier avoiding the contact between the electrodes.

The process of lithium moving into the anode or cathode is
referred to as intercalation and the reverse process in which lithium
moves out of the anode or cathode is referred to as de-intercalation.
During the charge process of the graphite/lithium cobalt oxide cell, the
graphite (anode) accepts the lithium ions which are de-intercalated into
the electrolyte from the cathode. During the discharge of the cell, the

reverse process occurs in which positively charged lithium ions are
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discharged from the anode into the electrolyte and the ions move
towards the cathode and get intercalated into the cathode. Consequently
the Li ion cell exploits the electrochemistry of the system by separating
the reduction and oxidation processes, storing electrical energy on

charging, and releasing electrical energy on discharging of the cell.

The amount of charge that can be stored in LiCoO, cathode and
graphite anode is constrained on account of the intercalation mechanism
involved. This intercalation is conceivable in view of the layered
structure of the electrode materials. The low theoretical capacities of
LiCoO, and graphite electrode materials make the ordinary Li-ion cells
deficient for some applications with high energy needs such as electric
vehicles and grid energy storage. Additionally these LIBs are susceptible
to short-circuiting and overcharging which impose some safety concerns
in their utilization as batteries in vehicles. These restrictions related to
the Li-ion batteries such as cost, safety and the limited energy density
are constrains to meet the requirements of extended ranges of electric
batteries for vehicles [61] which compel the researchers to concentrate
on the development of improved battery systems having high energy

density, toughness, flexibility, safety and low cost.

1.12 Lithium-sulfur cells

Lithium sulfur (Li-S) cells are promising devices with high
theoretical gravimetric energy density of 2500 Wh/kg and high
theoretical capacity of 1675 mAhg” for the next generation energy
storage applications [62]. However there are many challenges to be

addressed, related to the working of Li-S cells. Both S and Li,S are
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electrically insulating in nature, resulting in poor -electrochemical
availability, low utilization of the material and low specific capacities.
The polysulfide anions formed during cycling can dissolve into the
electrolyte which results in ceaseless loss of active material, rapid
capacity decay, high self-discharge and reduced safety. These long —
chain lithium polysulfides can, likewise, diffuse to Li anode and become
reduced chemically, rather than electrochemically, to form short-chain
polysulfides (LiS; and Li,S) on the Li surface. These unwanted side
reactions result in the shuttle effect leading to low coulombic efficiency
and poor cycling stability. Similarly sulfur undergoes an extensive
volumetric expansion of about 80% upon full lithiation to Li,S, which

causes crushing and structural changes at the electrodes [63, 64].

Significant research effort has been focussed on developing
strategies to improve the electrochemical performance of the sulfur
cathode in lithium- sulfur cells by introducing conducting agents into the
sulphur cathode and also by making composites of sulphur with conducting

polymers and carbon nanostructures [65].

1.13 Role of polypyrrole for modifying sulphur cathode

In the present work, sulphur cathode of the Li-S cell is modified
by making composites of S with polypyrrole (PPy) and graphene (G).
The composite electrodes, polypyrrole/sulphur, sulphur/graphene and
polypyrrole/graphene/sulphur, titled respectively as PPyS, SG and PPyGS

are used as the cathode active materials to assemble Li-S cells.
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1.14 Objectives of the present work

Polypyrrole can be synthesized using plasma, chemical and
electrochemical techniques and in various forms and morphologies. It is
one of the most popular and extensively studied conducting polymers
because of its astounding tunable characteristics. The impacts of dopants
and oxidants on the structural and charge transport properties of
polypyrrole have been focussed by various research groups. Despite the
fact that a great deal of research work has been conducted on
polypyrrole, there are certain areas where the unique features of this
polymer have not been completely utilized or studied widely. Polymers
like polypyrrole (PPy), polythiophene (PTh) and polyanniline (PANI)
are being widely inspected as active electrode materials for lithium cells,
because they can be easily switched between the oxidized and the
reduced states. The present work is devoted to synthesize highly stable,
doped polypyrrole and its composites both in bulk and thin film forms
for various types of device applications, with special emphasis on energy

storage devices.
The objectives of the present work can be summarized as follows.
1) To synthesize polypyrrole (PPy) using different methods and

various dopants to suit explicit applications.

2) To investigate the structural, optical and electrical properties of
pristine and iodine doped, plasma polymerized pyrrole thin

films.
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3)

4)

5)

6)

7)

Elucidation of the mechanism of conduction and the
estimation of the defect levels of pristine and doped, plasma

polymerized pyrrole thin films.

To synthesize polypyrrole with appreciable solubility and
processability using different oxidants and dopants for various

device applications.

To develop polypyrrole composite films with much enhanced
solubility and electrical conductivity by spin coating and

electro-spraying methods

Synthesis of lithium substituted polypyrrole using different
oxidants and cost effective dopants for applications as the

cathode active material in rechargeable Li ion cells

To investigate the application prospects of polypyrrole and its
nanocomposites in the effective modification of the sulphur
cathode for developing the next generation Li-S cells with

high energy density and excellent cycling stability.
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Chapter 2

MECHANISM OF CARRIER TRANSPORT AND THE
ESTIMATION OF DEFECT STATES IN PLASMA
POLYMERIZED PYRROLE THIN FILMS

ress.

Plasma polymerization is found to be an excellent technique for the
synthesis of good quality, pinhole-free, polymer thin films from
different monomer precursors. The present chapter deals with the
synthesis of polypyrrole (PPy) thin films by ac plasma polymerization
technique in their pristine and in situ iodine doped forms and their
detailed characterization to understand the effect of iodine doping on

their structural, electrical and optical properties.

2.1 Introduction

Polypyrrole, a highly sought after conjugated polymer has been
subjected to detailed investigations in its bulk and thin film forms and
possess many meritorious characteristics which include, high electrical
conductivity, environmental stability, easy availability of the monomer
and biocompatibility [1]. In monomer form, pyrrole is a simple
heterocyclic organic compound. Polypyrrole (PPy) was first recognized
as an electrical conductor by Kanazawa and co-workers and the
synthesis route adopted was the electrochemical oxidation of pyrrole [2].
Even though the polymerized form of this material is widely studied, the

electrical transport properties of this material are not pursued in depth.
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Most of the published work on PPy is based on its electrochemically
synthesized form. There are some reports on the ionic conductivity and
the charge transfer mechanism in PPy [3]. The dc electrical conductivity
of PPy is found to be in the range of 200-500 S/cm in its PFs doped form
and is a function of the preparation conditions, nature of dopants and
temperature. The disorder induced charge localization and the metal

insulator transition are also reported in PPy [2, 4].

Plasma polymerization or glow discharge polymerization includes
alternating current (ac), radio frequency (rf) and direct current (dc)
techniques. It is an excellent technique for the preparation of organic and
inorganic polymer thin films on various substrates from a starting
monomer. It is an easy and inexpensive technique for growing of PPy
thin films on various types of substrates. The optical and electrical
properties of PPy films prepared by radio frequency (rf) plasma
polymerization technique have been thoroughly studied by Kumar and
co-workers [5]. Plasma polymerization, in general is a technique for
producing polymer-like-organic materials in the form of thin films with
the aid of a plasma discharge. The plasma discharge energizes and
dissociates the monomer molecules into neutral particles and reactant
fragments in the form of electrons, ions and free radicals. The product of
recombination of these fragments on a substrate is a highly branched and
cross linked three dimensional network - the plasma polymer. However,
by optimizing the plasma parameters or the Yasuda parameters [6], the
extent of branching and cross linking in the plasma polymer can be

controlled. In the present work, plasma polymerization at 50 Hz
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(alternating current a.c) has been chosen as a complementary technique

for the preparation of PPy thin films.

The potential fields of applications of plasma polymers, due to their
interesting photonic and electronic properties, include anti-reflection
coatings, polymer LEDs, optical sensors, surface passivation coatings and
low dielectric inter-metallics. Being a dry method, plasma polymerization
is suitable as a polymer thin film deposition technology in the
microelectronics industry. Plasma polymerized films have variety of
applications as low dielectric constant (low-k) intermetallic coatings
[7,8], as coatings for surface modifications, barrier coatings, dielectric
photo resists and wave guiding films for microelectronics and

photonics [9].

The nature of charge carrier transport mechanism in plasma
polymer films is highly significant as far as their applications as both,
passive and active components in microelectronics and optoelectronics
are concerned. The present chapter deals with the investigations carried
out to analyse in detail the d.c conduction mechanism in pure and iodine
doped PPy films prepared by ac plasma polymerization. Even though
reports are available on plasma polymerized pyrrole thin films in pristine
and doped forms, a systematic study on the stability and structure of the
in situ iodine doped, plasma polymerized pyrrrole thin films, and the
effect of doping on the optical and structural properties due to the
charged defects created during polymerization process has not been
pursued in depth. Urbach tail analysis is a tool, useful for the estimation

of defect states in amorphous thin films. But it has not been widely
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employed in plasma polymerized thin films. Hence, this chapter is also
devoted to explain the modification of the optical and structural
properties of the doped polypyrrole films and to have the comparison of
defect states in the pristine and iodine doped forms using Urbach tail

analysis of the absorption spectrum.

The structural disorders incorporated in amorphous solids are
responsible for many of their unique properties. The electric transport
properties and the optical behaviour of amorphous materials show
dramatic changes depending upon the type and quantity of disorders
frozen in these materials. Studying the shape and position of the optical
absorption edge as a function of the synthesis conditions is useful for
estimating the amount of disorder [10]. Effects of the structural disorders
on the electronic properties of amorphous solids can be clearly observed
at the band edges. The signature of a disordered system is the narrowing
of band gap and the formation of localized states within the band tails.
The reflections of these effects on the electronic structure of the material
can be represented by two separate regions called as the Tauc and
the Urbach regions. In doped polymers, the electron accepting or
withdrawing groups incorporated during the doping process form defect
levels due to the presence of charged species, which will reduce or
enhance the binding energy of the charge carriers. As a result, the
optical, electrical and the structural properties of the solids are modified
[11]. The optical absorption spectrum shows a tail below the absorption
edge at a finite temperature. The tail part near the absorption edge in

various non- metallic amorphous materials can be expressed empirically

as [12]
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o(E.T) - a, exp{_w} 1)

kT

where the absorption coefficient « is a function of the photon energy E

and the temperature T, E is the photon energy, ¢, is the absorption
coefficient at E=E; , and o(T)is the steepness coefficient which

depends on the temperature and is a measure of the defect states frozen
in the amorphous solids. From the analysis of the optical absorption
spectrum, the defect levels of doped and pristine thin films can be

compared.

2.2 Experimental
2.2.1 Growth of polypyrrole thin films

Polypyrrole thin films were grown on glass substrates by ac
plasma polymerization technique and the details of this technique are
already reported [8]. The experimental set up consists of two stainless
steel electrodes, each of diameter 0.23 m and placed 0.05 m apart.
Ultrasonically cleaned glass substrates were placed on the lower
electrode for polymer thin film deposition. The schematic diagram of the
chamber is shown in figure 2.1. The glow discharge chamber was
evacuated using a rotary pump at a pressure of 0.2 Torr. Plasma
discharge was obtained in the chamber by applying an ac voltage of
1000 V of frequency 50 Hz between the electrodes and the current was
kept at 50 mA and 70 mA. Monomer was injected into the glass
chamber at the region between the electrodes by means of a glass

sprayer at a monomer vapour pressure of 0.266 mB. The flow rate was
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carefully controlled using a needle valve. Polymer films in the thickness
range of 100-750 nm could be grown in 30 to 60 minutes on cleaned

glass substrates kept in the chamber.

Figure 1
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Figure 2.1 Experimental set up for ac plasma polymerization

2.2.2 In situ doping of iodine

Iodine doping was carried out by introducing iodine vapour into
the plasma polymerization chamber along with the monomer vapour by
means of a separate glass feed through. The introduction of iodine

vapour into the chamber was carried out in such a way that the
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introduction of the dopant gas did not affect the maintained low pressure
inside the vacuum chamber. The thin films prepared in the iodine
atmosphere were heated at 340 K for about an hour in a vacuum of 107
Torr for expelling the part of iodine that was not incorporated inside the

polymer matrix.

2.2.3 Preparation of metal-polymer-metal structures and J-V
studies

To study the current density-voltage (J-V) characteristics metal-
polymer-metal (m-p-m) sandwich structures were prepared. This m-p-m
configuration was of the form  aluminium-PPy-aluminium with an
effective area of 2.5 x 10° m>. The Al electrodes of average thickness
100 nm were deposited using the conventional vacuum thermal

evaporation unit at a pressure of 10” Torr [7].

For the electrical conductivity studies, m-p-m structures, shown in
figure 2.3 were placed in a home built conductivity cell, shown in figure
2.2. A bias voltage in the range of 1 to 60 V (step 1 V) was applied and
the current flowing through the PPy film was measured using an
automated Keithley 236 SMU (Source Measurement Unit). All the
measurements were taken under dynamic vacuum conditions, with the

cell pressure around 107 Torr.
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Figure 2.2 Conductivity measurement cell for electrical characterization
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Figure 2.3 Metal-polymer-metal sandwich structure
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2.2.4 Film thickness measurement, FTIR spectroscopy and UV-Vis
absorption studies

Thickness of the PPy films was measured by a Dektach 6 M
thickness profiler. The FTIR spectra of pristine and iodine doped
polypyrrole thin films were recorded using Nicolet Avatar 360 FTIR
Spectrophotometer in the wavelength range of 400 cm™ - 4000 cm’
under identical conditions. Optical absorption spectra of pure and
iodine doped PPy films were recorded using JASCO-V-570 UV-Vis-
NIR spectrophotometer. The absorption coefficient o values were
calculated from the spectrum by dividing the ad values by the film
thickness d and were plotted against the photon energy for pure and

iodine doped PPy thin films. The bandgap, E, of the films was obtained

1/2

from the Mott plot by plotting the (ahv)'~ versus Av and then extrapolating

1/2

the linear portion of the plot to (ahv) '~ = 0. The dielectric constant of

the pure and iodine doped PPy films was measured using the HP
4192A LCR Meter under the dynamic vacuum condition of 107 Torr
pressure, by suitably placing the m-pm structures inside the home built

conductivity cell.

2.3 Results and discussions
2.3.1 FTIR spectroscopic studies

The FTIR spectra of monomer pyrrole and plasma polymerized
pristine and iodine doped pyrrole films grown under plasma powers of
50 W and 70 W are depicted in figure 2.4. The peaks in the plasma
polymerized pyrrole are not sharp when compared with those in

monomer pyrrole and most of the IR absorption features of the monomer
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pyrrole are noticeable in the spectrum of polypyrrole with small shift in
peak positions. The frequencies assigned for different peaks in the FTIR

spectra of the monomer and the pristine and iodine doped polypyrrole

are shown in Table 2.1.

Doped 70 W

Doped 50 W

Pristine 70 W

Pristine 50 W

Monomer

Transmittance (AU)

-7
4000 3500 3000 2500 2000 J 1500 1000 500
Wavenumber (cm™)

Figure 2.4 FTIR spectra of monomer pyrrole and plasma
polymerized pristine and iodine doped pyrrole
films grown at plasma powers of 50 W and 70 W

The strong peak due to the NH stretch mode is present at 3400 cm™
in the monomer, at 3332 cm™ in the pristine form and at 3318 cm™ in the
iodine doped form. The strong bands at 3119 cm™ representing CH
stretch mode and at 1095 cm™ representing CH bend mode in the
monomer are relatively weak in the polymer. The reduction in intensity
of these bands seems to indicate a corresponding reduction in the number of

CH oscillators in the polymer [13]. The peak observed at 1037 cm™ in the
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polymer due to the C-N stretching vibration supports the existence of
pyrrole rings in the plasma polymer. The peak present at 1705 cm™ in
the polymer is due to the C = C stretch mode vibration of the pyrrole
ring. The strong peak detected at 740 cm™ in the monomer and polymer
indicates the presence of NH out-of-plane bending mode in the
monomer and the polymer in its pristine and doped forms. The existence
of ring vibrations is seen within the broad band region 1400-1595 cm™
The slight variations in the exact positions of these peaks may be due
to the change of state of the monomer from the liquid state to the
polymer in the solid state. These studies show that a good extent of
polymerization has taken place through hydrogen abstraction from the
CH and NH bonds of the monomer pyrrole ring, which is the most

common phenomenon during plasma polymerization [5].

Table 2.1. Peak assignments of the FTIR absorption bands of monomer
pyrrole and the undoped and iodine doped polypyrrole

Pyrrole Polypyrrole Iodine doped .
mono _rlner (em™) POIYPY_l;mle Assignments

(cm™) (cm™)

1095 1037 1025 C—N stretch

1472 1452 1430 Ring stretch

1577 1595 1586 Ring stretch

1713 1705 1704 C=C stretch of pyrrole ring
3400 3332 3318 N — H Stretch
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From Table 2.1, it is seen that shifts in peak position have been
observed in the N-H and C-N stretching modes of the iodine doped PPy,
compared to the pristine one. The shifts observed in the N-H and C-N
stretching vibrations indicate that the dopant atoms might have got

attached to the nitrogen lone pair electrons of polypyrrole.

From the analysis of the FTIR spectra it can be concluded that
iodine doping modifies the structure of the plasma polymerized pyrrole.
Some extent of conjugation is also there in the structure of the plasma
polymer, evidenced by the presence of C = C stretch of the pyrrole ring.
Because of this extent of conjugation, iodine doping shows frequency
shifts in the FTIR spectrum and brings about reduction in the optical
band gap and enhancement in dc electrical conductivity as observed in
polyaniline thin films by Paterno and co-workers [14]. It can be seen that
the FTIR spectrum of polypyrrole, synthesized by polymerization
techniques other than plasma polymerization differs considerably from
that of the ac plasma polymerized sample. A comparison of prominent
IR peaks found in ac plasma polymerized pyrrole thin films with those
of the dc plasma polymerized [15], RF plasma polymerized [5] and
chemically synthesized [11] polypyrrole films is presented in Table 2.2.
A comparison of RF plasma polymerized pyrrole with that of chemically
synthesized polypyyrole has been reported by Wang and co-workers
[16].
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Table 2.2 Comparison of FTIR peaks of ac plasma polymerized pyrrole
thin films with those of DC and RF plasma polymerized and

chemically polymerized pyrrole thin films.

Synthesis techniques

= = =
=] =] =]
Functional groups £ g 5 g 5 5 s .2
= E- = Er = Er E ST
#25 288 B8RS S5E8
Out-of- plane CH
vibrational frequencies 740 545,900 102,1060 825
of aromatic pyrrole ring
C-N stretch 1037 Not assigned ~ Not found 1312
Ring stretch 1452 Not assigned 1400 Not assigned
Ring stretch 1595 Not assigned 1510 Not assigned
C=Cstretch of pyrrole 705 1620 1600 1530
ring
N — H stretch 3332 3300-3400 3400 3450

2.3.2 UV-Vis absorption studies of pristine and iodine doped PPy
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Figure 2.5 Mott plots for the calculation of the band gap of

pure and in situ iodine doped PPy thin films
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The photon absorption in many amorphous materials is found to
obey the Tauc relation [17], which is of the form

ahv=B(hv-E,,) ()

opt

where o is the absorption coefficient, Av the photon energy, B a
constant and the index » is connected with the distribution of density of

states [18,19].

The plasma polymers at high energies exhibit a linear relationship
given by

(ozhv)l/2 = B(hv ~E ) (3)

opt

Plots of (ahv)"? against hv are given in figure 2.5. These plots

are called Mott plots and the transition energies can be evaluated from
the plots. The linear portion of the Mott plot when extrapolated to the
energy axis gives the threshold of optical absorption. From this, band
gap energy is calculated. The optical band gap of pure PPy film is found
to be 1.75 eV and that of the iodine doped one is found to be 1.35 eV.
The decrease in optical band gap upon iodine doping can be correlated
with the increase in electrical conductivity of the iodine doped films,
discussed in the next section. A probable reason for the enhancement in
electrical conductivity is that, the hole density of the polymer is increased
by the doping of iodine. The dopant iodine attracts electrons from the

molecular orbitals and produces sublevels or additional levels in the

band structure and the band gap between the 7 — 7~ states decreases as

a result of increase in the length of the conjugated m system [20]. This
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contributes for the modification of the Mott plot in the iodine doped PPy
films. Similar results are reported in polythiophene thin films [21]. The
high electrical conductivity of doped polypyrrole films can be attributed
to the formation of a charge transfer complex between the pyrrole ring
and the oxidative dopant iodine. The absorption edge obtained at around
1.35 eV in the doped film indicates the presence of bipolarons as reported

in the case of plasma polymerized thiophene films by Silverstein and
Visoly-Fisher [21].

