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Abstract

A series of polymer composites have been prepared by using both conducting and
non-conducting polymer as matrix phases and different metal oxides as dispersed
phases. Conducting polymer, polyaniline (PAni) was prepared by chemical oxidative
polymerization as well as electrochemical polymerization while simple solution
casting method was used for commercially available non-conducting polymer,
poly(vinyl alcohol) (PVA). PAni based MnO, and NiO composites and PVA based
MnO, composites were prepared with a view to achieving novel functionalities as
well as for their electrochemical application in supercapacitors. Compatible ionic
liquids (ILs) were also incorporated into the polymer composites to monitor influence
on the capacitive properties. For instance, hydrophobic IL, 1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulphonyl) imide, [C,mim][TFSI] and
hydrophilic IL, 1-ethyl-3-methylimidazolium tetrafluoroborate, [C,mim][BF4] were
incorporated into the chemically prepared PAni-MnO, and PVA-MnO, composites,

respectively and their capacitive behavior were critically examined.

PAni-MnO, composites with varying wt.% of MnO, were prepared by in situ
chemical oxidative polymerization using MnSQOy dissolved in aqueous acidic solution
of aniline monomer followed by the addition of KMnO,4 in which MnO, was formed
and simultaneously acted as an oxidant to initiate the polymerization. For optical,
structural and morphological characterization of the composites UV-visible
absorption and specular reflectance spectra, Fourier transform infrared (FT-IR)
spectra, X-ray diffraction (XRD) and scanning electron microscopic (SEM) images
were used. Thermogravimetric analysis (TGA) was carried out to study the thermal
stability and verification of wt.% ratio of PAni and MnO; of the composites. X-ray
diffraction analysis was performed to evaluate the crystallinity and phase purity and
BET surface analysis was carried out to find out the specific surface area and porosity
of the composites. Graphite electrodes were modified with the prepared composites
by solvent casting method using dimethylsulfoxide and ethanol as solvents.
[Comim][TFSI was also incorporated into the composites. The electrochemical
properties of the modified electrodes were analyzed by cyclic voltammetry,
chronopotentiometry, and electrochemical impedance spectroscopic (EIS) techniques.

The specific capacitance was determined from the data obtained from
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chronopotentiometric measurements of the prepared composites and the results were

analyzed for their applications in supercapacitors.

PAni-NiO nanocomposites with wt.% variation of NiO NPs were prepared by in situ
chemical oxidative polymerization using aniline monomer and pre-formed NiO NPs
served as the dispersed phase. Composites prepared were characterized to identify the
properties and interaction among the components of the composites. TGA showed
that thermal stability of PAni-NiO nanocomposites was higher than that of PAni. AC
electrochemical impedance spectroscopic technique was employed and the data
obtained were fitted to equivalent circuits. The resistance of the composites from the
corresponding equivalent circuits was used to determine the conductivity of the
composites. The band gap energy (E;) of the composites was determined from the
specular reflectance spectroscopic data by Kubelka-Munk method using Tauc
equation. Dielectric constant and dielectric loss factor were determined from the
impedance spectroscopic data. The value of dielectric constant and dielectric loss
factor was evaluated for their applications as dielectrics. PAni and PAni-NiO
composites were also prepared by electrochemical oxidative polymerization by cyclic
voltammetry using aniline monomer and Ni*" salt solution in acidic medium. The
electrochemical performance of the electrochemically modified graphite electrodes
with PAni and PAni-NiO composites was determined by cyclic voltammetry,
chronopotentiometry and electrochemical impedance spectroscopic techniques. The
specific  capacitance was determined from the data obtained from
chronopotentiometric measurements of the prepared composites and the results were

analyzed for their applications in supercapacitors.

PVA-MnO; nanocomposites were prepared from by adding pre-formed MnO, NPs in
aqueous solution previously prepared by the reduction of MnSO,4 with Na,S,03 in
aqueous medium to the aqueous solution of PVA. The composites were then solution
casted and dried in an oven to obtain PVA-MNO, nanocomposite film.

Thermal behavior of PVA-MnO;, nanocomposite films changes with variation of
MnO; NPs loading. The degradation of PVA-MnO, nanocomposite has been found to
occur at lower temperature than that of PVA on addition of certain wt.% MnO, NPs.
The degradation temperature then remains constant up to a certain loading followed
by lowering of degradation temperature with further addition of MnQ,; into PVA. A

complete shielding of UV radiation takes place in PVA-MnO; nanocomposite films
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containing greater than 1.0 wt.% of MnO, NPs. Supercapacitive performance of PVA-
MnO; nanocomposites modified graphite electrode with incorporation of a
hydrophilic ionic liquid, [Comim][BF4], in 0.5 M aqueous Na,SO, solution was
investigated. The results of specific capacitance of PVA-MnO, and [C,mim][BF,]
incorporated PVA-MnO, nanocomposites are indicative of their feasibility for

application in supercapacitors.