2.3.3 Current density — Voltage (J-V) studies of pristine and iodine
doped PPy, synthesized at 70 W

The J-V characteristics of the pristine and iodine doped
polypyrrole films are depicted in figures 2.6, 2.7, 2.8 and 2.9. The

thickness values of the films are also indicated in these figures.
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Figure 2.6 J—V characteristics of plasma polymerized pyrrole
films in pure form
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Figure 2.9 Double log (J-V) plots of plasma polymerized
pytrole films in the iodine doped form

The J-V characteristics at room temperature show a non ohmic
behaviour at higher voltages and an ohmic behaviour in the low voltage
region for both the pure and 1odine doped PPy films. It is observed that,
there is no breakdown of the films even at higher voltages over 60V for
both the pure and iodine doped films. The conductivity values show an
order of enhancement in the doped film. The doping of iodine increases
the amorphous nature and the irregularities of the polymer film, which
leads to low mobility and slow diffusion of charge carriers in the
polymer matrix. Due to this, the enhancement of electrical conductivity
is not very much pronounced in the iodine doped films, when compared

to the situation in electrochemically doped polypyrrole structures.
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The double log (J-V) plot of the films shows space charge limited
conduction (SCLC) with a linear behaviour at low bias voltages and a
nonlinear one at higher voltages. The equation for current density

follows Ohm’s law at lower voltages, given by [24]
14
J=une— 4
Hny J (4)

where e is the electronic charge, V the voltage applied, d the inter
electrode distance or the thickness of the film, n, the equilibrium
electron density and p, the mobility of the charge carriers [22]. Here the
thickness of the film has a prominent role in the value of J as in the case

of voltage dependence according to the relation

L
gr 80 V L+1
ePkT,

J=€,UNV (— F (5)

Here P is the trap density per unit energy range at the valence band
edge, k the Boltzmann constant, Nv the effective density of states in the
valence band, g, the permittivity of free space and g~ 2.92 in pure PPy
and 2.62 in iodine doped PPy, as calculated from the capacitance
measurements. In this equation, L is the ratio T; /T where T is the
ambient temperature and T; the temperature parameter describing the
exponential trap distribution. The change over from ohmic to SCL
conduction takes place at a particular voltage Vc known as transition

voltage given by the equation,
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1/L Nd3
n=[£] el (6)

N, EyE,

v

Here N; is the trap density, Nv the effective density of states in the
valence band and p the hole density. It is found that, the value of Vc
depends on the thickness of the film. The values of V¢ for PPy films of
different thickness are indicated in the J-V characteristics. At voltages
above V, the electron current sharply increases from the ohmic behavior.
For films of larger thickness a sudden transition from ohmic to SCLC is
not observed and in that case diffusion of charge carriers in between the
electrodes should also be taken into account. Generally the transition
from SCLC to trap filled limit (TFL) is an extremely sharp transition [23].
A more gradual increase is observed in the present case. The absence of
a sharp increase in current indicates that the carrier transport in PPy can
be regarded as trap free. Due to this, the sharp increase in current, after
the space charge region, which is characteristic of a trap filled
conduction mechanism has not been observed in both the pristine and

the iodine doped films even at high voltages around 60 V.

At voltages greater than V¢, the SCLC current density is given
by the Mott-Gurney relation
9 Ve
J = ggogrﬂp ? (7)
where €,€, is the absolute permittivity of the polymer, g, the hole

mobility and d the thickness of the film. From the slope of the logl-
logV plots (figure 2.7 and figure 2.9) it is to be observed that, the
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current density J depends quadratically on the voltage V which is
characteristic of SCLC and after this region the quadratic dependence of
Jon V changes to a trap filled limit (TFL) situation with slope greater
than 2. The slope of the graph found in the high voltage region is about
3, and an abrupt increase in current is not observed as reported in

references [23, 24].

2.3.4 UV-Vis absorption studies of pristine and iodine doped PPy
films grown at S0 W
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Figure 2.10 Mott plots of polypyrrole thin films in the pristine
and iodine doped forms grown at 50 W

The optical absorption spectra of PPy films prepared at 50 W,
show an exponential behavior and considerable difference in the case of
pristine and doped samples. It is found that sharp absorption edges are
not present in the case of the doped films. The Mott plots for the
polypyrrole films are given in figure 2.10. In the ac plasma polymerized

films, the band gap is found to be 3.1 eV in the pristine and 2.4 eV in the
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iodine doped films. For the RF plasma polymerized PPy films, reported
by Kumar and co-workers [5], the band gaps are 1.3 eV and 0.8 eV
respectively for the pristine and the iodine doped films. Iodine doping
results in the creation of charge transfer complexes or molecular
aggregates which affects the charge transport properties [25]. lodine may
enter into the polymer chain substitutionally or reside within the defect
levels in the amorphous regions. Due to its high electro negativity,
iodine interacts with the polymer backbone, leading to structural
modifications. This induces additional defect levels in the doped
samples indicated by the exponential tail with decrease in photon energy
below the band gap. Doping with electron acceptors like iodine increases
the electrical conductivity because iodine doping decreases the binding

energy of carriers [26].

2.3.5 Urbach tail analysis of polypyrrole thin films grown at 50 W
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Figure 2.11 In(x) against photon energy plots of polypyrrole
films in the pristine and iodine doped forms,
grown at 50 W
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The structural disorders in amorphous solids form localized states
within the band tails of electronic states, which cause changes in the
optical behaviour and the electrical transport processes in these
materials, and the amount of disorder is significant to control their
structural, electrical and optical properties. The exponential rise in the
Urbach edge is the manifestation of the effect of structural and thermal
disorder on the electronic properties of semiconductors [27]. The effect
of structural disorder on the electronic states of amorphous solids can be

clearly recognized at the band edges.

The band tails extending into the band gap generally show an
exponential behaviour, appreciable in the low-energy region of the
absorption profile. They are characterized by the band tail parameter E,

as

a(hv)ooexp[g—v] (8)

0

where a is the absorption coefficient and /v, the photon energy. The
band tail parameter Eo depends on the carrier concentration n,
temperature T and the structural disorder. It ;s the sum of the interactive
and structural contributions and its value can be calculated from the
slope of the absorption edge, and is given by

d(hv)

b= d(lna) ©)

which is a strong function of temperature [12, 26]
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From the FTIR spectral analysis, structural changes have been
observed in polymers doped with iodine [21]. These structural
modifications induce defect levels within the band gap. The degree of
disorder can be calculated using the exponential tail data, estimated from
the Urbach tail analysis. The broadening of the Urbach tail increases
with increase in defect states of the films. For estimating the defect
states, the plot of In against /v, depicted in figure 2.11 is used. From
the inverse of the slope of the In« against Av plot, the value of the tail
width E¢ in eV is calculated, which reflects the defect content in the film.
The values of E, for the pristine and iodine doped polypyrrole films are

calculated and are given in Table 2.3.

Table 2.3 E, (in eV) of the pristine and iodine doped polypyrrole films

Photon energy range Ey ineV

in eV Pristine PPy TIodine doped PPy
0.5-1.0 468 357
1.0-1.5 295 671

1.5-2.0 612 816
2.0-2.5 436 1.446
2.5-3.0 .545 2.099
3.0-3.5 .665 2.836
3.5-4.0 .708 1.685

The information obtained from the table suggests that in the high
energy region, the value of E for different absorption energy ranges, is

higher in the case of doped films, compared to the pristine ones. This
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indicates that the defect states created in this energy range is more
pronounced in the doped films. From the absorption spectrum it can be
seen that when compared to the pristine films, a considerable increase in
optical absorption can be observed in doped films within the UV-Vis
region. It is evident that the defect states created by the doping of iodine

enhance the optical absorption in the UV-Vis region.

The E( value of the pristine PPy (0.468 eV) is higher than that of
the doped one (0.357 V) in the NIR region. This indicates that the defect
states or additional energy levels created by doping are more prominent in
the visible region than in the NIR region. The increase in the value of E
in the doped polypyrrole films in the visible region shows the
enhancement of the charged defect states when the polymerization is

carried out in the iodine atmosphere.

The increase of the dc electrical conductivity and the decrease in
the band gap of the doped polypyrrole can be attributed to the fact that p
type doping with iodine leads to removal of electrons from the
polypyrrole system which brings about increase in the hole density. Due
to this, the molecular orbitals of the polymer shift towards smaller
binding energy with respect to the Fermi level [28]. As a result of the
reduction in the binding energy the conductivity of the polymer

increases.
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2.3.6 J-V studies of pristine and iodine doped PPy grown at 50 W
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Figure 2.12 -V characteristics of polypyrrole films in the pristine
and doped forms prepared at 50 W

The current density versus voltage (J-V) characteristics of the
pristine and doped polypyrrole thin films of thickness 210 nm are shown

in figure 2.12.

The J-V characteristics at room temperature show non ohmic
behaviour at higher voltages and ohmic behavior in the lower region of
the applied voltage in the case of both the pristine and the iodine doped
polypyrrole films. The graph shows that there is no breakdown in the
films even at higher voltages around 60V for the pristine and the
doped films. The log J versus log V plots of PPy films are given in
figure 2.13.
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Figure 2.13 Log J-log V plots of plasma polymerized pyrrole
thin films of thickness 210 nm in the pristine and
iodine doped forms.

In the lower voltage region, the value of the slope of log J versus
log V plot is found to be unity which is the ohmic region where the

current is proportional to the applied voltage such that the famous

relation J =,unoeg holds. Here the mobility p and the density of

thermally generated charge carriers n, are assumed to be constant at a
given temperature and e is the electronic charge, V' the voltage applied
and d, the inter electrode distance or the film thickness [22]. For
voltages above the critical voltage V. - 10V, for the pristine film and
V.-5.8 V for the doped film, the electron current strongly increases. The
occurrence of an abrupt increase in the current at a certain critical
voltage V. is characteristic of an insulator with traps and at this voltage

the electrical conduction mechanism switches to the SCLC mode. At
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higher voltages, SCLC type current density is characterized by the Mott-

Gurney relation given by equation (7).

From the slope of the log J-log V plot, it is observed that the
current density J shows SCLC type dependence on the applied voltage
up to a region 30 V for the pristine and 18 V for the doped films. After
this region the dependence of J on V changes to the trap filled limit type
(TFL) with slope higher than 2. The slope of the graph in the high
voltage region for the pristine film is about 3 and for the doped film it is
about 3.6, which indicates the enhancement of trap density in the doped
films. Space charge limited (SCLC) type conduction is an indication of
the presence of structural defects typically resulting in the creation of
discrete trap states within the energy gap [34], which has been observed

in the optical absorption studies as well.

The conductivity values show an order of enhancement in the
doped PPy films. Reduction of band gap and the modification of the
absorption spectrum of the iodine doped polypyrrole film, compared to
the pristine one are the highlights of the optical absorption studies. This
may be due to the formation of intermediate energy levels created by the
iodine doping. Even though iodine doping increases the carrier density
of the polymer film, the enhancement of the conductivity is not so
pronounced due to the low mobility of the carriers. It may also be
possible that the doping induced defect states are not contributing much

towards the electrical conductivity of the polymer.

Polypyrrole with improved solubility, synthesized using different doping techniques 57
for applications in energy storage devices



Chapter 2

2.4 Conclusions

Investigations on the electrical and optical properties of plasma
polymerized pyrrole thin films in the pristine and the iodine doped forms
are carried out. The electrical conductivity studies reveal that the dominant
carrier transport mechanism in these films is space charge limited type
conduction. An electric field induced enhancement of the conductivity is
also observed. Considerable changes are observed in the structural, optical,
and electrical properties of the iodine doped polypyrrole films, compared to
the pristine ones. The decrease in band gap and the enhancement of
electrical conductivity are explained on the basis of the decrease in binding
energy by the incorporation of charged defects. The enhancement of defect
levels by iodine doping is elucidated with the help of Urbach tail analysis.
Iodine doping results in the creation of charged defects in the polymer
chain. The additional levels created by doping modify the electronic
structure of polypyrrole, which is clearly recognized at the band edges.
From the Urbach tail analysis it is found that the disorders created by

doping are more prominent in the visible region than in the NIR region.
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Chapter 3

DOPED POLYPYRROLE WITH APPRECIABLE
SOLUBILITY, CRYSTALLINE ORDER AND
ELECTRICAL CONDUCTIVITY SUITABLE FOR
DEVICE APPLICATIONS

P22 4

This chapter deals with the synthesis of polypyrrole with appreciable
solubility and processability and the detailed structural, morphological,
electrical and optical characterization of the polymer, synthesized
using chemical oxidative polymerization technique with ammonium
persulfate (APS) as the oxidant. Various dopants such as di (2-ethylhexyl)
sulfosuccinic acid sodium salt (NaDEHS), dodecylbenzene sulfonic acid
(DBSA) and dodecylbenzene sulfonic acid sodium salt (NaDBSA) are
tried to improve the solubility in different solvents. Studies are carried
out on doped polypyrrole in powder and spin coated thin film forms.
The improved solubility of the doped PPy in different solvents makes it,

by and large, a prospective candidate for various device applications.

3.1 Introduction

Interest in the development of conducting polymers such as
polypyrrole, polyaniline and polythiophene has intensified tremendously
during the last few decades on account of their tunable electrical and
optical properties for applications in rechargeable batteries, functional

electrodes, electrochromic devices, optical switching devices, and so on.
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Conducting organic polymers have semiconductor properties because of
their conjugated structure and have high potential for many applications
in light emitting diodes, chemical and biological sensors, photovoltaic
cells, corrosion inhibition devices, miroactuators, antielectrostatic coatings
and functional membranes [1,2]. They conduct electricity and display good
electrical and optical properties generally shown by inorganic systems [3].
Polypyrrole is a widely studied conjugated polymer endowed with
interesting electrical transport properties, catalytic and sensor properties,
environmental stability and biocompatibility [4,5]. However, the polymer,
synthesized electrochemically, chemically or by plasma polymerization is
insoluble in most solvents, which restricts its applications in device
technology. The poor solubility of polypyrrole is due to the presence of
long chain conjugated structure, the strong intramolecular interactions
among polypyrrole chains, the crosslinking of the polypyrrole chains and
the weak interactions of polypyrrole with the solvents, which limit its

processability, characterizion and applications [6].

Reports show that early endeavours to synthesize water soluble
conducting polymers were mainly focussed on chemical synthesis of
polyaniline and the modification of polyaniline structure by treating with
various polar group mediators [7]. It has been reported that polythiophene
becomes soluble in common organic solvents by the attachment of an
adaptable side chain such as an alkyl group with a carbon number of 4 or
more on the third position of the thiophene unit which shows a
somewhat high conductivity of about 30-100 S/cm after doping [8]. By
adding fixed charges to the main chain conjugated polymer, self-doping

and processability in polar solvents, including water, are conceivable [9].
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Many efforts are being made to increase the solubility of
polypyrrole by making functionalized pyrrole by N alkylation or C
alkylation of heterocyclic groups by doping with anionic surfactants.
Because of the flexibility of the alkyl group, the structural rigidity of the
polymer can be diminished and the alkyl side chain in the polymer
backbone prompts the loss of planarity in the aromatic rings, due to
steric hindrance [10]. It is reported that Kwan Sik Jang and co-workers
have synthesized a few water soluble polypyrroles by doping with
different dopants containing alkyl chains. The synthesized polymers
were made water soluble by making a chemical alteration with
chlorosulfonic acid [11]. Introduction of counter-ions to the polymer
backbone is found to improve the solubility of polypyrrole. Substituted
monomers reduce the strong intermolecular interactions between polymer
chains in the doped state. It has been reported by P. Jayamurugesan
and co-workers that doping the polymers with organic acids like
dodecylbenzene sulfonic acid ( DBSA) and camphor sulfonic acid (CSA)
emphatically influences their conductivity, morphology and thermal

stability [12].

Even though efforts are being made to increase the solubility of
polypyrrole, detailed structural, morphological and electrochemical
studies of PPy doped with different dopants and soluble in various
solvents have not been pursued widely The prime objective of the
present work is the synthesis of polypyrrole using the dopants di
(2-ethylhexyl) sulfosuccinic acid sodium salt (NaDEHS), dodecylbenzene

sulfonic acid (DBSA) and dodecylbenzene sulfonic acid sodium salt
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(NaDBSA), with appreciable solubility and processability suitable for

device applications.

3.2 Materials and methods

Pyrrole monomer of 98% purity supplied by Aldrich Chemical
Company was further purified by distillation. The other chemicals used
for the synthesis of doped PPy were purchased from Sigma-Aldrich and

were utilized without further purification.

3.2.1 Synthesis of polypyrrole (PPy) using chemical method

In the present work, polypyrrole (PPy) was synthesized by
chemical oxidative polymerization with ammonium persulfate (APS) as
the oxidant. In a typical synthesis, 0.3 molar pyrrole in 200 mL of
distilled water was mixed with 0.1 molar APS in 100 mL distilled
water, slowly under constant stirring for 30 minutes. The solution
mixture was stirred for 24 hours in an ice bath maintained at a
temperature of 0-5° C. The resulting polypyrrole powder was filtered
out and washed with distilled water several times and dried under

vacuum for 24 hours.

3.2.2 Synthesis of polypyrrole with appreciable solubility

Polypyrrole with improved solubility was synthesized by doping
with the dopants, NaDEHS, DBSA and NaDBSA. In a typical synthesis,
0.3 molar pyrrole and 0.15 molar NaDEHS, the dopant, in 200 mL
distilled water were mixed under vigorous magnetic stirring. After a few
minutes of stirring, 0.1 molar APS in 100 mL distilled water was added

dropwise into the solution. The solution mixture was stirred for 24 hours
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in an ice bath. The resultant precipitate thus obtained was filtered and
washed with distilled water several times and dried under vacuum for
24 hours. The same procedure was adopted for synthesizing doped PPy,
using the other dopants, DBSA and NaDBSA.

3.2.3 Characterization

The percentage of elements C, H, N and S in the doped
polypyrrole samples was estimated utilizing CHNS analysis technique
with the instrument Elementar Vario EL III. For the solubility studies,
calculated quantities of doped PPy powder were dissolved by
ultrasonification in various organic solvents for 24 hours and the extent
of dissolution of the computed amount of the doped PPy powder in
different solvents was observed. The DC electrical conductivity studies
were carried out on the doped PPy pellets and the doped PPy films
obtained by spin coating the solution of the doped PPy powders in
various solvents, using the four probe method. The Fourier transform
infrared (FTIR) spectral studies were conducted using Thermo Nicolete
Avatar 370 DTGS model FTIR spectrometer in the wavenumber range
of 400-4000 cm'. The X-Ray diffraction (XRD) patterns were obtained
using the Rigaku Dmax C diffractometer with Cu Ko radiation of
wavelength 1.54 A. Ultraviolet-Visible (UV-Vis) optical absorption
spectra of the pristine and doped PPy samples were recorded using Jasco
V 570 UV-Vis-NIR spectrophotometer. The thermal studies were done
from room temperature to 700 °C using Perkin Elmer, Diamond machine
and the Differential Scanning Calorimetry (DSC) studies, by using
Mettler Toledo DSC 822e, to understand the melting behaviour and
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glass transition of the polymer samples. Raman spectra were recorded
with a Horiba LabRam (800 mm) HR spectrometer equipped with a
514 nm Argon ion laser of 15 mW power. The field emission scanning
electron microscopy (FESEM) images of the polymer samples were
acquired using Carl-Zeiss Sigma 250 electron microscope and the

transmission electron microscopy (TEM) patterns, utilizing Jeol/JEM

2100 model machine.

3.3 Results and Discussions

3.3.1 CHNS analysis

Table 3.1 CHNS analysis data of PPy and doped PPy samples

Sample No Sample Name C% H% N% S% C/N
1 PPy 46.22  3.00 13.74 1.26 3.36
2 PPy-NaDBSA 5392 571 13.21 2.82 4.08
3 PPy-DBSA 70.27  8.34 7.56 4.98 9.29
4 PPy-NaDEHS 60.19  7.68 6.46 4.79 9.31

The results of elemental analysis of PPy and doped PPy samples
are shown in Table 3.1. The high sulfur content in doped PPy samples
indicates the presence of sulfonyl groups in the polymer. The increased

C/N ratio of the doped samples indicates the incorporation of large sized

surfactant anions into the polymer backbone [2].
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3.3.2 Solubility and electrical conductivity

Table 3.2 Solubility of doped PPy in organic solvents.

E T <3 § £ E £ £ §
Solvent S S S 2 2 2
£52 87 £37 33 IR i:.
528 223 225 ErE OErE E:g
s A& Ex& 02l 0=l 0a®
meta-Cresol ~8 ~9 =7 34x107 68x107  12x10"
(m-cresol)
N-Methyl-2- - - - 1 1 1
pyrrolidone (NMP) =9 =8 =7 5.8 x10 4.6x10 0.5x10
Dimethylformamide ~ N N o . .
(DMF) =7 =6 =7 0.6 x10 1.4 x10 1.8x10
Dlmethyl - - - 1 1 1
sulfoxide (DMSO) =7 =8 =17 0.5 %10 0.3x10 0.6 x10
Dichloroethane =5 =6 =5 15x10° 1x10®  1.2x10°
Chloroform =4 =5 =6  14x10°  1.7x10°  1.5x107
Table 3.3 Electrical conductivity of PPy and doped PPy
samples in pelletized form
Sample No Sample Name Conductivity in S/cm

1 PPy 2.5%10°

2 PPy-NaDBSA 3.2x107

3 PPy-DBSA 5.6x107

4 PPy-NaDEHS 6.4 x107
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The solubility and room temperature electrical conductivity of the
synthesized PPy, doped with NaDEHS, DBSA and NaDBSA in various
organic solvents are shown in Table 3.2. The solubility is checked by
dissolving the doped polymer in various solvents. All the doped polymer
samples show good solubility in m-cresol, NMP, DMF and DMSO
because of the presence of long alkyl chain containing dopants which
effectively reduce the intermolecular and intramolecular interactions and

crosslinking among the PPy chains [13].

The increased solubility of the doped PPy samples in polar
solvents like NMP, DMF and DMSO is due to the expanded coil
conformation in which the doped PPy interacts with the polar solvent,
thereby enhancing pi interaction along the chains and increasing the

carrier mobility [4].

The conductivity of PPy and the doped samples in the form of
pelletized powder is slightly lower compared to that of the PPy films
cast from the solvents, as shown in Table 3.3. This is because of the
various types of structural disorders in PPy chains which considerably
influence the charge-carrier mobility and finally the conductivity of the
polymer. The introduction of anionic surfactants into the backbone of
polymer will enhance the conductivity because the surfactants modify
the conducting network of PPy chains and introduce an ordered

arrangement of the macromolecular chains [14].
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3.3.3 FTIR spectroscopic studies

100 —
F._ |PPy-NaDEHS
ol e | J
50 |-
25 |-
100 [ A 1 A L A 1 A 1 A L A 1 A
Ak PPy-DBSA
g |
- 50 ':
£
5100 A 1 " L A L A 1 re L " L A
§7 » PPy-NaDBSA
=7
R 50
25
100 [ 1 A L A 1 1 1 1
L PPy
50 -
25
[ 1 A L A 1 A L A L A 1 A

ol
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure 3.1 The FTIR spectra of PPy and doped PPy samples

The FTIR spectra of PPy and doped PPy samples are illustrated in
figure 3.1. The peak at 3130 cm™ in the spectrum of PPy corresponds to
C-H stretching vibrations and the strong peaks at 3433 cm™, 3415 cm’™
and 3424 cm™ in the spectra of PPy-NaDBSA, PPy-DBSA and PPy-
NaDEHS respectively, are assigned to NH stretching vibrations [15].
The peak at 1702 cm™ in PPy is shifted to the small peak at 1718 cm™ in
PPy-NaDEHS, indicating the presence of DEHS anions, which are
responsible for the improved solubility of PPy in various solvents [16].
Low intensity peaks observed at 2934 cm™ in PPy and at 2806 cm™ and
2911 em™ in PPy- NaDBSA and PPy - DBSA can be ascribed to the
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S=0 and the aromatic C-H stretching vibrations of the benzenoid ring in
the NaDBSA and DBSA dopants, respectively [17]. The absorption
peaks at 1563 cm™ for PPy and at 1547 cm™, 1559 cm” and 1562 cm™
for the doped PPy samples, correspond to the fundamental vibrations of
the polypyrrole ring .This shift to lower wavenumbers observed in the
doped PPy samples may be caused by the ionic interaction of anionic
surfactants with polypyrrole [18]. The bands at 1467 cm™ in PPy and at
1450 cm™ and 1414 cm™ in the doped samples represent C-N stretching
vibrations of the pyrrole ring [19]. The peak at 1718 cm™ in PPy-
NaDEHS related to C=0 vibrations of the two ester groups in the
dopant is diminished in intensity in view of the detachment of the
anionic dopant molecules from the polymer due to the introduced
sulfonate groups balancing the charges around the polymer chains [11].
The broad bands from 1414 to 1289 cm™ in the pristine and the doped
PPy samples are attributed to the C-H and C-N bending vibrations. The
observed wide bands in the region of 1166 to 1032 cm™ in the spectra
of the doped PPy samples are related to the breathing vibrations of the
pyrrole ring [13]. The S=O vibrations of sulfonate anions are indicated
by the bands at 1171 cm™, 1198 cm™ and 1166 cm™ in the doped PPy
samples. The peaks at 924 cm™, 909 cm™ , 919 cm™ in PPy and the
doped samples are due to the =C-H out-of-plane vibrations [20] and
those at 604 cm™ and 681 cm™ demonstrate the characteristic vibrations
of DBSA. The bands at 565 cm™ and 588 cm™ in the doped samples
represent the C—S stretching vibrations, indicating the attachment of the

sulfonic acid groups into the polymer backbone.
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3.3.4 XRD studies
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Figure 3.2 The XRD patterns of PPy and doped PPy samples

The XRD patterns of PPy and doped PPy samples are shown in
figure 3.2. The plot of PPy shows broad peaks around 26 values of
5.73% and 25.55° indicating amorphous structure [21]. The broad peaks
at 5.5° in PPy-NaDEHS, 5.4° in PPy-DBSA and 5.3° in PPy-NaDBSA
indicate the layered structure of the polymer chains. The long alkyl
chains of the dopants prevent the close packing of the individual
polymer chains by acting as flexible spacers between PPy chains and
solvate the polymer, prompting enhanced solubility in organic solvents
[22]. In the region between 20 values of 10° to 20° no well-defined
peaks are visible but small shoulders are found at 20= 11%,13°, 15° and

18° in all the doped samples. The appearance of the intense and narrow
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peaks between 20 = 20° to 50° in all the doped samples illustrates the
presence of crystalline domains within the amorphous PPy [23]. The
XRD peaks seen in pristine polypyrrole are feeble and wide, contrasted
to the sharp and narrow diffraction peaks observed in the doped samples.
It is obvious from the XRD patterns of the doped samples that the
intensity of the diffraction peaks increases due to the semi-crystalline
nature of the resulting doped PPy compositions. These observations are
additionally in high concurrence with the morphological changes
observed in the doped PPy samples, as per the FESEM and TEM

investigations, described in the accompanying sections.

3.3.5 Raman studies
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Figure 3.3 Raman spectra of PPy and doped PPy samples
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The Raman spectra pf PPy and doped PPy samples are shown in
figure 3.3. The peaks at 1573, 1583 and 1587 c¢cm™ in PPy and doped
samples represent the C=C backbone stretching of PPy [21]. The peaks
at 1348, 1361, 1354 and 1340 cm’! in the samples can be ascribed
to the ring-stretching mode of PPy. The small peak at 1051 cm™ in
PPy is assigned to the C-H in plane deformation vibration [24]. The
sharp peaks from 1340 to 1361 cm™ and 1573 to 1587 cm™ observed in
all the doped samples indicate the slight increase in the crystallinity of
the doped samples leading to the increase in electrical conductivity
which supports the inferences from the XRD and the morphological

studies.

3.3.6 Thermo-gravimetric analysis (TGA)
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Figure 3.4 The TG curves of PPy and doped PPy samples

The thermal degradation curves of PPy and doped PPy samples
are shown in figure 3.4 The initial degradation processes of PPy and the

doped PPy samples occur at temperatures between 47 °C to 135 °C
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which correspond to the elimination of moisture, solvents, oligomers and
unreacted monomers [25]. The second weight loss starts at around
230 °C for PPy, PPy-NaDBSA and PPy-NaDEHS and at 313 °C for
PPy-DBSA. This corresponds to the evaporation and degradation of
DEHS™ and DBSA™ dopant components of PPy which occur due to the
destruction of the columbic attraction between the dopants and the
polymer backbone [4]. The complete decomposition occurring at 239 °C,
261 °C, 275 °C and 460 °C for PPy, PPy-NaDBSA, PPy-NaDEHS and
PPy-DBSA respectively, represents the breaking of the PPy chains.
Polypyrrole doped with DBSA shows higher thermal stability, compared
to the other doped PPy compositions. The increase in thermal stability of
the doped samples is attributed to the enhanced crystallinity of these
samples, as evidenced from the XRD and TEM analysis.

3.3.7 DSC studies
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Figure 3.5 The DSC curves of PPy and doped PPy samples
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The curves showing heat flow (w/g), at different temperatures, termed
as the DSC curves, related to PPy and doped PPy samples are given in
figure 3.5. The glass transition temperature T, and the melting point Ty, of
PPy respectively are 98 °C and 240 °C. The doped samples, PPy-NaDBSA ,
PPy-DBSA and PPy-NADEHS show the values of T, at 131 °C, 134 °C
and 142 °C respectively . The Ty, value of the PPy-NaDBSA is 267 °C
and a higher value of T, is observed for the other doped samples.
The increase in the values of T, and Ty, of the doped samples supports
the enhanced crystallinity of these samples as observed in the XRD

studies [24].

3.3.8 UV - Visible absorption studies
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Figure 3.6 UV-Visible absorption spectra of PPy and doped
PPy samples

The optical absorption spectra in the UV-Visible region, for PPy

and doped PPy samples in the solvent m-cresol, are shown in figure 3.6
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The weak peak at 453 nm in PPy is blue shifted to lower wavelength
region around 338 nm to 372 nm, in the doped samples, which is an
indication of the strong interaction of PPy with the dopants [26]. The
solutions of doped PPy show weak absorption peaks from 338 nm to
372 nm corresponding to the m-m" transition and stronger absorption
around 930 nm to 960 nm, associated with the bipolaron states of PPy
[27]. These protonation stages of PPy due to the introduction of polaron
and bipolaron states will enable the easier transition of electrons due to
the small energy gap, which in turn increases the conductivity [1]. The
small peaks observed in the wavelength region 319 nm to 605 nm are
due to the localized states in PPy. The strong free carrier tail bands
observed at 1429 nm and 1576 nm of the doped samples are related to
the delocalization of electrons in the polaron bands and provide a
qualitative measure of the carrier mobility in the polymer chain and
the high degree of conjugation achieved in the polymer structure a
result of doping, which result in the enhancement of electrical

conductivity [22].

3.3.9 FESEM studies

Typical FESEM images of PPy and doped PPy are shown in
figure 3.7. The image of PPy in figure 3.7 (a) shows the usual, regular
globular morphology and the individual granules observed are nearly
spherical [28]. In the image of the doped sample, PPy-NaDBSA, shown
in figure 3.7 (b), the globular structure disappears and the granules have

fused together to form a smooth single layer.
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Figure 3.7 FESEM images of (a) PPy (b) PPy-NaDBSA (c) PPy-DBSA
(d) PPy-NaDEHS

The image given in figure 3.7 (c) shows that the globular structure of
pristine PPy is lost and the DBSA doped PPy is seen like having a
layered structure with a slightly rougher surface, compared to PPy doped
with NaDBSA. The FESEM image in figure 3.7 (d) of PPy doped with
NaDEHS also shows that the globules fuse together to form single
layered, continuous structure, which enhances the electrical
conductivity. No phase separation is observed in figures 3.7 (c¢) and
3.7 (d), confirming good compatibility of the components in the doped
samples [29].
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3.3.10 TEM analysis

Figure 3.8 TEM images of (a) PPy (b) PPy-NaDBSA (c) PPy-DBSA
(d) PPy-NaDEHS
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The TEM images and the selected area electron diffraction patterns
at 100 nm and 20 nm of PPy and doped PPy samples are shown in figure
3.8. The typical polymeric nature of PPy is clearly seen in figure 3.8 (a)
and the TEM image and the SAED pattern demonstrate amorphous
nature without any extent of crystallinity. The presence of dopant is
obviously seen in the 100 nm and 20 nm scale images given in figure
3.8 (b). The globular structure of PPy has almost disappeared and it has
acquired a sheet like structure. The SAED pattern shows some extent of
crystallinity. that it has less crystallinity contrasted with [figures 3.8 (c)
and (d)]. The TEM images at 100 nm and 20 nm scales along with
SAED pattern given in figure 3.8 (c) of DBSA doped PPy shows that its
structure has been much affected by doping. The globular structure of
PPy has totally vanished and now a finlet like structure is visible over
the sheets. The SAED pattern shows some crystalline spots along with
the amorphous rings of PPy. The TEM images shown in figure 3.8 (d) of
NaDEHS doped PPy likewise demonstrate that the globular structure has
vanished totally. The impact of dopant has resulted in the creation of
fragmented sheets or petals like structure for PPy and furthermore the
presence of dopant is visible in the images at 100 nm and 20 nm scales.
The dark region in the TEM images corresponds to the dopant present in
PPy [30]. The bright spots in SAED pattern show that NaDEHS doping
has imposed significantly the extent of crystallinity of doped PPy. These
observations support the inferences obtained from the XRD and FESEM

analysis.
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3.4 Conclusions

Doped polypyrrole compositions with appreciable solubility in
organic solvents are synthesized by chemical oxidative polymerization
using ammonium persulfate as the oxidant and di (2-ethylhexyl)
sulfosuccinic acid sodium salt (NaDEHS), dodecylbenzene sulfonic acid
(DBSA) and dodecylbenzene sulfonic acid sodium salt (NaDBSA) as the
dopants. The doped PPy powders show good solubility in m-cresol,
NMP, DMF and DMSO and moderate solubility in dichloroethane and
chloroform. The appreciable extent of solubility and processability
acquired through doping and the enhanced crystalline order and
electrical conductivity achieved consequently make the chemically
synthesized polypyrrole, a prospective candidate for various device
applications. The elemental analysis and FTIR spectroscopy studies
demonstrate that dopants are effectively incorporated into the PPy
structure. The significant degree of crystallinity achieved through doping
by the amorphous PPy structure is evident from the XRD studies. The
TGA results indicate the improved thermal stability of the doped PPy
samples. The increase in the glass transition temperature and the melting
temperature of the doped PPy samples, compared to pristine PPy,
revealed by the DSC studies indicates the increased structural order in
the doped PPy compositions. The FESEM and TEM studies confirm the
significant impact of the dopants in modifying the morphology of PPy
structure and the SAED patterns support the enhanced crystalline order
of the doped PPy compositions. The present studies highlight the superb
power of appropriate dopants to control the structural and morphological

features of chemically synthesized polypyrrole and to offer means of
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designing doped polypyrrole compositions with desired structural,

electrical and optical characteristics suitable for different types of device

applications.
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Chapter 4‘

STUDIES ON DBSA DOPED
POLYPYRROLE/GRAPHENE NANOCOMPOSITE FILMS
GROWN BY SPIN COATING AND ELECTRO-SPRAYING

This chapter illustrates the studies on DBSA doped, polypyrrole/graphene
nanocomposite films coated on glass substrates by spin coating and electro-
spraying. The solutions of the doped polymer/graphene nanocomposite
are obtained in different solvents including dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), N-Methyl-2-pyrrolidone (NMP) and
meta-cresol (m-cresol). Thin films of DBSA doped, PPy/graphene
nanocomposites are obtained on glass substrates by spin coating using
the solutions in different solvents. Attempts are made to improve the
solubility of the doped PPy/graphene composite in m-ctresol, by
subjecting the solution in m-cresol to electro-spraying for two different
concentrations of graphene. The structural, morphological, optical, and
electrical properties of spin coated and electro-sprayed films of doped

PPy/graphene nanocomposite are investigated in detail.

4.1 Introduction

Polypyrrole, as explained earlier is a conjugated polymer, widely
studied in bulk and thin film forms and is endowed with many
meritorious properties suitable for device applications in many arenas of
technology [1]. Additionally, polymer blends based on PPy can be used

as protective covers to shield metals from corrosion. Because of the solid

Polypyrrole with improved solubility, synthesized using different doping techniques 87
for applications in energy storage devices



Chapter 4

bonding of PPy to iron or steel treated with nitric acid, it can be used to
make good adhesives [2]. In order to improve the mechanical strength
and the electrical transport properties of PPy to make it suitable for
specific applications, different composites of PPy with metals, metal
oxide nanoparticles and various carbon nanostructures have been
developed and are being subjected to extensive studies [3]. A major
limitation in pragmatic utilizations of PPy comes from the lack of
solubility in common solvents. In order to improve the solubility of PPy.
suitable dopants like dodecylbenzenesulfonic acid, camphor sulfonic
acid and sodium dodecyl sulphate can be used, as explained in the

previous chapter [4].

The composites of PPy with graphene, endowed with the
meritorious properties of both PPy and graphene are quite interesting
materials for many technological applications [5]. The work presented in
this chapter is related to the studies on the nanocomposite films of
DBSA doped PPy/graphene, grown on glass substrates using spin

coating and electro-spraying techniques.

Spin coating technique is widely utilized in the making of
integrated circuits, optical mirrors, color television screens and magnetic
disks for data storage and the quality of the resulting films depends on
the spin speed and the viscosity of the precursor solutions [6,7]. The
solubility of DBSA doped PPy/graphene composite in m-cresol is found
to be much better compared to that in other solvents. Hence, thin films
of DBSA doped PPy/graphene composite are also grown by electro-

spraying its solution in m-cresol and this method is expected to generate
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narrow size distributions of sub-micrometric particles, with restricted
agglomeration of particles [8] and good reproducibility of the growth

conditions.

4.2 Materials and methods
Pyrrole monomer of 98% purity, purchased from Aldrich

Chemicals was purified by distillation before use. Graphene and the
other chemicals used for the synthesis of doped PPy and doped
PPy/graphene composite were purchased from Sigma-Aldrich and were

used without further purification.

4.2.1 Synthesis of DBSA doped PPy

Polypyrrole, doped with DBSA, having appreciable solubility in
organic solvents was synthesized, employing chemical oxidative
polymerization method using the oxidant, ammonium persulfate (APS),
as explained in the previous chapter. The DBSA doped polypyrrole in
the form of dried powder was used to make the composite with

graphene.

4.2.2 Synthesis of DBSA doped, PPy/graphene nanocomposite and
the film growth by spin coating

The DBSA doped, PPy powder of quantity around 4 weight %
was blended with 2 weight % of graphene and dissolved in various
solvents like DMSO, DMF, NMP and m-cresol and all the solutions
were kept under continuous stirring for 48 hours until homogeneous
compositions were formed. These homogeneous solutions were used for

spin coating of the nanocomposite films on glass substrates using the
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HO-THS-05 Holmarc Opto-Mechatronics spin coating machine, at a
spin speed of 1000 rpm with acceleration of 600 rpm/s and total spin

time around 30 seconds at room temperature.

4.2.3 Coating of DBSA doped, PPy/graphene nanocomposite films
by electro-spraying

From the homogeneous solutions of DBSA doped, PPy/graphene
composite in four different solvents, it was found that better dispersion
of the nanocomposite was obtained in m-cresol. Two ideal concentrations
of graphene of 1 weight % and 2 weight % were used to make the
composite with DBSA doped PPy and these composite samples were
labelled as PPyEl and PPyE2. The solutions of these composites in
m-cresol were subjected to sonication for 48 hours for acquiring
consistency. The solutions of PPyE1 and PPyE2 composites in m-cresol
were electro-sprayed at 28°C and 40 % relative humidity in an electro-
spinning chamber. A nozzle with inner diameter of 14.5 mm was set
horizontally on a syringe pump of model HO-SPLF-04 against a HO-
MR-01 mandrel rotator. Glass substrates were attached to the grounded

target to collect the electro-sprayed nanocomposite films.

The infrared spectra of the spin coated and electro-sprayed
nanocomposite films were recorded using Thermo Nicolete Avatar
370 DTGS model Fourier transform IR (FTIR) spectrometer in the
wavenumber range of 400—4000 cm '. The XRD patterns were obtained
using the Rigaku Dmax C diffractometer with Cu Ko radiation of
wavelength 1.54 A. Ultraviolet-visible absorption spectra of the films
were recorded using Jasco V 570 UV-Vis-NIR spectrophotometer. The DC
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electrical conductivity studies were done utilizing four probe method.
Raman spectra were recorded using the Horiba LabRam (800 mm) HR
spectrometer equipped with a 514 nm Argon ion laser of 15 mW power.
The FESEM images of the nanocomposite samples were obtained using
Carl-Zeiss Sigma 250 electron microscope and the TEM patterns, using

Jeol/JEM 2100 model.

4.3 Results and discussions

4.3.1 FTIR spectral analysis
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The FTIR spectra of spin coated films of DBSA doped PPy/graphene
nanocomposite using different solvents like DMF, DMSO, NMP and
m-cresol are shown in figure 4.1 (a) and those of the electro-sprayed
films using m-cresol in figure 4.1 (b) respectively. For the spin coated
films, all the characteristic peaks of DBSA doped PPy are observed in
agreement with the results on the FTIR spectral analysis of the DBSA
doped PPy, discussed in the previous chapter [9, 10, 11, 12, 13, 14, 15].
The presence of graphene in the DBSA doped PPy/graphene composite
results in the slight shifting of the characteristic peaks of the DBSA
doped PPy to lower wavenumbers. This is an indication of the
association of graphene to the NH functional group of PPy backbone
[16,17].

Compared with the spin coated films, more broad peaks are seen in
the electro-sprayed films with two different graphene concentrations.
The peaks at 3444 cm™' in PPyEl and at 3436 cm ' in PPyE2 represent
the N-H stretching vibrations of polypyrrole. The new peaks at 3293 cm ',
3219 cm ' and 3084 cm ' seen in PPYE2 are related to the homogeneous
dispersion of graphene in the solvent. These peaks are not appearing in
PPyE1, because of the reduced graphene concentration. The presence of
new frequencies, changes in frequency positions and band expansion in
PPyE2 can be ascribed to the increased interaction of polypyrrole with
graphene in this composite [18] sample. The broad peak at 1672 cm™' in

PPyE2 and the narrow peak at 1670 cm |

in PPyE1 represent the carbonyl
C=0 stretching vibration. The peaks from 1097 cm ' to 1404 cm ' in
PPyE2 and the one at 1080 cm™' in PPyEl are related to COH/COC

(epoxy) functional group vibrations [17]. All the characteristic peaks of
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the spin coated films of DBSA doped PPy/graphene composite also
appear in the electro-sprayed films but with shifts in peak positions and
with more peak intensity. The characteristic peaks of polypyrrole can be
distinguished in both the spin coated and electro-sprayed films, which is
an indication that the completed polymerization process is retained in the
presence of graphene, without structural disorders for PPy. The FTIR
spectral studies of both types of the composite films confirm the

effective incorporation of graphene within the polypyrrole structure [19].

4.3.2 XRD analysis
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The XRD patterns of spin coated and electro-sprayed films of
DBSA doped, PPy/graphene composite are shown in figures 4.2 (a) and
(b) respectively All the four spin coated films demonstrate very intense
and narrow peak at 26.9° with additional intense diffraction peaks at
44.7° and 54.8° matching the (002), (101) and (004) planes of hexagonal
system which is a clear indication of the presence of graphene in the
composite films [20]. The d spacing values for the peaks at 26.9°, 44.7°
and 54.8° are 3.32 A°, 2.03 A° and 1.67 A° respectively. The sharp peaks
at 31.8° and 32.7° are also due to the presence of graphene indicating a
highly ordered structure for the nanocomposite [21]. The presence of the
narrow and sharp peaks between 30° to 60° in all the four spin coated
films illustrates the presence of crystalline domains within the
amorphous PPy structure. The uniform incorporation of the dopant
DBSA within the PPy matrix can also be confirmed from the presence of

these crystalline phases [22].

The XRD patterns of the electro-sprayed films of the nanocomposite
with two different graphene concentrations also show crystalline nature.
The strong and sharp diffraction peaks at 26.4° in PPyE1 and at 26.9° in
PPyE2 can be assigned to the high crystalline structure of graphene [23].
The sharp peaks from 12.2° to 23.4° in PPyEl and from 10.8°to 23.9° in
PPyE2 reveal the crystalline nature of DBSA doped polypyrrole films
[24]. The peaks at 23.4° and 43° in PPyEl and at 23.9° and 43.3° in
PPyE2 represent the broad reflection peaks of graphene [25].The XRD
patterns of the electro-sprayed films are similar to those of the spin

coated films, but the intensity of the diffraction peaks is higher in the
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former case compared to the latter. The peak intensity also increases
with the increase in graphene concentration in the composite films due
to the enhanced semi-crystalline nature of the resulting doped PPy
composition. The XRD studies of the DBSA doped, PPy/graphene
nanocomposite films indicate that by doping amorphous PPy with
DBSA and making composites with graphene by ex situ polymerization,
polypyrrole based nanocomposites films with appreciable crystalline

nature can be grown on suitable substrates.

4.3.3 UV-Visible absorption studies
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different solvents

The UV-Visible absorption spectra of spin coated and electro-
sprayed films of DBSA doped, PPy/graphene nanocomposite films are
shown in figures 4.3(a) and (b) respectively. The small shoulder peaks
seen at 218 nm and 239 nm for the spin coated films in DMF and DMSO
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are attributed to m-n* transition of the benzenoid ring in PPy chain [26].
The shoulder peaks displayed at 382 nm in DMF, DMSO and NMP and
at 350 nm in m-cresol are ascribed to the polaronic transition and the
peaks observed at 810 nm, 789 nm, 799 nm and 797 nm in DMF,
DMSO, NMP and m-cresol respectively are attributed to the bipolaronic
transitions [27]. Both these transitions are associated with the doping
level of PPy which represents the protonation stages of PPy chain. The
doped state of PPy facilitates easier electron transport due to the small
energy gap and thus the electrical conductivity increases. The presence
of charge carriers like polarons and bipolarons in DBSA doped,
PPy/graphene composite is an affirmation that PPy has been effectively
doped with DBSA. The enhanced conductivity of doped polypyrrole is a
consequence of band gap reduction due to the formation of polaron and

bipolaron levels within the band gap [28].

The electro-sprayed films with two different graphene concentrations
demonstrate more absorption bands and new absorption shoulders with
slight increase in intensity. The UV-visible absorption spectra of the
electro-sprayed films of DBSA doped, PPy/graphene composite show
UV absorption peak at 240 nm in PPyE1 and at 259 nm in PPyE2 which
correspond to the m-n* transition of the benzenoid ring in PPy chain. The
polaronic and bipolaronic transitions can be observed at 376 nm and 378
nm and at 788 nm and 813 nm in PPyE1 and PPyE2 respectively. This
indicates the characteristic red shift of PPyE2 peaks compared to PPyE1
peaks, observed in the polaron and bipolaron ranges on increasing the

graphene concentration which can be attributed to the extended
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conjugation length resulting from the n-n* stacking between the polymer

backbone and graphene [25].

4.3.4 Solubility and Conductivity

Table 4.1 Solubility and conductivity of spin coated, DBSA doped,
PPy/graphene composite films using various solvents

Solubility Conductivity
Solvents .
(weight % per volume) (S/cm)
m-cresol ~9 7.4x10"
NMP ~8 3.2x10’"
DMSO =8 1.5x10™"
DMF =7 0.9x10""

Table 4.2 Solubility and conductivity of electro-sprayed, DBSA doped,
PPy/graphene composite films using m-cresol

Solubility Conductivity
Samples (weight % per volume) (S/cm)
PPyE2 ~ 10 4.2
PPyE1 =9 2.5

The solubility of the synthesized DBSA doped, PPy/graphene
nanocomposite was checked by dissolving it in various common organic
solvents. The solubility of the nanocomposite in DMF, DMSO, NMP
and m-cresol solvents and the room temperature conductivity of the spin
coated films of the nanocomposite are shown in Table 4.1 The DBSA
doped, PPy/graphene nanocomposite shows good solubility in the four

solvents because of the presence of long alkyl chain-containing dopant
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which sufficiently diminishes the intermolecular and intramolecular
interactions and the crosslinking among the PPy chains [29].The
solubility of DBSA doped, PPy/graphene nanocomposite in m-cresol for
two different graphene concentrations, PPyE1 and PPyE2 and the room
temperature conductivity of the electro-sprayed films of the two
nanocomposite samples are shown in Table 4.2. The incorporation of the
dopant DBSA in the polymerization process of PPy to form DBSA
doped PPy and the DBSA doped PPy/graphene composite increases the
solubility of the composites, significantly. The good solubility of the
nanocomposite in polar solvents is mainly because of the high polarity
indices ranging from 6.7 to 7.4 which help to develop strong hydrogen
bonds with the polymer [30].

From Tables 4.1 and 4.2, one can see that the spin coated and
electro-sprayed films of the nanocomposite dissolved in m-cresol show
the highest electrical conductivity compared to the films of the
composite dissolved in other solvents. Results also indicate that the
room temperature electrical conductivity of the electro-sprayed films of
the composite is higher compared to the spin coated films of the
composite. In the electro-sprayed films of the composite, the
conductivity increases with increase in the concentration of graphene
and the maximum conductivity of 4.2 S/cm has been obtained for the
film, PPyE2. The role of graphene in enhancing the -electrical
conductivity of the spin coated and the electro-sprayed films of the
DBSA doped, PPy/graphene composite is in facilitating n— n*
interactions among graphene and the DBSA doped PPy which improve

the probable conductive pathways for the electrical charges. The

98 Department of Physics
Cochin University of Science and Technology



Studies on DBSA Doped Pobypyrrole/Graphene Nanocomposite Films Grown By Spin Coating and Electro-Spraying

enhanced electrical conductivity attained by the incorporation of
graphene into DBSA doped PPy, is, related to the expansion of

conjugation chain length induced due to the presence of graphene [27].

4.3.5 Raman spectroscopy studies
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Raman spectra of spin coated films of the DBSA doped,
PPy/graphene composite dissolved in various solvents and the spectra of
electro-sprayed films of the composite dissolved in m-cresol are shown
in figures 4.4 (a) and 4.4 (b) respectively. The characteristic Raman

peaks of spin coated films are observed as the G bands appearing at
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1591 cm ', 1582 cm ', 1586 cm ' and 1597 cm ' related to the solvents,
DMEF, DMSO, NMP and m-cresol, respectively. The disorder-induced D
bands can be seen at 1373 cm ', 1365 ¢cm ', 1345 ¢cm ' and 1354 cm’
related to the solvents, DMF, DMSO, NMP and m-cresol respectively
[31]. The G band is a direct result of the bond stretching of all pairs of
sp® carbon atoms in both the rings and the chains. The D band is related
to deformities, edge impacts and dangling sp® carbon atoms that break
the symmetry [32]. Raman spectra of spin coated films show variations
in relative intensities of the G and D bands, produced by changing the
solvents. The intensities of the G band marginally increase and the
intensities of the D band diminish by changing the solvent from DMF to
m-cresol while no 2D range peaks have been observed. The intensity
ratio of the D and G bands appraises the imperfections of graphene
based samples where a higher proportion guarantees more deformities
on graphene. The intensity ratio of D to G bands in the spin coated films
from DMF, DMSO, NMP and m-cresol are calculated to be 0.848,
0.823, 0.807 and 0.647 respectively. The decrease in the Ip/Ig when the
solvent is changed from DMF to m-cresol is a clear indication of the
improvement in the conjugated structure of PPy, extension of the
molecular chains and the decrease in the level of imperfections
subsequent to the doping of PPy with DBSA and the forming of the
DBSA doped, PPy/graphene composite [33,34].

The spectra of the electro-sprayed films of PPyEl and PPyE2
shown in figure 4.4(b) clearly exhibit the awesome G bands with high
intensity and typically weak D bands. Additionally, the presence of 2D
band is frequently utilized as an affirmation for a high quality, defect
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free graphene sample and also is a confirmation for the presence of
graphene in the DBSA doped,PPy/ghaphene nanocomposite. In PPyE1
and PPyE2 films the peaks at 1593 cm ' and 1577 cm ' correspond to
the G bands and the ones at 1364 cm ' and 1325 cm™' to the D bands
respectively. The peaks observed at 2742 cm ' and 2676 cm™ ' in PPyE]
and PPyE2 films respectively represent the 2D bands or the overtones of
the D band. The 2D band appears as a strong band in graphene and it does
not represent defects [35]. The presence of PPy in the composite is revealed
by the small peaks at 1059 cm™, 1027 cm™ , 988 cm™, 983 cm™, 950 cm™ |
938 cm” and 928 ¢cm™. The peaks at 928 cm™, 938 cm™, 950 cm’,
983 cm™' and 988 cm™ are related to the bipolaron and polaron structure

of PPy [33].

The Ip/lg for the electro-sprayed film, PPyE2 is 0.363 and that for
PPyE1l is 0.297.The increase of the Ip/Ig for the former is due to the
increase in the concentration of graphene in that film, which leads to the
more ordered arrangement of extended conjugation length of the PPy
backbone [27]. In other words, the electro-sprayed films become
structurally more ordered with increase in graphene concentration. This
conclusion based on the Raman spectral analysis of the electro-sprayed
films of the nanocomposite supports the earlier observations on the basis
of the XRD studies and the observed improvement in electrical

conductivity of the electro-sprayed films.
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4.3.6 Microstructure analysis-FESEM studies
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Figure 4.5 FESEM images of the spin coated films of the DBSA doped,
PPy/graphene nanocomposite dissolved in (a) DMF (b) DMSO

(c) NMP and (d) m-cresol
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The FESEM images of the spin coated and electro-sprayed films
of the DBSA doped, PPy/graphene nanocomposite, grown using
different solvents are shown in figures 4.5 and 4.6 respectively.
Surface morphology of the spin coated films prepared from the
solvents DMF, DMSO, NMP and m-cresol seems to be quite different,
depending upon the solvents used. Both graphene and DBSA doped
PPy are seen separately without effective blending in figure 4.5(a)
which points towards the non-uniform dispersion of graphene and
DBSA doped PPy in DMF. In figure 4.5. (b), the presence of doped
PPy and graphene can be clearly seen. Granular form of PPy due to the
dopant DBSA [36] and the layered graphene structure are noticeable
independently. FESEM images of the film of the composite dissolved
in NMP, shown in figure 4.5 (c) demonstrate that graphene sheets
coated with PPy can be clearly observed from the magnified image of
this film. Increased dissolution of PPy and uniform dispersion of
graphene in NMP has resulted in the development of a superior
composite in contrast with the situations of the films cast from the
solvents DMSO and DMF. The formation of a fine composite of
graphene and DBSA doped PPy can be visualized in the images shown
in figure 4.5 (d) which belong to the films of the nanocomposite cast
from the solvent, m-cresol. Graphene layers are noticeable within the
DBSA doped PPy matrix. The composite formation is in such a way
that graphene is covered with doped PPy. The increased dissolution of
doped PPy in m-cresol and the uniform dispersion of graphene in it are
the favourable factors for the formation of well blended composite. The

wrinkled graphene sheets related with the coverage of PPy are
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observed in all the FESEM images of the polymer composite [37]. The
FESEM studies additionally propose that on the addition of graphene
to the DBSA doped PPy, the doped polymer can steadily hold onto the

surface of graphene on account of the electrostatic attraction between

doped PPy and graphene [38].
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Figure 4.6 FESEM images of the electro- sprayed films of DBSA doped,

PPy/graphene composite, dissolved in m-cresol (a) PPyE1l
(b) PPyE2
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In the images at 1 um scale of both the films, the presence of
DBSA doped PPy and graphene is clearly perceptible. The formation of
a perfectly blended composite relies upon the solubility and dispersivity
of the components in the solvent. Through the procedure of electro-
spraying, it is feasible to get uniform beaded nano structures by
optimizing the solution properties. In the present case, m-cresol is used
to dissolve the DBSA doped, PPy/graphene composite. The presence of
DBSA enhances the dissolution of PPy in the solvent. In the low
resolution images at 1um scale of both PPyE1 and PyYE2, the formation
of PPy/graphene composite is clearly visible. The globular structure of
both the film samples can be found in the 100 nm scale images. In the
image at 100 nm scale of PPyE1, it is seen that a bead like structure of
the composite has been formed [39]. The beads are somewhat uniform
and distinct. The image at 100 nm scale of PPyE2 clearly shows the
formation of interconnected bead like structure of the doped
PPy/graphene composite. This high resolution image shows, doped PPy
in the form of nanobeads, being uniformly embedded on the surface of

graphene [40].
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4.3.7 Microstructure analysis-TEM studies

Figure 4.7 TEM images and SAED patterns of the spin coated films of the
DBSA doped, PPy/graphene composite dissolved in (a) DMF
(b) DMSO (c) NMP and (d) m-cresol
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The TEM images and the selected area electron diffraction patterns
at 50 nm and 20 nm of the spin coated films of the doped PPy/graphene
composite, dissolved in various solvents are shown in figure 4.7. The
images of the spin coated films show the presence of graphene sheets
and an interconnection between graphene and the doped polymer [41].
The TEM images of the films of the nanocomposite dissolved in DMF,
shown in figure 4.7 (a), illustrate that the composite formation is not so
fine. The graphene layers are visible inside the doped PPy matrix. The
surface morpholgy is not uniform, due to low dispersion of the doped
PPy and graphene in the solvent.The SAED pattern also shows the
presence of both grpahene and PPy. It is evident from the 20 nm scale
image of the film of the nanocomposite dissolved in DMSO, shown in
figure 4.7.(b) that graphene and the doped PPy have been blended into a
fine composite. The SAED pattern contains bright spots, illutrating the
presence of crystalline graphene. The diffused rings seen in the SAED
pattern confirm the presence of amorphous PPy. The layers seen in the
20 nm scale image of the film of the nanocomposite dissolved in
NMP,shown in figure 4.7 (c) are those of graphene. The bright spots
along with diffused rings in the SAED pattern of the film are due to the
presence of graphene and the doped polymer PPy in the composite.
From the TEM images of the films of the nanocomposite dissolved in m-
cresol,shown in figure 4.7 (d) , the fine blending of the components,
graphene and the DBSA doped PPy in the nanocomposite can be
established. The graphene layers inside the doped PPy are clearly visible
in the 20 nm scale image. With the addition of graphene to the DBSA
doped PPy dissolved in the four solvents, the doped polymer can
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steadily hold onto the surface of graphene due to the electrostatic
attraction between the doped PPy and graphene [38]. The bright spots
and the diffused rings present in the SAED patterns support the findings.

Figure 4.8 TEM images and SAED patterns of the electro-sprayed films
of the DBSA doped, PPy/graphene nanocomposite dissolved
in m-cresol (a) PPyE1; (b) PPyE2

The TEM images and the selected area electron diffraction patterns
at 50 nm and 20 nm of the electro-sprayed films of the doped

PPy/graphene nanocomposite, dissolved in m-cresol are shown in

figure 4.8. The graphene layers are clearly visible and doped PPy is seen

covering the graphene layers in the images shown in figure 4.8 (a). In
the SAED patterns, the bright spots represent the presence of graphene
and the diffused rings, that of doped PPy. The TEM images of the
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electro-sprayed film of PPyE2 shown in figure 4.8.(b), obviously
demonstrate that the mixing of graphene and the doped PPy has
happened quite effectively in the formation of the composite PPyE2. The
graphene layers are visible inside the doped PPy matrix. The selected
area electron diffraction patterns of the electro-sprayed films show more
crystalline nature than those of the spin coated films and the extent of
crystallinity of PPyE2 sample is higher than that of PPyEl because of

the higher concentration of graphene.

4.4 Conclusions

Polypyrrole (PPy) with appreciable solubility in organic solvents
was synthesized by chemical oxidative polymerization with
dodecylbenzene sulfonic acid (DBSA) as dopant and ammonium
persulfate (APS) as oxidant. The synthesized, DBSA doped PPy was
used to make the nanocomposite with graphene using various solvents
like DMF, DMSO, NMP and m-cresol. The FTIR spectroscopic
investigations of the spin coated and electro-sprayed films of the DBSA
doped, PPy/graphene nanocomposite reveal the bond formation of doped
polypyrrole with graphene. The XRD studies indicate the partially
crystalline nature of the nanocomposite films. Strong impact of the
solvents on the optical absorption has been observed in the UV-Visible
absorption studies. The electro-sprayed films of the nanocomposite
dissolved in m-cresol, show maximum electrical conductivity around 4.2
S/cm, .which is much higher than that of the spin coated films. Raman
spectroscopy studies of the electro-sprayed films of the doped

PPy/graphene nanocomposite illustrate the presence of the G bands of
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graphene with quite high intensity and that of the D bands with much
less intensity, indicating the overall defect free nature of the
nanocomposite. The investigations on the morphological features of the
spin coated and electro-sprayed films of the doped PPy/graphene
nanocomposite by the FESEM and TEM studies reveal that, in the
nanocomposite, the graphene layers are covered by the DBSA doped
PPy matrix. The doped PPy can steadily hold onto the surface of graphene
due to the electrostatic attraction between the doped PPy and graphene.
The presence of the dopant DBSA and graphene brings more structural
order to the DBSA doped, PPy/graphene nanocomposite and enhances the

crystalline nature of the nanocomposite to a significant extent.
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Chapter 5

STUDIES ON THE STRUCTURAL AND
ELECTROCHEMICAL PROPERTIES OF LITHIUM
SUBSTITUTED POLYPYRROLE AS A PROSPECTIVE
CATHODE MATERIAL FOR FLEXIBLE
LITHIUM-ION CELLS

This chapter gives an account of the studies carried out on the structural
and electrochemical performance of Li-ion cells, assembled using Li-
substituted polypyrrole as the cathode active material. Chemical oxidative
polymerization method is employed to synthesize polypyrrole (PPy) using
anhydrous ferric chloride (FeCls) as the oxidant and it is dedoped using
NHsOH solution in the fully reduced state. The dedoped polypyrrole is
treated with n-butyllithium in hexanes (n-Buli) in an argon (99.999%
purity) filled glove box to get the lithiated form of polypyrrole (PPyL).
Concentration of n-Buli is varied to improve metalation and the lithium
content in the lithiated samples is estimated using ICP-AES analysis. The
lithiated PPy is characterized by FTIR spectroscopy, XRD, FESEM and
TEM techniques to understand the structural and the morphological
details. The thermal studies using the TGA technique show that the
lithiated polypyrrole has good thermal stability. Coin cells are assembled
in the argon filled glove box using Li-substituted polypyrrole as the
cathode, lithium metal foil as the anode and lithium hexaflurophosphate
(LiPFg) as the electrolyte. The electrochemical capabilities of the assembled
cells are characterized using voltage sweep cyclic voltammetry and charge-
discharge cycling techniques. The cells are found to show an open circuit
voltage of 3.3 V and maximum specific capacity of 30.03 mAhg!. All the
assembled cells show stable charge discharge cycling behaviour up to 60
cycles and coulombic efficiency of around 85 %. The prime advantage of
using n-Buli as a dopant for the synthesis of the lithiated polypyrrole is
the much reduced material cost involved, compared to the cost of the
conventional materials used for lithiation, like LiPFs or LiBFi. The
specific capacity of the cells can be further improved by optimizing the
Li-doping concentration.
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5.1 Introduction

The development of conducting polymer based rechargeable
Li-ion cells with high energy density, long life span and low cost is being
extensively pursued among research and development groups, worldwide
[1]. Polymers have been attracting much attention as electrode materials
due to their advantages of good electrochemical performance, high
stability, structural tenability and design flexibility [2]. Polymers like
polypyrrole (PPy), polythiophene (PTh) and polyanniline (PANI) are
being widely examined as active electrode materials for lithium-ion
cells, because they can be easily switched between the oxidized and the
reduced states [3]. Because of their environmentally favourable nature
and the conceivable development adaptability, recent focus is on
developing rechargeable cells based on different types of electrically
conducting polymers. Among the conducting polymers, polypyrrole is
specially promising for commercial applications because of its good
environmental stability, interesting structural and electrical properties

and promising electrochemical characteristics [4].

Polypyrrole is electrochemically active and permits penetration of
the electrolyte into the polymer mass [5], which makes it a prospective
electrode material for rechargeable batteries. Due to the insertion and
extraction of lithium ions into the polypyrrole, it is observed to be
electrochemically active in the voltage range of 2.0-4.5 V versus Li/ Li+
with a theoretical capacity of 72 mAh/g [6]. In addition to the
electrochemical activity of polypyrrole, it has an added benefits due to

its conductivity, and hence the inert weight related with the preparation
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of the cathode materials can be reduced considerably. [7]. It has also
attracted much consideration as the effective additive material to
enhance the performance of anode materials in lithium-ion cells [8]. As a
conducting polymer, it shows good compatibility with sulphur and
organic electrolytes. The morphology of polypyrrole is ideal to enrich
the electrochemical behaviour of the sulphur cathode [9]. Nanosized PPy
particles synthesized by chemical polymerization method and uniformly
coated on the exterior of elemental sulphur, are found to enhance the
conductivity, cycling stability and capacity of the sulphur cathode. It can
play numerous roles in the electrode, as an active material, conducting
additive and adsorbing agent [10]. It has been effectively utilized for
synthesizing sulphur-polymer composites on account of its ease of
synthesis, relatively high electrical conductivity, and good stability.
Nanostructured polypyrrole can act as a conductive matrix in sulphur-
polypyrrole composite, synthesized by chemical polymerization method
and also as a dispersing agent to enable the formation of small sulphur
particles during the in-situ deposition [11]. Conducting polypyrrole can
serve as a stable wrapping layer during the charge-discharge process for

some promising cathode materials such as LiFePO4 and LiMn,O4 [12].

Rechargeable lithium-ion cells with high capacity, energy density
and excellent cycling characteristics are presently ruling the battery
market for powering electric vehicles and compact electronic gadgets
[13]. These cells utilizing cathode active materials like LiCoO,, LiMnyO4
and LiFePO4 have amazing charge storage capacity with minimum limit
of charge leakage when not being used. Nonetheless, material toxicity,

chance of cell explosion and the absence of effective cell recycling

Polypyrrole with improved solubility, synthesized using different doping techniques 119
for applications in energy storage devices



Chapter 5

mechanism pose hazards which are to be addressed seriously. The cells,
likewise, need adaptability in their design because of the structural
characteristics of the electrode materials [14, 15]. In the designing of
rechargeable Li ion cells with polymer-based cathode active materials,
the key issue is to establish the ideal lithiation of the polymer cathode
which can guarantee the highest electronic conductivity and specific
charge capacity possible [16, 17]. However, many of the cathodes so far
developed, using PPy have several problems related to the generally low
capacity and the sloping charge —discharge curves which have constrained

the functional utilization of PPy in energy storage devices [18].

In the present work, attempts have been made to accomplish
lithium substitution in polypyrrole and study the electrochemical
performance of the Li-ion cells assembled using the Li substituted
polypyrrole as the cathode active material, lithium foil as the anode and
lithium hexaflurophosphate (LiPFs) as the electrolyte. The lithiation
(metalation) has been effected by treating polypyrrole with n-butyllithium
(n-BuLi) in hexane, which is a novel way to accomplish lithium
substitution in polypyrrole. The prime advantage of this technique is the
much reduced material cost involved in the synthesis of the lithiated
polypyrrole, compared to the cost of the conventional materials used for
lithiation, like LiPF¢ or LiBFs. The structural and morphological
investigations on Li-substituted polypyrrole, along with the detailed
electrochemical characterization have not been pursued widely. The
present work is mainly focussed on assembling rechargeable Li-ion cells
with lithiated polypyrrole as cathode active material, capable of offering

good performance characteristics.
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5.2 Materials and methods
5.2.1 Synthesis

Chemical oxidative polymerization method was employed to
synthesize polypyrrole using anhydrous ferric chloride as the oxidant
and the polymer obtained was de-doped using NH4OH solution to get
the reduced form of the polymer. The de-doped polymer was treated
with n-butyllithium in hexanes (n-BuLi) in an argon filled glove box to
get the lithiated form of polypyrrole and the amount of n-BulLi was
varied in four different volume concentrations to improve the metalation.
The resultant, lithiated polypyrrole samples were named as PPyL4,
PPyL8, PPyL12, and PPyL16 respectively and were subjected to
detailed structural characterization. The electrodes based on the lithiated
poypyrrole for assembling the Li ion cells were prepared by mixing 80 % of
the active material, the lithiated polypyrrole, with 10 weight % of
acetylene black as conducting medium and 10 weight % of polyvinylidene
difluoride (PVDF) in N-methyl pyrrolidinone (NMP) solvent. The
homogeneous slurry obtained was coated on a thin aluminum foil by
spray coating and the coated foil was dried at 60° C under vacuum
overnight to get the NMP evaporated off. Circular disc, electrodes were
cut from the aluminum foil with the active material content of 0.8 to
1.6 mg. The Li ion coin cells were assembled in the argon filled glove
box using the lithiated polypyrrole based electrode as the cathode,
lithium metal foil as the anode, porous polyethylene film as the separator
and 1 M LiPFg in the 1:1 mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) as the electrolyte. The assembled cells were characterized

to access their electrochemical capabilities.
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5.2.2 Characterizations

The amount of lithium content in the samples was estimated
using ICP-AES analysis with Thermo Electron IRIS INTREPID II XSP
DUO spectrometer. The infrared spectra of the lithiated polypyrrole
samples were recorded using Thermo Nicolete Avatar 370 DTGS model
Fourier transform IR (FTIR) spectrometer in the wavenumber range of
400-4000 cm ™' . The XRD patterns were obtained using the Rigaku Dmax
C diffractometer with Cu Ka radiation of wavelength 1.54 A. The FESEM
images of the samples were recorded using Carl-Zeiss Sigma 250 electron
microscope and the TEM patterns, using Jeol/JEM 2100 model machine.
The d.c. electrical conductivity values of the lithiated polypyrrole samples,
obtained using the four probe method are in the range of 10~ S/cm and are
in the expected range for cathode active materials. The thermal studies
were done from room temperature to 700 °C using Perkin Elmer, Diamond
machine, which show that the lithiated samples have good thermal stability.
The electrochemical properties of the assembled cells were analyzed by the
voltage sweep cyclic voltammetry studies using the Bio-Logic SP-300
potentiostat at a scanning rate of 0.1 mV/s. The charge—discharge test of the
cells was carried out between 2 V and 4 V using the 8 channel battery

analyser (5 V, 1 mA-MTI Corporation USA) at C/10 current rate.

5.3 Results and discussion

5.3.1 Inductively coupled plasma atomic emission spectroscopic
(ICP-AES) studies

In this technique, the atomic emission spectrum given out by a

sample is used to determine its elemental composition .The wavelength
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at which emission occurs identifies the element, while the intensity of the
emitted radiation quantifies its concentration. The four lithiated
polypyrrole samples were digested using 5 mL HNO; and made up to
100 mL using HPLC grade water and were analysed using ICP-AES
technique. The results obtained are given in Table 5.1 and indicate that the
lithium substitution in PPy increases with increase in the concentration of
n-BuLi and reaches a maximum metalation of 21.56%. The variation of

lithium content with the concentration of n-BuLi is shown in figure 5.1.

Table 5.1 ICP-AES data of lithiated PPy samples

Sample Name Lithium content (%)
PPyL4 10.25
PPyLS8 13.52
PPyL12 16.49

PPyL16 21.56
22 4
21.56%

204

gw-

Em 16.49%

5

E14~

- 13.52%
124
10 10.25%
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Figure 5.1 Variation of lithium content with n-Bul.i concentration
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5.3.2 FTIR spectroscopic studies
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Figure 5.2 The FTIR transmission curves of PPy and lithiated
PPy samples

The FTIR spectra of PPy and lithiated PPy samples are illustrated
in figure 5.2. The absorption peaks at 1563 cm™ for PPy and 1577 cm’
for the lithiated PPy samples correspond to the C=C stretching vibrations
in the pyrrole ring [19]. The peaks at 1290 cm™ for PPy and at around
1326 cm™ for the lithiated samples are attributed to the C-H in-plane
deformation vibrations [20]. Low intensity peaks observed at around
2962 cm’ to 2868 cm can be attributed to the aromatic C-H stretching
vibrations [21]. The bands from 1046 cm™ to 1090 cm™, present in all
the samples are assigned to the in-plane deformation vibrations of C-H
and N-H [22] and the bands observed from 924 cm™ to 998 cm™ are due
to the C-C out-of-plane ring deformation vibrations [23]. The peak due
to the N-H stretching mode is present at 3130 cm™ in the spectrum of PPy
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[24] and for the lithiated samples, the intensity of this peak gets decreased
and another peak appears at 3566 cm” for all the lithiated samples along
with the characteristic peaks of PPy, which is a strong evidence for the
lithium substitution in PPy. The intensity of the peak at 3566 cm™ gets
enhanced with the increase in the concentration of n-BuLi, indicating the
successful lithium substitution in PPy. The origin of this peak is attributed
to the formation of a hydrogen bond between the lithium ions and the
amine group. During lithiation, this hydrogen bond formation leads to
variations in the intensity and shape of the NH vibrational band. This
explains the enhancement of the NH vibrational peak intensity with the
increase in the Li doping concentration. The hydrogen bond formation

also supports the observed partial lithium substitution in PPy.

5.3.3 X-ray diffraction studies
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Figure 5.3 The XRD patterns of PPy and lithiated PPy samples
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The XRD patterns of PPy and lithiated PPy are shown in figure 5.3.
The PPy shows broad peaks around 20 values of 9.4° and 16.3°
indicating amorphous structure and are due to the scattering from PPy
chains at the inter-planar spacing [25], which agrees well with the
already reported data. Instead of broad peaks indicating amorphous
nature, the lithiated samples show intense and narrow peaks at 28° and
39° with additional diffraction peaks at 30.25°, 31.8° 33.6° 36.8° and
37.12°. The presence of these additional peaks is a clear evidence of the
lithtum substitution in PPy. It is also observed that the lithiated samples
have a more crystalline and ordered structure compared to pure PPy
which maintains the structural integrity during the substitution of
lithium ions in PPy. The XRD peaks seen in polypyrrole are weak and
broad compared to the sharp and narrow diffraction peaks in the
lithiated samples. It is clear from the XRD patterns of the lithiated
samples that the intensity of the diffraction peaks increases with the
increase in lithium concentration due to the semi-crystalline nature of
the resulting Li doped PPy compositions. These results are also in good
agreement with the morphological changes observed in the lithiated
samples, as per the FESEM and TEM analysis, described in the following

sections.
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5.3.4 Microstructure analysis-FESEM studies
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Figure 5.4 FESEM images of (a) PPy (b) PPyL4 (c) PPyL8 (d) PPylL.12
(e) PPyL.16

The structural morphology of PPy and the four lithiated PPy
samples has been investigated by FESEM studies and the FESEM
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images are shown in figure 5.4. Polypyrrole has a granular structure and
agglomerates with an average diameter of 0.6 micrometer are created
when chemical polymerization is carried out with FeCl; as the oxidant.
The individual granules observed are nearly spherical and the PPy
surface has a dense packing [26]. The denser surface morphology of PPy
results in lower conductivity, compared to the lithiated samples, due to
the limited range available for the charge carrier hoping between the
agglomerates [27]. Surface morphology of the lithiated samples is
considerably modified by increasing the n-Buli concentration. For the
lithiated sample with the lowest n-BulLi concentration, the surface
morphology presents globular structures. As the concentration increases
to the medium level, the morphology of the samples changes considerably
from that of PPy. Upon lithiation, it is observed that the particles seem to
merge together and become embedded with the adjacent particles
forming a much agglomerated structure which can be seen from the
FESEM images of the lithiated samples at the medium level of
lithiation. On increasing the Li doping concentration to the highest level,
bigger flake like structures are observed indicating uniformity in lithium
distribution with in the PPy matrix. This type of more ordered structure
assists the arrangement of electrically conductive network within the
PPy chain leading to enhanced electron transport amongst the flakes,
thus contributing to a high level of electrical conductivity. The FESEM
analysis shows that the samples become structurally more ordered with
the increase in n-BuLi concentration. The formation of these ordered
structures supports the earlier conclusions on the basis of the XRD

studies.
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5.3.5 Microstructure analysis-TEM studies

-
P

—

Figure 5.5 TEM images of (a) PPy (b) PPyL4 (c) PPyL8 (d) PPyLL12
(e) PPyLL16
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The TEM images and the selected area electron diffraction
(SAED) patterns of PPy and the four lithiated samples at 100 nm and 5
nm scales are shown in figure 5.5. The TEM image and the SAED
pattern of PPy confirm its amorphous nature. Generally, PPy acts as an
electrically conducting medium and takes part in lithiation and
delithiation processes. The TEM images at 100 nm reveal that upon
doping with n-BuLi, the individual PPy particles get clustered into
agglomerates and lithium is distributed within the PPy matrix. The high
resolution images at 5 nm scale show the lattice fringes obtained in the
lithiated PPy due to the encapsulation of lithium within the matrix of
PPy. The electrical conductivity of the lithiated samples were seen to
have improved due to the decrease in the particle-to-particle contact
resistance of the lithium encapsulated PPy matrix. The selected area
electron diffraction patterns of the lithiated samples show crystalline
nature which confirms the presence of lithium. The encapsulation of
lithium inside PPy enhances its electrical conductivity. Polypyrrole
being a conducting polymer acts as a backbone to form a conductive
matrix with the lithium encapsulation. The polymer can also act as a

protective layer to reduce the dissolution of ions [28].

5.3.6 Electrical conductivity studies
Table 5.2 The DC electrical conductivity values of PPy and lithiated PPy

samples
Sample Name Electrical conductivity (S/cm)

PPy 241 x 107
PPyL4 2.72 x 107
PPyL8 3.85x 107
PPyLI12 4.05x 107
PPyL16 7.14 x 107
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The DC electrical conductivity of the samples was measured using
the KEITHLEY 236 source measurement unit at room temperature and
the results obtained are given in Table 5.2. The room temperature
conductivity of PPy doped with FeCl; is 2.41 x 10* S/cm. The
conductivity of the lithiated samples at room temperature is strongly
dependent on the concentration of n-BuLi and continues to increase in
the order of 10° S/cm with increase in n-BuLi concentration. The
enhanced crystalline order associated with the lithiated PPy samples

results in the increase in conductivity.

5.3.7 Thermo-gravimetric analysis

The thermal stability of PPy and the lithiated PPy samples was
analysed by the thermo-gravimetric (TG) studies. The corresponding
thermal curves of the samples are shown in figure 5.6. The TG plots of
PPy and the lithiated PPy samples show good thermal stability. All the
samples are observed to exhibit three distinct weight loss regions. The
first weight loss occurs at temperatures between 65 °C to 167 °C for PPy
and between 55 °C to 160 °C for the lithiated samples due to the loss of
water molecules upon heating as reported by many authors [29]. The
second weight loss occurring between 230 °C to 340 °C for PPy and
190 °C to 300 °C for the lithiated samples represents the evaporation of
the dopant, n-BuLi, leading to the degradation process and the third one
at still higher temperatures represents the breaking of the PPy chains
[30]. All the samples are thermally stable in the temperature range of
55 °C to 340 °C and beyond that, the decomposition process becomes

faster.
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Figure 5.6 TG curves of PPy and lithiated PPy samples

5.3.8 Cyclic voltammetry (CV) studies
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based coin cells
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The cyclic voltammetry (CV) studies were carried out on coin
cells assembled in the argon filled glove box using lithiated polypyrrole
as cathode and Li metal as anode. The cells are found to show stable
open circuit voltage around 3.3 V. The CV curves of PPy and the
lithiated PPy samples at a sweep rate of 0.1 mV/s and voltage scan
between 2 V to 4 V are shown in figure 5.7. The response curves show
reversible characteristics corresponding to cathodic and anodic scans.
The oxidation potential lies in the range of 3.3 V to 3.8 V which
corresponds to the removal of Li from the lithiated PPy cathode, through
the electrolyte to the anode and the reduction falls between 2.3 V to
2.8 V corresponding to the intercalation of Li back to the cathode from the
anode .The approximately symmetrical peaks of the four lithiated samples
with relative increase in the narrow peak-to-peak separation of the anodic
and the cathodic potential, imply the good oxidation/reduction reversibility
of the lithiated polypyrrole active material as the cathode. The cathodic and
the anodic peaks turn out to be more prominent and resolved as the
percentage of lithiation increases. The area of the CV curve also increases
with increase in the percentage of lithiation. The increase in the area under
the anodic and cathodic peaks with increase in the lithium concentration is
mainly related to the electrochemical activity of Li" ions in polypyrrole and
the enhancement of the electronic conductivity of the lithium substituted
polypyrrole electrode material, which facilitate faster electron shuttling, an
important factor in electrochemical battery cycling. It is also evident from
the charge discharge studies, detailed in the next section, that the specific
capacity of the lithiated samples increases with increase in the percentage of

lithiation.
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5.3.9 Charge- discharge cycling studies
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Figure 5.8 Charge-discharge curves of PPyL4, PPyL8,

PPyL12 and PPyL16 based coin cells
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Figure 5.9 Specific capacity versus cycle number curves

of PPylL4, PPyL8, PPyL12 and PPyL16
based coin cells
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The charge—discharge curves of the four assembled coin cells, studied
between 2 V and 4 V are shown in figure 5.8 and the cycling performance
is illustrated in figure 5.9. The cell based on PPyL16, which is the lithium
substituted PPy with maximum Li substitution around 21.56 %, shows the
maximum specific capacity of 30.03 mAhg” for the first cycle and
afterwards shows a diminishing nature up to the 7" cycle. After the 70
cycle onwards, the capacity remains the same till the 60™ cycle and exhibits
a stable capacity around 22.89 mAhg”. Studies on lithiated polypyrrole
based Li-ion cells with good specific capacity close to the theoretical
capacity, high coulombic efficiency and fantastic cycling stability have not
been reported earlier. The theoretical capacity of lithiated polypyrrole is
72 mAhg'1 [6,31,32]. In the present work, the maximum lithiation
accomplished is only 21.56 % for the sample PPyL 16 and consequently the
theoretical capacity is much higher than the experimentally obtained value.
The samples PPyL12, PPyL8 and PPyL4 show initial discharge capacities
of 22.81 mAhg”, 17.99 mAhg” and 13.40 mAhg" respectively at initial
cycles and thereafter there is a fall in capacity till the 12" cycle.
The retained stable capacities of these three samples are 13.85 mAhg”,
12.95 mAhg™ and 11.77 mAhg™ respectively after 60 cycles. The increase
in specific capacity with increase in lithium concentration could be due to
the increase in electrical conductivity of the samples. These results also
support the fact that the area of the CV curve increases with the increase in
the percentage of lithiation. As seen from the curves in figure 5.9, after the
7" and 12" charge - discharge cycles, all the four samples show better
capacity retention and stable cycling behaviour. The initial coulombic

efficiency of the four samples lies between 76 % and 80 % and after the 10"

Polypyrrole with improved solubility, synthesized using different doping techniques 135
for applications in energy storage devices



Chapter 5

cycle onwards, the coulombic efficiency of all the samples, retains a steady

value between 82 % and 85 % for all the charge discharge cycles.

5.4 Conclusions

The present work introduces a relatively less expensive lithium
salt, n-butyllithium in hexanes (n-BuLi) as a dopant for synthesizing
lithtum substituted polypyrrole to be used as the cathode active material
in rechargeable Li ion cells. The amount of lithium content in the
lithiated PPy samples is estimated using ICP-AES technique which
reveals that the lithium content increases by increasing the n-Buli
concentration. Studies using FTIR spectroscopy, XRD, FESEM and
TEM techniques strongly support successful lithium substitution in PPy
and the increase in the crystalline order of the polymer structure, with
increase in the extent of lithiation. The conductivity of the lithiated
samples continues to increase in the order of 107 S/cm with increase in
the n-BuLi concentration. The TG plots of PPy and the lithiated PPy
samples show good thermal stability. The coin cells assembled using the
lithiated PPy as the cathode, lithium metal as the anode and lithium
hexaflurophosphate (LiPF¢) as the electrolyte show an open circuit
voltage of 3.3 V. The features of the CV curves of the coin cells indicate
that the lithiated PPy based Li ion cells are electrochemically active. All
the four cells show stable charge discharge cycling behaviour up to 60
cycles and coulombic efficiency around 85 %. The present studies
highlight the meritorious features of the n-BuLi doped polypyrrole as a
promising cathode active material to develop conducting polymer based
Li ion cells with the inherent advantages of flexibility in cell design,

reduced material cost and environmental friendliness.
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Chapter 6

ON THE IMPROVEMENT OF THE
ELECTROCHEMICAL BEHAVIOUR OF
LITHIUM SUBSTITUTED POLYPYRROLE FOR
APPLICATIONS IN LITHIUM-ION CELLS

The present chapter deals with the efforts undertaken to improve the
electrochemical performance of lithium substituted polypyrrole as the
cathode active material in Li-ion based cells. The improvement in the
electrochemical performance is achieved by synthesizing polypyrrole by
chemical oxidative polymerization strategy using ammonium persulfate
(APS) as the oxidant. The previous chapter deals with the studies on
chemically synthesized PPy, in which FeCl; has been used as the
oxidant. Polypyrrole synthesized using the modified approach is
subjected to lithiation by treating with n-butyllithium in hexanes (n-
Buli).The Li enriched PPy is used as the cathode active material to
assemble Li ion cells and the assembled cells are subjected to detailed
electrochemical characterization. The cells are found to show significant
improvement in the electrochemical performance compared to the

performance of the cells, discussed in the previous chapter.
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6.1 Introduction

Rechargeable lithium ion cells dominate the market as the most
favoured energy sources for powering portable electronic devices and
hybrid electric vehicles due to the high energy density, excellent cycling
stability and decreasing material cost, offered by them. One of the
challenges associated with Li ion cells is that their capacity is constrained
by the amount of lithium that can be stored in the electrodes [1].
Extensive research efforts have been devoted for the development of
novel types of electrode materials with excellent electrochemical
performance [2]. Conducting polymer based rechargeable Li-ion cells
with high specific capacity, high energy density, excellent cycling
characteristics and long life span [3,4] are being widely investigated as

novel types of devices for developing flexible energy storage systems.

Electrically conducting polymers are materials that conduct
electricity and have electronic band structure with pi conjugated
delocalized electrons spread along the polymer backbone [5]. As
explained earlier, conducting polymers have assumed high significance
in the development of flexible type display devices, solar cells, gas
sensors, chromic devices, rechargeable batteries and sensors [6].
Polypyrrole has received a great deal of attention than any other
conducting polymer owing to its remarkable environmental stability,
high electrical conductivity, promising electrochemical attributes and
biocompatibility [7]. Conducting polymers can act as conductive
matrices for the electrode materials, thereby improving the performance

of cathode and anode materials in lithium-ion cells [8].They can also
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serve as stable wrapping layers, for potential cathode materials like
LiFePO;s and LiMnyOs during the charge-discharge processes [9].
Researchers mainly focus on polypyrrole because of its excellent
physicochemical and environmental stability, remarkable electrochemical

features biocompatibility and moderately low cost [10].

Polypyrrole can assume various roles in the electrode material as
an active material, conducting additive and adsorbing agent [11].
Incorporation of polypyrrole into the cathode active materials will
improve the electrical conductivity, which in turn results in higher specific
capacity [12]. Polypyrrole has also been used in the making of modified
sulphur cathodes for applications in Li—S cells [13]. The introduction of
polypyrrole into the sulphur/graphene composite electrode enhances the
discharge capacity and cycling stability of Li-S cells [14]. Despite the fact
that polypyrrole is one of most comprehensively used cathode materials
for applications in rechargeable cells, the PPy based cathodes have a few
limitations related to the generally low capacity and the sloping charge —
discharge curves, which have constrained the functional utilization of

PPy in energy storage devices [15].

In the previous chapter, structural, morphological and electrochemical
conduct of lithiated polypyrrole as a forthcoming cathode material for Li
ion cells has already been discussed. The previous chapter deals with the
synthesis of polypyrrole by chemical oxidative polymerization using
FeCl; as the oxidant, followed by detailed structural, morphological and
electrochemical characterization of the Li enriched PPy [16]. The

present chapter features the improved electrochemical performance and
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the structural and morphological changes brought about by synthesizing
polypyrrole using APS as the oxidant. The electrochemical performance of
the Li-ion cells assembled using the Li substituted polypyrrole as the
cathode active material, lithium foil as the anode and lithium
hexaflurophosphate (LiPFs) as the electrolyte is assessed. A remarkable
improvement in the discharge capacity and rate capability has been
achieved. The Iithiation (metalation) has been effected by treating
polypyrrole with n-butyllithium (n-BuLi) in hexanes, which is a novel
and cost effective method to achieve lithium substitution in polypyrrole,

as explained earlier.

6.2 Materials and methods

The chemicals used for the synthesis of lithiated PPy are of
analytical grade. As explained earlier, pyrrole monomer of 98% purity
was purchased from Aldrich Chemicals and was purified by distillation
to remove impurities before use. The oxidant, ammonium persulfate

(APS) and n-butyllithium in hexanes (n-BuLi) were used as received.

6.2.1 Synthesis of polypyrrole (PPy)

Polypyrrole (PPy) was synthesized by chemical oxidative
polymerization with ammonium persulfate (APS) as the oxidant, as
explained earlier in chapter 5. The synthesized polypyrrole was

de-doped using NH4OH solution to get the reduced form of the polymer.

6.2.2 Synthesis of lithiated polypyrrole

The lithiated polypyrrole or the Li substituted PPy, was obtained
by treating PPy with n-butyllithium in hexanes (n-BuLi) in an argon
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filled glove box and the concentration of n-BuLi was varied in four
distinct volume concentrations to improve the metalation. The lithiated

polypyrrole samples are named as LiPPy 1, LiPPy 2, LiPPy 3 and LiPPy 4.

6.2.3 Sample characterization

The amount of lithium content in the lithiated PPy samples was
assessed utilizing ICP-AES analysis with Thermo Electron IRIS
INTREPID II XSP DUO spectrometer. The infrared spectra of the
lithiated polypyrrole samples were recorded using Thermo Nicolete
Avatar 370 DTGS model Fourier transform IR (FTIR) spectrometer in
the wavenumber range of 4004000 cm ' . The XRD patterns were
obtained using the Rigaku Dmax C diffractometer with Cu Ka radiation
of wavelength 1.54 A. The FESEM images were acquired using Carl-
Zeiss Sigma 250 electron microscope and the TEM patterns, using
Jeol/JEM 2100 model machine. The d.c. electrical conductivity of the
lithiated polypyrrole samples, obtained by the four probe method is in
the range of 102 S/cm, which is suitable for cathode active materials.
The thermal studies were done from room temperature to 700 °C using
Perkin Elmer, Diamond machine, which demonstrate that the lithiated

samples have good thermal stability.

6.2.4 Electrochemical measurements

The cathode electrodes based on the lithiated polypyrrole for
assembling the Li ion cells were prepared by mixing 80 % of the active
material, the lithiated polypyrrole with 10 weight % of acetylene black
as the conducting medium and 10 weight % of polyvinylidene difluoride
(PVDF) in N-methyl pyrrolidone (NMP) solvent as the binder. The
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homogeneous slurry obtained was coated on a thin aluminium foil by
spray coating and was allowed to dry at 60 °C, overnight under vacuum.
Circular disks were cut from the coated foil and used as the cathode
active material. The mass of cathode material on each circular disc was
approximately 1.6 mg. Stainless steel Swagelok cells were assembled in
an argon filled glove box for the electrochemical characterizations,
utilizing the lithiated polypyrrole based electrode as the cathode, lithium
metal foil as the anode, porous polyethylene film as the separator and 1
M LiPF¢ in the 1:1 mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) as the electrolyte. The cyclic voltammetry (CV)
studies were carried out using the Bio-Logic SP-300 potentiostat at a
scanning rate of 0.1 mV/s between the voltage window of 2-4 V. The
galvanostatic charge-discharge test of the assembled cells was carried
out between 2 V and 4 V using the 8 channel battery analyser (5 V,
1 mA-MTI Corporation, USA) at C/10 current rate.

6.3 Results and discussion

6.3.1 Inductively coupled plasma atomic emission spectroscopic
(ICP-AES) studies

Table 6.1 ICP-AES data of lithiated PPy samples

Sample name Lithium content (%)
LiPPy 1 13.4
LiPPy 2 17.6
LiPPy 3 20.7
LiPPy 4 25.8

The amount of lithium content in the lithiated PPy samples was

analysed using ICP-AES technique and the results are shown in Table 6.1.
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It is seen that the maximum metalation or lithium substitution obtained for
the sample LiPPy 4 is 25.8 % and also the extent of lithiation increases with
increase in the concentration of n-BuLi. The variation of lithium content

with the concentration of n-BuLi is shown in figure 6.1.
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6.3.2 FTIR spectroscopic studies
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The FTIR spectra of polypyrrole and lithiated PPy samples are
shown in figure 6.2. The peaks at 1539 cm™ , 1583 cm™ , 1581 cm’
1429 cm™ and 1434 cm™  observed in every sample can be ascribed to
C-N and C-C asymmetric and symmetric ring-stretching vibrations [17].
The band at 1112 cm™ in PPy and the ones at 1326 cm™ and 1330 cm™
in the lithiated PPy samples are attributed to C—H and C-N in-plane
deformation vibrations [18]. The peak at 998 cm” in all the samples can
be related to the C-C out-of-plane ring deformation vibrations [19]. The
low intensity absorption bands at 2924 cm™”  in PPy and at 2955 cm’
and 2958 cm™ in the lithiated PPy can be related to the aromatic C-H
stretching vibrations [20]. The NH stretching vibration of polypyrrole
appears at 3417 cm™ as a broad peak and for the lithiated PPy samples,
the intensity of this peak gets diminished. The lithiated PPy samples
show a new peak at 3569 cm™ and the intensity of this peak is getting
enhanced with the increase in the concentration of n-BuLi, which is a
strong indication of the successful lithium substitution in PPy. The
increase in the NH vibrational peak intensity with the increase in Li
doping concentration is a result of the formation of the hydrogen bond

between lithium and the amine group.
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6.3.3 X-ray diffraction studies
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The XRD patterns of PPy and lithiated PPy are depicted in figure 6.3.
The broad peaks at 20 values of 7.8° and 12.2° are the characteristic
peaks of amorphous polypyrrole [21] . The lithiated PPy samples show
semi-crystalline peaks at 30.07°, 33.58° and 36.87° instead of the broad
peaks of PPy and the extra diffraction peaks observed at 21.4°, 23.70,
34.8°, 44.5° and 52.4° provide ample proof of the lithium substitution in
PPy. The presence of the narrow and sharp peaks in all the four lithiated
PPy samples is a consequence of the lithium substitution in PPy. The
increase in the intensity of the diffraction peaks with the increase in
lithium concentration is because of the semicrystalline nature of the

resulting Li doped PPy compositions. The sharp and narrow diffraction
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peaks observed in the lithiated PPy samples compared to the weak and
broad peaks seen in PPy illustrate the presence of crystalline domains in

the amorphous PPy with Li substitution.

6.3.4 Microstructure analysis-FESEM studies
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Figure 6.4 FESEM images of (a) PPy (b) LiPPy 1 (c) LiPPy 2 (d) LiPPy 3
(e) LiPPy 4
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The FESEM images of pure PPy and lithiated PPy samples are
shown in figure 6.4. When the polymerization of pyrrole is done using
APS, the surface morphology is globular and the agglomerated PPy
structure with singular granules having spherical shape can be observed.
The FESEM image of unlithiated PPy clearly reveals the most commonly
observed structure of PPy. The impact of lithiation on the morphology of
PPy is clear from the FESEM images of the lithiated PPy samples. The
spherically shaped globules start spreading as of pressed, using a
hydraulic press or as smashed with a hammer. Upon increasing the
amount of lithiation the distinct PPy globules start to fuse together,
tending to get shaped into a layered structure as seen in the figures 6.4 (b),
(c) and (d). From these images, it can be inferred that the individual
particles seem to combine and become embedded with the adjacent
particles, forming an agglomerated structure, as observed from the
FESEM images of the lithiated PPy samples. At maximum lithiation the
globular structure totally vanishes and the lithiated PPy acquires an almost
uniform layered structure. This uniform layered structure helps in the
arrangement of electrically conductive path ways inside the lithiated PPy
chains [22]. The process of lithiation has much impact on the surface
morphology of PPy, since it changes from a spherical or globular structure
having minimum surface area to a layered structure with more surface
area, upon lithiation, which is a better choice for applications in Li ion
cells. The FESEM analysis shows that the lithiated PPy compositions turn
out to be structurally more ordered with the increase in n-BuLi
concentration. The formation of these ordered structures supports the

earlier conclusions arrived at on the basis of the XRD studies.
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Figure 6.5 TEM images and SAED patterns of (a) PPy (b) LiPPy 1
(c) LiPPy 2 (d) LiPPy 3 (e) LiPPy 4
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The TEM images and the selected area electron diffraction
(SAED) patterns of PPy and the four lithiated PPy compositions in two
magnification levels are shown in figure 6.5. The TEM images of PPy
show nearly uniform spherical particles and the amorphous nature of
pure PPy can be confirmed from the TEM images and the SAED pattern,
in which there are no crystalline spots [10]. Significant changes are
observed in the structure of PPy upon lithiation. In the sample LiPPyl,
in which lithiation is least, one can see that the globular structure of PPy
is not much affected and only the outer surface has been affected due to
lithiation. In the samples LiPPy 2, LiPPy 3 and LiPPy 4, in which the
extent of lithiation is higher, the globular structure is totally lost and it
starts to form a porous, layered structure. With lithiation, PPy starts to
show crystalline nature, which is evident from the SAED patterns,
showing crystalline spots along with amorphous rings. In the sample
LiPPy 4, in which lithiation is the highest, the SAED pattern shows the
highest extent of crystalline nature. In the high resolution images at 2 nm
scale of each sample, the presence of lattice fringes supports the
presence of lithium within the PPy matrix. It is clear that as the degree of
lithiation increases, the visibility of fringes is also increasing. Lattice
fringes are found to be maximum in the sample LiPPy 4 while for
sample LiPPyl the lattice fringe visibility is reduced. It is also inferred
that upon doping with n-BuLi, to achieve Li substitution, the individual
PPy particles get grouped into agglomerates and lithium is distributed
within the PPy matrix. The encapsulation of lithium inside PPy is clear

from the lower magnification images of all the lithiated samples.
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6.3.6 Electrical conductivity studies

Table 6.2 The DC electrical conductivity of PPy and lithiated PPy samples

Sample code Electrical conductivity (S/cm)
PPy 352% 10
LiPPy 1 235% 10
LiPPy 2 46910
LiPPy 3 6.46 x 10
LiPPy 4 715% 10

The DC electrical conductivity data of PPy and the lithiated PPy
compositions at room temperature, measured using the Keithley 236
source measurement unit is summarized in Table 6.2. The conductivity
of the lithiated samples relies upon the concentration of the n-BuLi
dopant and keeps on increasing in the order of 107 S/cm with increase in
the n-BuLi concentration. It has been observed that the conductivity
depends on the doping level and the relative increase in conductivity of
the lithiated samples with doping can be attributed to the creation of
more extended conjugation lengths and the ordered arrangement of the
polymer chains [23]. Increase of conductivity is consistent with the
enhancement of crystallinity of the lithiated PPy compositions, observed
in the XRD data and SAED patterns. The maximum electrical
conductivity obtained for the lithiated PPy with maximum Li
substitution shows 10 times enhancement compared to that of the
lithiated PPy with maximum Li content, synthesized using FeCls as the

oxidant.
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6.3.7 Thermo-gravimetric(TG) analysis
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Figure 6.6 TG curves of PPy and lithiated PPy

Polypyrrole and the lithiated PPy compositions show good
thermal stability and exhibit three distinct weight loss regions as per the
thermo gravimetric (TG) curves shown in figure 6.6 The first weight loss
occurs at temperatures between 70 °C to 130 °C for PPy and between
50 °C to 175 °C for the lithiated PPy samples due to the evaporation of
the residual water [24]. The second weight loss occurring between
235 °C to 308 °C for PPy and 205 °C to 321 °C for the lithiated PPy
compositions corresponds to the polymer degradation which is mainly
due to the loss of the dopants from the polymer chain [25]. The final
degradation occurs at 326 °C for PPy and approximately at 342 °C for
all the lithiated PPy samples which represents the breaking of the PPy
chains [19]. Moderate enhancement in thermal stability has been

observed for the lithiated PPy samples.
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6.3.8 Cyclic voltammetry (CV) studies
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Figure 6.7 CV curves of (a) LiPPy 1 (b) LiPPy 2 (c) LiPPy 3 and
(d) LiPPy 4 based Li ion cells

Cyclic voltammetry (CV) curves of Li ion cells assembled using
lithiated PPy samples at a sweep rate of 0.1 mV/s and between 2 V to 4 V
are shown in figure 6.8. The cells are found to indicate stable open circuit
voltage around 3.8 V. All the CV curves show oxidation potential at 3.5 V
and reduction potential at 2.7 V. The anodic scan peak at 3.5 V is related to
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the removal of Li from the lithiated PPy cathode, through the electrolyte to
the anode and the cathodic scan peak at 2.7 V corresponds to the
intercalation of Li back to the cathode from the anode [26]. The good
oxidation/reduction reversibility of the lithiated polypyrrole cathode is
revealed by the symmetrical peaks in the CV curves corresponding to the
four lithiated samples with relative increment in the narrow peak-to-peak
separation of the anodic and the cathodic potential. The excellent
electrochemical activity of Li ions in lithium substituted polypyrrole is
revealed by the increase in the area under the anodic and cathodic peaks

with increase in lithium substitution. [4].

6.3.9 Charge- discharge studies
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Figure 6.8 Charge-discharge profiles of LiPPy 1, LiPPy 2, LiPPy 3 and
LiPPy 4 based Li ion cells at (a) 0.1 C and (b) 0.2 C
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Figure 6.9 Cycling performance of LiPPyl1, LiPPy 2, LiPPy 3 and LiPPy 4
based Li ion cells at (2) 0.1 C and (b) 0.2 C

The charge-discharge profiles of the four assembled cells between
2 V and 4 V are shown in figures 6.8 (a) and (b) for two different current
rates and the cycling performance of the cells is illustrated in figures 6.9
(a) and (b). The cell based on LiPPy 4 (maximum lithium content
of 25.8 %) shows the first discharge capacity of 52.02 mAhg” and
45.70 mAhg” at 0.1 C and 0.2 C respectively with a slight fading of
capacity upto the 7" cycle and the 9™ cycle respectively. Thereafter the
discharge capacity at 0.1 C and 0.2 C remains stable at 43.6 mAhg™ and
36.8 mAhg™ respectively till the 85" cycle corresponding to the capacity
retention of about 83.8 % and 82.7 %. The theoretical capacity of
lithiated polypyrrole is 72 mAhg™”, corresponding to 100% lithiation.
The maximum lithiation accomplished in the present work is about
25.8 % only and hence the experimentally obtained capacity is not very
close to the theoretical one. The cells based on LiPPy 3, LiPPy 2 and
LiPPy 1 deliver initial discharge capacities of 46.7 mAhg™, 41.3 mAhg™
and 35.1 mAhg' at 0.1 C respectively. The corresponding initial
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capacity values at 0.2 C are 39.6 mAhg™ ,34.5 mAhg” and 29.5 mAhg™
respectively. The steady capacity values retained in the cells based
on LiPPy 3, LiPPy 2 and LiPPy 1 are 37.5 mAhg", 32.6 mAhg" and
26.5 mAhg” at 0.1 C and 31.8 mAhg”, 27.1 mAhg™, 22.5 mAhg™ at
0.2 C respectively. All the cells based on the four lithiated PPy
compositions exhibit a capacity retention of about 83.8 % and 75.7% at
0.1 C and 0.2 C respectively. On an average, the coulombic efficiency of
all the cells, retains a steady value between 85 % — 88 % for all the
charge discharge cycles at 0.1 C and 0.2 C. The realization of lithiated
polypyrrole based Li-ion cells with specific capacity near the theoretical
limit, high coulombic efficiency and fabulous cycling stability is still in
the initial stages of development. In the earlier work described in the
previous chapter, the discharge capacity of the cells based on lithiated
polypyrrole with maximum lithium substitution is around 30.03 mAhg™
for the first cycle, in which polypyrrole is synthesized using FeCls as
the oxidant [16]. Compared to the previous work, the charge-discharge
behaviour and the cycling stability of the Li ion cells developed in the
present work, based on Li substituted PPy, synthesized using APS as the
oxidant are much more impressive. The discharge capacity is higher and

closer to the theoretical capacity of Li substituted PPy.

6.4 Conclusions

The present work features the superior electrochemical
performance offered by the assembled Li ion cells based on lithium
substituted PPy, synthesized using APS as the oxidant, compared to the
performance of the cells based on lithiated PPy, synthesized using FeCl;
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as the oxidant.. The structural studies using FTIR spectroscopy and XRD
and the morphological changes observed in the lithiated PPy as per
FESEM and TEM investigations strongly support successful lithium
substitution in PPy and the enhanced crystallinity acquired. The CV
curves and the charge-discharge profiles of the Li ion cells based on
lithium substituted PPy, synthesized using APS as the oxidant, reveal
excellent electrochemical behaviour, enhanced discharge capacity closer
to the theoretical value and superior cycling stability, compared to the
earlier work described in the previous chapter. The highlight of the
present work is the awareness that the discharge capacity and the energy
density of the cells can be enhanced further by optimising the polymer

synthesis conditions with proper choice of the oxidants and dopants.
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Chapter 7

SULFUR/POLYPYRROLE COMPOSITE CATHODES
FOR APPLICATIONS IN HIGH ENERGY DENSITY
LITHIUM-SULFUR CELLS

rere.

Lithium—sulfur cells are quite promising devices for the next generation
energy storage applications. However, their specific capacity and cycling
stability are adversely affected by poor electrical conductivity of sulphur,
the shuttling effect of lithium polysulfides and the volume expansion of
sulfur during lithium intake. These limitations can be averted through
modifying the sulphur cathode by making composites with electrically
conducting polymers and carbon nanostructures. The work presented in
this chapter mainly deals with the modification of sulphur cathode by
making composites with polypytrole, graphene and polypyrrole/graphene
and the investigations carried out to assess their suitability to design Li-S

cells with high energy density and good cycling stability.

7.1 Introduction

Rechargeable lithium batteries are being developed for power
applications in portable electronic devices, medical implants, hybrid
electric vehicles and grid storage because of their higher energy density
and cycling stability compared to other types of batteries [1]. Despite
the fact that lithtum-ion cells are leading power sources for numerous

applications, their extensive applications are confined by the cost,
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security and toxicity issues. Lithium ion cells based on cathode materials
like LiFePO4 and a wide range of derivatives of LiMn,O,, with higher
energy density, less toxicity and low cost have been effectively
developed and marketed [2]. However, the theoretical capacity of all of
these materials cannot fully satisfy the requirements of large scale
applications, such as in hybrid electric vehicles and in the automobile
sector requiring quite high energy density. Presently, Li ion batteries
use transition metal oxides and phosphates as cathodes, which have an
inherent theoretical capacity limit of 300 mAhg” and most extreme
usable limit of just around 210 mAhg™”. Along these lines, the capacity
limit of lithium batteries is incredibly traded off [3].

The theoretical capacity of sulphur around 1675 mAhg™ is much
higher than that of many of the known cathode materials, which
permits it to be used as prospective high capacity cathode material for
Li based rechargeable cells. Moreover, its low operating voltage of
~2.1 V can offer security preferences over the high voltage intercalation
cathodes with operating voltages higher than 3.3 V [4]. Sulfur is
abundant in nature and is a progressively appealing cathode material
due to its low cost, non-toxicity, environmental benignity and much
higher theoretical energy density around 2567 W h Kg'. These
advantageous aspects make it a promising cathode material for
applications in the next generation energy storage devices, called as
Li-S cells [5]. Regardless of the previously mentioned advantages,
there are a few limitations which hinder the progress of the Li-S cell
technology. The low electrical conductivity of sulphur cathode which

prompts the low usage of sulfur and the poor rate capability of sulfur
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are some of the prime disadvantages. The high solubility of the
polysulfide ions that are formed during the multistep electrochemical
reduction processes, in organic solvent electrolytes causes irreversible
loss of sulphur active material over repeated charge-discharge cycles [6].
The rapid degradation of the electrochemical performance happens
because of the volume changes during lithium reaction processes and
the insulating nature of sulphur used as the cathode material, prompts

low coulombic efficiency [7].

The long chain polysulfides (Li,Sn, 2<n<8), can diffuse through
the electrolyte and move to the Li anode where they react with the
lithium electrode to generate lower order polysulfides such as Li,S or
L1,S,, which diffuse back to the sulphur cathode and regenerate the
higher forms of polysulfides [8]. This cyclic process, called as the
shuttle effect is driven by the concentration gradient of polysulfides and
it provides a potential benefit for overcharge protection of Li-S cells. In
any case, left unchecked, it diminishes the active mass utilization during
discharge, triggers current leakage and poor cyclability and markedly

reduces the coulombic efficiency of the cell. [9].

To overcome these inadequacies regarding discharge capacity,
cyclability and coulombic efficiency of sulphur cathode in Li-S
cells, various methods have been developed. They include, proper
choice of the organic electrolyte and the modification of the sulphur
cathode by making sulfur/carbon and sulfur/conductive polymer
composites [10]. Various carbon-sulfur composites using porous hollow

carbon, microporous carbon spheres, porous carbon nanospheres and
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mesoporous carbon have been developed to encapsulate sulfur in order
to enhance the conductivity of sulfur and effectively prevent the
dissolution of lithium polysulfides in the electrolyte during cycling
[11]. Research work on graphene has been intensified in recent years,
owing to its unique electronic, photonic and mechanical properties and
the ability to act as a perfect substrate for depositing functional materials
for high performance electrochemical devices [12]. Graphene as a
conductive matrix for Li-S cells has emerged as one of the most
promising materials to modify sulphur cathode by making composites
owing to its exceptional two dimensional morphology, high specific
surface area of over 2600 m?/g, superior electrical conductivity, and

excellent structural stability [13].

To upgrade the cell capacity and cyclability of Li-S cells, polymer
additives are utilized to improve the efficiency of sulfur and furthermore
to upgrade the electrochemical connectivity between active material
particles. Electrically conducting polymers can be incorporated into the
sulfur composites to prevent the diffusion of polysulfides and to improve
the electrochemical performance [14]. Among the possible conducting
polymers, PPy is one of the most promising candidates to synthesize
electrochemically active sulfur composites because of its high electrical
conductivity, environmental stability, high specific energy, high theoretical
capacity and reversible redox-active property [15]. It can assume various
roles as an active material, conducting additive and adsorbing agent in
sulphur/PPy composites [16]. The PPy-covered cathode is found to have
attractive properties as a modified sulfur cathode [17] and PPy shows
good compatibility with sulfur and organic electrolytes. The morphology
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of polypyrrole is perfect to enhance the electrochemical conductivity of

the sulfur cathode [18].

7.2 Materials and methods

The chemicals used for the synthesis of PPy and PPy composites
were of analytical grade and pyrrole monomer obtained from Aldrich
Chemicals was purified by distillation. Ammonium persulfate, graphene
and sulfur were purchased from Sigma-Aldrich and were used without

further purification.

7.2.1 Synthesis of soluble polypyrrole (PPy)

In the present work, polypyrrole (PPy) was synthesized by chemical
oxidative polymerization with dodecylbenzene sulfonic acid (DBSA) as
the dopant and ammonium persulfate (APS) as the oxidant, the details of

which are already given in earlier chapters.
7.2.2 Synthesis of PPy/sulfur composite (PPyS)

In a typical synthesis, 0.4 g of the DBSA doped PPy and 0.6 g of
sulphur were dispersed in 20 ml and 40 ml de-ionized water individually at
room temperature and both the dispersions were sonicated for 1 hour. The
solutions were then mixed together and stirred for 6 hours. The resulting
precipitate was filtered, washed and dried in hot air oven at 60 °C over

night to obtain the polypyrrole/sulfur composite labelled as PPyS.

7.2.3 Synthesis of sulfur/graphene (SG) nanocomposite

Sulfur/graphene nanocomposite was synthesized by mixing 0.2 g

of graphene and 0.6 g of sulfur in 50 ml deionized water. The mixture
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was ultrasonicated for 6 hours to get a uniform suspension. The mixture
was then hydrothermally treated for 12 hours at 180 °C to enable the
liquefied sulfur to enter into the layers of graphene. The resulting
precipitate was filtered, washed and dried in hot air oven at 60 °C
overnight. The gathered dried powder was marked as sulfur/graphene

composite SG.

7.2.4 Synthesis of polypyrrole/ graphene (PPyG) composite

The PPy/graphene composite was synthesized by taking 0.4 g of
the synthesized soluble PPy and 0.2 g of graphene in 40 ml deionized
water. The mixture was ultrasonicated for 6 hours. The synthesized
composite was filtered and rinsed several times with distilled water and
methanol. The powder consequently acquired was vacuum dried at 60 °C

for 24 hours and was labelled as PPyG

7.2.5 Synthesis of polypyrrole/ graphene/sulfur composites (PPyGS)

In a typical synthesis, 0.2 g of graphene was dispersed in 100 ml
deionized water at room temperature and ultrasonicated for 8 hours. To
this solution, 4 g aqueous suspension of sulfur was gradually added and
stirred for 6 hours. Then, 0.5 g of the synthesized, DBSA doped, pyrrole
was added to this solution and kept under magnetic stirring vigorously
for 24 hours. The solution was then hydrothermally treated for 12 hours
at 180°C. The resulting precipitate was filtered and washed repeatedly in
distilled water until the solution became clear. Finally, the synthesized

composite was vacuum dried overnight at 70 °C. The dried powder was

labelled as PPyGS
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7.2.6 Structural, morphological, elemental and thermal
characterization

The synthesized composite samples were subjected to FTIR
spectroscopy, XRD and Raman spectroscopy studies and CHNS and
thermo-gravimetric analysis as explained in the previous chapters. The
surface morphology of the composite samples was analyzed using the
Carl Zeiss Sigma field emission scanning electron microscope and the
transmission electron microscopy studies were carried out using

Jeol/JEM 2100 model machine.

7.2.7 Electrochemical characterization

The cathode electrodes for Li-S cells were prepared by mixing 80
weight % of the active material (PPyS, SG, PPyGS) with 10 weight % of
acetylene black as conducting medium and 10 weight % of polyvinylidene
difluoride (PVDF) in N-methyl pyrrolidone (NMP) solvent as binder. The
homogeneous slurry obtained was coated on a thin aluminum foil by
spray coating and was allowed to dry at 60 °C overnight under vacuum.
Finally, circular discs were cut from the coating and used as cathode
discs. The mass of cathode material on each piece of circular discs was

approximately 1.8 mg.

The electrochemical characterizations were carried out by
assembling stainless steel Swagelok cells in an argon filled glove box. The
electrolyte used was 1 M lithium perchlorate in a mixed solvent of 1,
3-dioxolane (DOL) and 1, 2-dimethoxymethane (DME) at a volume ratio
of 1:1 including 0.5 M LiNOs as an electrolyte additive. Lithium metal

was used as the counter/reference electrode and celgard, as the separator.
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The cyclic voltammetry (CV) studies were carried out using
Bio-Logic SP300 workstation, at a scan rate of 0.1 mV/s between the
voltage window of 1.5 - 3 V. The galvanostatic charge-discharge tests of
the assembled cells were conducted at various C-rates (1C=1650 mAhg™)
using the 8 Channel Battery Analyzer (MTI Corporation-USA) in the
potential window of 1.5-3 V.

7.3 Results and discussion

7.3.1 FTIR spectroscopic studies
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Figure 7.1 FTIR spectra of PPy, PPyS, SG, PPyG sand PPyGS
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The FTIR spectra of pure PPy, PPyS, SG, PPyG and PPyGS are
shown in figure 7.1. The NH stretch mode is present at 3443 cm™ in PPy
and strong peaks due to NH vibrations are observed respectively at
3454 cm™ | 3452 cm™ , 3171 em and 3436 cm™ in the spectra of PPyS,
SG, PPyG and PPyGS [19]. The bands in the range 1540 cm™ to 1580 cm
in PPy and its composites with sulfur and graphene correspond to the
C=C stretching vibrations of the pyrrole ring [20]. The spectrum of PPyS
is almost identical to that of PPy with slight decrease in the intensity of
peaks, showing the effective blending of PPy with sulfur particles. It can
also be inferred that there are no chemical reactions between PPy and
sulphur in the composite. The peaks at 1585 cm” and 1548 cm’ in
PPyG and PPyGS can be attributed to the skeletal vibrations of
graphene sheets and the weak peak at 1625 cm™ in SG is related to the
presence of the O-H bending vibrations and additionally, the
contribution from epoxide groups and skeletal vibrations [21]. All the
characteristic peaks of PPy are seen in the spectrum of PPyG
composite, but shifted more or less because of the interaction of the
two components [22]. The spectrum of PPyGS composite shows the
presence of C-N stretching vibrations from 1301 cm™ to 1398 cm™,
C-H in-plane deformation vibrations from 1159 cm™ to 1198 cm™ and
C-H out-of —plane deformation vibrations from 909 cm™ to 937 cm™
[23]. The blended polypyrrole/graphene/sulfur composite has identical
peak positions related to the structure of PPy and the PPy structure is

retained in all the composite samples.
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7.3.2 XRD studies
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Figure 7.2 XRD patterns of PPy, PPyS, SG, PPyG and PPyGS

The XRD patterns of PPy, PPyS, SG, PPyG and PPyGS composites
are shown in figure 7.2. For PPy, the broad peak observed at 18.5°
indicates its typical amorphous nature and is in agreement with the
previous data in the literature. In the XRD pattern of sulfur, several
sharp diffraction peaks are observed in the range of 15° to 60°,
indicating its good crystalline structure [24]. The XRD pattern of PPyS
shows sharp peaks at 15° 23.2°, 26.1° and 28.8°, which correspond to
those of orthorhombic sulfur [25]. The SG composite also shows well
defined peaks at 23.2°, 26.8°, 27.1° and 28°. * The sharp peak of PPyG at
26.7 ° and the small peak at 54.8° represent the presence of graphene in
the composite [26]. The XRD plot of PPyGS shows a pattern similar to
that of PPyS with an intense peak at 23.2° along with the peaks at 25.8°
and 27.8° with significantly reduced intensity indicating the higher

crystallinity and larger crystalline domains of sulfur. It is obvious from
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the XRD pattern of PPyGS that the intensity of the diffraction peaks of
graphene diminishes when PPy and sulfur are incorporated onto the

surface of graphene.

7.3.3 Raman analysis
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Figure 7.3 Raman spectra of PPy, PPyS, SG, PPyG and PPyGS

The structural information of polypyrrole and its composites with
graphene and sulfur is further evaluated by Raman spectroscopy and the
spectral details are given in figure 7.3. The Raman spectra confirm the
presence of sulfur and graphene in the polypyrrole based composites.
The positions of the characteristic G and D bands and the Ip/Ig of the

samples are shown in Table 7.1.
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Table 7.1 Raman spectral data of PPy and its composites with sulfur and

grapheme
Sample D band cm’ G band cm In/Ig
PPy 1354 1560 0.98
PPyS 1344 1574 0.95
SG 1343 1586 0.26
PPyG 1345 1571 0.52
PPyGS 1345 1382 0.57

The peak intensity proportion of D band and G band (Ip/Ig) is
quite low in the polypyrrole/graphene/sulfur and polypyrrole/graphene
composites which shows that the conjugated structure of PPy is improved
with the expansion of the molecular chains and the level of imperfections
of PPy has been reduced after forming composites with sulfur and
graphene [27]. The tremendous decrease of Ip/Ig for the SG composite
shows the significant improvement of the level of disorder in the
composite which implies that the incorporation of sulfur can effectively
diminish a portion of the functional groups on the graphene surface and
repair lattice defects [24]. The presence of PPy in the composite PPyGS
is revealed by the small peak at 1054 cm™ which is assigned to the C-H
in plane deformation vibration [28] and also by the peak at 979 cm’,

which is related to the bipolaron and polaron structure of PPy [27].
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7.3.4 CHNS Analysis

Table 7.2 CHNS analysis data of PPy, PPyS, SG, PPyG and PPyGS

Sample number Sample name N% C% S% H%
1 PPy 13.74 4622  1.26 3.00
2 PPyS 206 5091 67.65 0.56
3 SG 1.25 529  87.15 ND
4 PPyG 2.15 6.56  12.14 0.76
5 PPyGS 1.70 943  88.67 0.68

Using CHNS elemental analysis, the sulfur content in the composites
was determined and the percentage concentrations of all the relevant
elements in the composites are shown in Table 7.2. The analysis shows
that the sulfur content in the SG and PPyGS composites is about 87 %
and 88 % respectively. The presence of graphene as a template facilitates
the better dispersion of sulfur in the composites which is desirable in the

designing of practical Li-S cells [29].

7.3.5 TGA Analysis
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Figure 7.4 TG curves of PPy, PPyS, SG, PPyG and PPyGS
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The thermo-gravimetric (TG) curves of PPy, PPyS, SG, PPyG and
PPyGS are shown in figure 7.4. Polypyrrole shows weight loss at around
66 °C to 137 °C which is due to the loss of moisture bound in the
polypyrrole matrix and the decomposition of PPy starts at 325 °C. The
composite, PPyS loses about 3 % of its weight in the temperature range
of 107 °C to 121 °C which is a direct result of the vanishing of water
content. A second weight reduction of around 67 % happens in PPyS
composite which begins at 212 °C because of the loss of sulfur and is
complete before 307 °C. The SG composite exhibits a weight loss of
87 % starting from 217° C to 310 °C due to the loss of sulphur. This
tendency comparison enables one to estimate the weight loss in the
PPyGS composite as 89 % from the exceptionally permeable structure of
the composite [30]. The TG curves demonstrate that, for the sulfur
composites, the shift of the decomposition temperature to the lower
temperatures, compared to that of PPy is due to the lower melting point
of sulfur. The quantity of sulfur estimated in the sulphur composites
perfectly matches with the results obtained by the CHNS chemical
analysis The TG plots of pure PPy and PPyG composite show similar
shapes, but the thermal stability of the PPyG composite is better than of
PPy.

178 Department of Physics
Cochin University of Science and Technology



Sulfur/polypyrrole composite cathodes for applications in figh energy density lithium-sulfur cells

7.3.6 FESEM studies
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Figure 7.5 FESEM images of (a) PPy (b) PPyS (c) SG (d) PPyG and (¢) PPyGS
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Field emission scanning electron microscopy (FESEM) images of
PPy and the composites are shown in figure 7.5. The images of PPy
shown in figure 7.5 (a) exhibit the typical globular structure of PPy in
which no phase division is seen which indicates good compatibility of
the dopant DBSA and polypyrrole [31]. The images of PPy/sulfur
composite illustrated in figure 7.5 (b) give a clear vision of sulphur
particles being covered by PPy. Spherically moulded sulfur particles
efficiently covered by graphene sheets are seen in the images shown in
figure 7.5 (c). The image at 200 nm in figure 7.5 (d) obviously shows the
presence of PPy over the graphene layers and the composite is having a
layered structure. Because of the electrostatic attraction between
polypyrrole and graphene, polypyrrole can easily get absorbed onto the
surface of graphene [32]. The images of PPyGS composite presented in
figure 7.5 (e) illustrate that the composite is having a layered structure.
However the layer surface seems to be granular or it is more harsh than
the layered structure of PPyG composite which is due to the presence of

sulphur particles.
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7.3.7 TEM studies

Figure 7.6 TEM images of (a) PPy (b) PPyS (c) SG (d) PPyG and (e) PPyGS
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The TEM images of PPy, PPyS, SG, PPyG and PPyGS are shown
in figure 7.6. The images of PPy in figure 7.6 (a) demonstrate the
typical densely packed globular structure of PPy in which the PPy
particles are strongly interconnected with the dopant DBSA and the
SAED pattern affirms the amorphous nature of the doped polymer. In
the TEM images of PPyS composite at 100 nm and 5 nm scales shown
in figure 7.6 (b), sulfur particles are seen with a covering of PPy over
it. Here it is confirmed from the SAED pattern that the presence of
sulfur makes the composite, more crystalline in nature. Graphene
layers covered with PPy are obviously noticeable in the TEM images
of PPyG composite shown in figure 7.6 (¢) and the layer surface seems,
by all accounts, to be smooth [33]. The SAED pattern comprises of
spots and diffused rings, which affirms the presence of crystalline
graphene and amorphous PPy. The TEM images of PPyGS composite
given in figure 7.6 (d) expose the layered structure of the composite
and it is obviously noticeable in the images that the graphene layers are
covered with PPy and with sulfur particles over it which resemble the
images of a mosaic floor. The SAED pattern of SG composite shows
the normal pattern of six membered ring. However, that of PPyGS
demonstrates the decrease in the rings because of the amorphous nature
of PPy and the pattern additionally affirms the crystalline nature of the
composite [34].
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7.3.8 Cyclic voltammetry studies
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Figure 7.7 Cyclic voltammetry curves of (a) PPyS, (b) SG and (c) PPyGS
based Li-S cells at a sweep rate of 0.1 mV/s

Cyclic voltammetry (CV) curves of the Li-S cells assembled using

PPyS, SG and PPyGS composites as cathodes are shown in figures 7.7 (a),

(b) and (c) respectively. All the CV curves indicate two reduction peaks

and one oxidation peak, consistent with the typical behavior of sulfur

cathodes. The origin of the reduction peak close to 2.32 V, during the
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cathodic scan can be related to the conversion of higher-order
polysulfides to lower-order polysulfides (Li,Sx, 8 > x >4) and the second
reduction peak at 2.0 V corresponds to the further diminishing of
lithium polysulfides to insoluble Li,S, and at last to Li,S [35]. In the
anodic sweep, there is only a single broad oxidation peak at around
2.45 V, representing the change of Li,S,/Li;S to polysulfides and sulfur
[36]. An increase in the redox currents is seen in the CV curves of the
cells based on the composites SG and PPyGS, which indicates better
usage of active cathode material. The cell based on PPyGS composite
exhibits narrower peaks with slight shift with cycling, signifying its
excellent electrochemical stability. The slight shift and broadening of
redox peaks observed in all the CV curves are due to quick conversion
between polysulfides and sulfur. The slight changes in the cathodic and
anodic peaks of the CV curves of the cells based on the SG and the
PPyGS composites vanish after the first cycle because of the
rearrangement of the active material to electrochemically active
positions and the peaks are well positioned indicating reversibility in

the accompanying cycles.

7.3.9 Charge/discharge profiles of the Li-S cells

Table 7.3 Discharge capacities of the PPyGS composite cathode
based cells at 0.1C rate.

1* cycle 1444 mAhg-1
30™ cycle 1210 mAhg-1
100" cycle 1005 mAhg-1
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Figure 7.8 Charge-discharge profiles of PPyGS composite

based Li-S cells after various number of cycles
at 0.1C.

The charge-discharge profiles and the discharge capacities of the
PPyGS composite based Li-S cells for the 1%, 30™ and 100" cycles at
0.1 C are shown in figure 7.8 and Table 7.3. The capacities are determined
by considering the weight of sulfur in the cathode active materials.
Figure 7.9 shows the charge-discharge profiles of PPyS, SG and PPyGS
based cells at 0.1 C, 0.2 C and 0.5 C current rates and the discharge
capacities at various currents rates are given Table 7.4 respectively. The
higher discharge capacity of the PPyGS based Li-S cells can be ascribed
to the higher sulphur content in the above composite compared to the

other composites, as obvious from the CHNS analysis.
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Figure 7.9 Charge-discharge profiles of (a) PPyS (b) SG and (c) PPyGS
based Li-S cells at various C-rates.

Table 7.4 Discharge capacities of PPyS, SG and PPyGS based Li-S cells at

various C-rates.

C rate PPyS based cell SG based cell PPyGS based cell
0.1C 1248 mAhg 1317 mAhg 1444 mAhg
02C 1022 mAhg 1154 mAhg 1367 mAhg-'
0.5C 925 mAhg’ 1012 mAhg 1243 mAhg
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Figure 7.10 Cycling stability of PPyS, SG and PPyGS
based Li-S cells at 0.1 C

The cycling stability of PPyS, SG and PPyGS based Li-S cells at
0.1 C 1s illustrated in figure 7.10. Capacity drop is observed for a few
cycles for all the cells which is a direct result of the presence of a large
number of sulfur particles, failing to achieve good electrochemical
contact inside the new electrodes initially and afterwards steady cycling
at 0.1 C 1is acquired due to the polypyrrole covering which gives a
steady interface between the liquid electrolyte and lithium polysulfides,
permitting quick ion and charge transfer with least loss of active
materials. The PPyGS composite based cell offers more impressive
cyclic execution compared with PPyS and SG based cells, under
comparative cycling conditions, which can be attributed to the multiplex
mix of sulfur with amorphous PPy and graphene [21]. Capacity retention
of PPyS, SG and PPyGS composite cathodes based Li-S cells are 61%,
63% & 69% respectively. The improved cycle life of the cells based on
the PPyGS composite cathode, compared to the cells based on the other

sulphur composite cathodes of the present work can be a consequence of
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the capability of doped PPy to incorporate large volume of sulfur on its
branched structure and the efficient absorption of polysulfides into the
pores of PPy, thereby inhibiting the adverse effects of the volume
expansion of sulfur during Li intake and the polysulfide shuttling
phenomenon. This fascinating effect is more pronounced in the PPyGS
composite based cell, since this composite has the maximum sulfur

content as observed from the CHNS investigation.

7.4 Conclusions

Polypyrrole with improved solubility was synthesized by chemical
oxidative polymerization using ammonium persulfate as the oxidant and
dodecylbenzene sulfonic acid (DBSA) as the dopant. Polypyrrole/sulfur
(PPyS), sulfur/graphene (SG) and polypyrrole/graphene/sulfur (PPyGS)
composites were synthesized and were investigated to assess their
suitability as cathode active materials in Li-S cells. The FTIR studies
reveal the presence of polypyrrole, sulphur and graphene in the
composites. The XRD patterns indicate that the synthesized composites
are semi-crystalline in nature. Using CHNS analysis, the sulphur content
in the composites is determined and the results are in good agreement
with those from thermo-gravimetric analysis. The surface morphology
studies using FESEM and TEM techniques clearly indicate the presence of
PPy, graphene sheets and sulphur in the composites. The electrochemical
studies carried out on Li-S cells assembled using the modified sulphur
cathodes constituted by the synthesized composites of sulphur with PPy,
graphene and PPy/graphene offer quite promising cell performance. The

CV curves and the charge discharge profiles of the assembled cells
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establish the impressive electrochemical performance of the cells with
capacity retention close to 70% after 100 cycles for the cells based on
PPyGS composite cathode. The specific capacity of these cells between
1444-1240 mAh/g corresponding to 0.1,.0.2 and 0.5 current rates offers
high scope for their applications in the design of high energy density Li-S
cells. The capability of doped PPy to incorporate large volume of sulfur on
its branched structure and facilitate the efficient absorption of polysulfides
into its pores, thereby inhibiting the adverse effects of the volume
expansion of sulfur during Li intake and the polysulfide shuttling
phenomenon is the prime advantage of the strategies adopted in the present
work for modifying the sulfur cathode to improve the capacity and cycling
stability of the cells. This fascinating effect is more pronounced in the
PPyGS composite cathode based cell, since this composite has the

maximum sulfur content as observed from the CHNS investigation.
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Chapter 8

SUMMARY AND CONCLUSIONS

The work presented in the thesis is focussed on investigating the
structural, morphological, optical, electrical and electrochemical properties
of polypyrrole in bulk and thin film forms, synthesized using two
different routes, and assessing its application prospects in various
technological fields. The effect of long alkyl chain containing dopants
like NaDEHS, DBSA and NaDBSA on improving the solubility and
processability of polypyrrole has been investigated in depth. Much
importance is given for assessing the prospective applications of lithium
substituted polypyrrole, doped polypyrrole and its nanocomposites as
cathode active materials in Li ion cells and as materials to modify the

sulphur cathode to improve the capacity and cycling stability of Li-S cells.

Plasma polymerization and chemical oxidative polymerization are
the synthesis routes adopted in the present work to polymerize pyrrole.
The first part of the thesis is devoted to the investigations on the
structural, electrical and optical properties of plasma polymerized
pyrrole thin films in pristine and iodine doped forms. Space charge
limited type conduction has been identified as the dominant carrier
transport mechanism in plasma polymerized pyrrole films. lodine doping

brings about quite significant changes in the structural, optical, and
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electrical properties of polypyrrole films, compared to the pristine ones.
The method of Urbach tail analysis is used to understand the
enhancement of defect levels by iodine doping and it is observed that
iodine doping results in the creation of charged defects in the polymer
chain. The analysis further suggests that the disorders created by doping

are more prominent in the visible region than in the NIR region.

Chemical oxidative polymerization technique, using ammonium
persulfate as the oxidant and NaDEHS, DBSA and NaDBSA as the
dopants is used to synthesize doped polypyrrole compositions with
appreciable solubility in organic solvents which include m-cresol, NMP,
DMF and DMSO. The effective incorporation of the dopants into the
PPy structure has been demonstrated through FTIR spectroscopy studies
and elemental analysis. The significant impact of the dopants in modifying
the morphology of PPy structure is evident from the FESEM and TEM
studies and the XRD patterns and the SAED patterns support the enhanced
crystalline order of the doped PPy compositions. The increased structural
order in PPy, brought about by doping has also been established by the
increase in the glass transition temperature and the melting temperature of

the doped PPy compositions as per the DSC studies.

The significant extent of solubility and processability attained
through doping and the enhanced crystalline order and -electrical
conductivity achieved consequently make the chemically synthesized,
doped polypyrrole, a potential candidate for various device applications.
The present studies highlight the superb power of appropriate dopants

to control the structural and morphological features of chemically
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synthesized polypyrrole and to offer means of designing doped
polypyrrole compositions with desired structural, electrical and optical

characteristics suitable for different types of device applications.

The synthesis of DBSA doped, polypyrrole/graphene composites
using various solvents like DMF, DMSO, NMP and m-cresol and the
investigations on the structural, morphological, electrical and optical
characteristics of the spin coated and electro-sprayed films of these
composites comprise another important work on doped polypyrrole.
From the XRD, FTIR and Raman spectroscopy and the FESEM and
TEM studies, it can be established that the dopant DBSA and graphene
bring more structural order to the DBSA doped, PPy/graphene
nanocomposite and enhance the crystalline nature of the nanocomposite
to a significant extent. Raman spectroscopy studies of the electro-
sprayed films of the DBSA doped PPy/graphene nanocomposite
illustrate the presence of the G bands of graphene with quite high
intensity and that of the D bands with much less intensity, indicating the
overall defect free nature of the nanocomposite. The electro-sprayed
films of the nanocomposite dissolved in m-cresol, show maximum
electrical conductivity around 4.2 S/cm, .which is much higher than that
of the spin coated films. The morphological features of the spin coated
and electro-sprayed films of the nanocomposite, revealed by the
FESEM and TEM studies show that, in the nanocomposite, the graphene
layers are covered by the DBSA doped PPy matrix. The doped PPy can
steadily hold onto the surface of graphene due to the electrostatic

attraction between the doped PPy and graphene.
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The second part of the research work is devoted for investigating
the suitability of polypyrrole, synthesized using FeCl; as the oxidant, to
serve as the electrode material for applications in the development of
flexible Li ion cells with high energy density and excellent cycling
stability. The interesting aspect of the work is the introduction of a
relatively less expensive lithium salt, n-butyllithium in hexanes
(n-BuLi), compared to the expensive counterparts like LiPFs and
LiBF4, as a dopant for synthesizing lithium substituted polypyrrole to
be used as the cathode active material in rechargeable Li ion cells The
amount of lithium content in the lithiated PPy compositions is
evaluated using ICP-AES technique which reveals that the lithium
content increases by increasing the n-BuLi concentration. Studies using
FTIR spectroscopy, XRD, FESEM and TEM techniques strongly
support fruitful lithium substitution in PPy and the increase in the
crystalline order of the polymer structure, with increase in the extent of
lithiation. The Li ion cells assembled, using the lithiated PPy as the
cathode, lithium metal as the anode and lithium hexaflurophosphate
(LiPFe) as the electrolyte demonstrate an open circuit voltage of 3.3 V.
The features of the CV curves of the coin cells indicate that the
lithiated PPy based Li ion cells are electrochemically active. All the
assembled four cells show stable charge - discharge cycling behaviour
up to 60 cycles, specific capacity about 30.03 mAh/g for the cell with
maximum lithium substitution of 21.56 % and coulombic efficiency
around 85 %. The present studies highlight the meritorious features of
the n-BuLi doped polypyrrole as a promising cathode active material to

develop conducting polymer based Li ion cells with the inherent
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advantages of flexibility in cell design, reduced material cost and
environmental friendliness. There is ample scope for bringing the
specific capacity of the cells closer to the theoretical capacity of polypyrrole
around 72 mAh/g by the proper choice of the dopants to achieve much

enhanced Li substitution in PPy.

The investigations on the superior electrochemical performance
offered by the assembled Li ion cells based on lithium substituted PPy,
synthesized using APS as the oxidant, compared to the performance of
the cells based on lithiated PPy, synthesized using FeCl; as the oxidant
form another significant part of the research work. The structural studies
using FTIR spectroscopy and XRD and the morphological changes
observed in the lithiated PPy as per FESEM and TEM investigations
strongly support successful lithium substitution in PPy and the enhanced
crystallinity acquired. The CV curves and the charge-discharge profiles
of the Li ion cells based on lithium substituted PPy, synthesized using
APS as the oxidant, reveal excellent electrochemical behaviour, enhanced
discharge capacity around 52.02 mAh/g, closer to the theoretical value
and superior cycling stability up to 85 cycles, compared to the earlier
work on Li ion cells based on lithiated PPy, synthesized using FeCls as
the oxidant. The highlight of the work is the awareness that the
discharge capacity and the energy density of the cells can be enhanced
further by optimising the polymer synthesis conditions with proper

choice of the oxidants and dopants.

The last part of the research work features the attempts carried out

to assess the suitability of polypyrrole and its composite with graphene
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in the modification of the sulphur cathode to develop Li-S cells with
high energy density and excellent cycling stability for the next
generation energy storage applications. Lithium—sulfur cells are quite
promising devices for energy storage applications with high theoretical
capacity of 1675 mAhg-'. However, their specific capacity and cycling
stability are adversely affected by poor electrical conductivity of sulfur,
the shuttling effect of lithium polysulfides and the volume expansion of
sulfur during lithium intake. These limitations can be averted through
modifying the sulphur cathode by making composites with electrically
conducting polymers and carbon nanostructures. The research work is
hence focused on the modification of sulphur cathode by making

composites with polypyrrole, graphene and polypyrrole/graphene.

Polypyrrole with improved solubility is synthesized by chemical
oxidative polymerization using ammonium persulfate as the oxidant and
dodecylbenzene sulfonic acid (DBSA) as the dopant. Polypyrrole/sulfur
(PPyS), sulfur/graphene(SG) and polypyrrole/graphene/sulfur (PPyGS)
composites are synthesized and subjected to detailed investigations to
assess their suitability as cathode active materials in Li-S cells. The
sulphur content in the composites is determined using CHNS analysis
and the results are in good agreement with those from thermo-
gravimetric analysis. The surface morphology studies using FESEM and
TEM techniques clearly establish the presence of PPy, graphene sheets
and sulphur in the composites. The electrochemical studies carried out
on Li-S cells assembled using the modified sulphur cathodes constituted
by the synthesized composites of sulphur with PPy, graphene and
PPy/graphene termed respectively as PPyS, SG and PPyGS offer quite
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promising cell performance. The CV curves and the charge discharge
profiles of the assembled cells establish the impressive electrochemical
performance of the cells with capacity retention close to 70% after 100
cycles for the cells based on PPyGS composite cathode. The specific
capacity of these cells between 1444-1240 mAh/g corresponding to 0.1,
0.2 and 0.5 current rates offers high scope for their applications in the
design of high energy density Li-S cells. The competence of doped PPy
to incorporate large volume of sulfur on its branched structure and
facilitate the efficient absorption of polysulfides into its pores, thereby
inhibiting the adverse effects of the volume expansion of sulfur during
Li intake and the polysulfide shuttling phenomenon is the prime
advantage of the strategies adopted in the present work for modifying
the sulfur cathode to improve the capacity and cycling stability of the
cells. This intriguing effect is more pronounced in the PPyGS composite
cathode based cell, since this composite has the maximum sulfur content

as observed from the CHNS analysis.

Future Prospects
= The present work proposes sufficient and ample scope for
further investigations, in view of the consequences of the present
studies and the appropriate changes proposed to be made for

making the research outcomes viable for practical situations.

= The synthesis conditions of polypyrrole using chemical
oxidation method with various oxidants and dopants can be
optimized furthermore to improve the electrical conductivity

and solubility.
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Attempts should be made to optimize the film deposition
conditions by spin coating and electro-spraying techniques, to
develop high quality films of PPy and its composites, for

conceivable applications in energy storage devices.

Development of lithiated polypyrrole based Li ion cells with
improved specific capacity close to the theoretical value of
72 mAh/g for possible applications as biocompatible, flexible

cells.

Development of Li-S cells with high capacity, energy density
and excellent cycling stability, using polypyrrole composite

cathodes, capable of operation at higher current rates.
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