PAni-NiO nanocomposites and PVA-MnO, nanocomposite films exhibited novel
functional properties. The dielectric constant and dielectric loss factor of PAni-NiO
determined were significant to be used as dielectric materials. UV-visible spectra of
PVA-MnO; nanocomposite films in transmittance mode showed almost hundred
percent absorption of UV radiation at very low loading of MnO; NPs to indicate that

PVA-MnO; nanocomposite films have potential to be used as UV-shielding materials.

Capacitive properties of MnO, embedded conducting PAni and non-conducting PVA
based composites have been compared to reveal the influence of the nature of
polymer matrix and variation of MnO; content of the composites. An attempt has also
been made to evaluate the comparative capacitive properties upon incorporation of

ILs into these polymer composites.

Thus, a systematic and comprehensive analysis of the composites has been performed
to assess various aspects of polymer composites with both conducting and non-
conducting matrix phases for desirable chemistry which eventually open up new
routes for applications of the composites as materials for UV-shielding and

supercapacitors.
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Chapter 1: General Introduction
Chapter 1 gives a brief introduction of background research and addresses the necessity

and objective of the present research.

Chapter 2: Polyaniline Based MnQ; Composites with lonic liquid Additive for
Electrochemical Capacitor

Chapter 2 describes the preparation of polyaniline (PAni) by chemical oxidative
polymerization of aniline monomer in aqueous acidic solution by ammonium peroxy
disulfate as an oxidant. Preparation of PAni-MnO, composites with varying MnO,
content by in situ chemical oxidative polymerization method using MnSQOy dissolved in
aniline monomer in aqueous acidic solution followed by addition of KMnO, was also
described. The successful application of the techniques such as, UV-visible specular
reflectance spectroscopy, FT-IR spectroscopy, SEM images, BET surface and
thermogravimetric analysis (TGA) for structural characterization, spectroscopic
characterization, morphological analysis, thermal analysis, surface area analysis have
been mentioned in detail. The Chapter also mentioned the use of a hydrophobic ionic
liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide, [Comim][TFSI]
for incorporation into PAni and PAni-NiO composites. Finally, to explore the possibility
of the composite materials for super capacitor applications, the analyses of the
electrochemical results using modified graphite electrodes with the prepared composites
by cyclic voltammetry, chronopotentiometry and electrochemical impedance
spectroscopic (EIS) techniques have been reported.

Chapter 3: Polyaniline Based NiO Nanocomposites as Dielectric Materials for
Application in Electrochemical Capacitor

In Chapter 3, preparation of PAni and PAni-NiO nanocomposites by chemical oxidative
polymerization and electrochemical oxidative polymerization methods have been
reported. Preparation of PAni-NiO nanocomposites with varying wt.% of NiO NPs and
their characterizations have been discussed. Thermal degradation behavior of the
composites has been discussed and the enhancement of the thermal stability of PAni-NiO
nanocomposites than that of PAni has been corroborated. The band gap energy (E,) and
conductivity of PAni and PAni-NiO from specular reflectance spectroscopic

iv
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measurement and electrochemical impedance spectroscopic (EIS) techniques have been
reported . Dielectric constant, and dielectric loss of the materials determined from EIS
data were used to assess the promise as dielectric materials. Electrochemically prepared
PAni and PAni-NiO composites were reported for study of the electrochemical
performance as supercapacitor materials.

Chapter 4: Poly(vinyl alcohol) Based MnQO; Nanocomposites for Application as UV-
Shielding Material and in Electrochemical Capacitors

Chapter 4 describes the preparation of PVA-MnO; nanocomposite films with variation of
the content of MnO, NPs by simple chemical processing technique. The morphology,
structure and thermal behavior of the nanocomposites were discussed in detail. The UV-
shielding property of PVA-MnO, nanocomposite containing greater than 1.0 wt.% MnO,
was established. Supercapacitive performance of PVA-MnO, nanocomposites with
incorporation of an ionic liquid [C,mim][BF4] has also been reported. Electrochemical
capacitive performance of PVA PVA-MnO, and PVA-MnO, nanocomposite
incorporated with [Comim][BF4] electrodes has been discussed in detail. The analysis of
electrochemical results of the modified -electrodes by cyclic voltammetry,
chronopotentiometry and electrochemical impedance spectroscopic (EIS) techniques
were discussed to check the feasibility of PVA, PVA-MnO, nanocomposites and PVA-
MnQO; incorporated with [C,mim][BF,] for supercapacitors.

Chapter 5: Comparative Study on Capacitive Properties of Conducting and Non-
conducting Polymer Based Composites with and without Incorporation of lonic
Liquids

Chapter 5 compares capacitive properties of conducting PAni and non-conducting PVA
and their composites with MnO, with and without incorporation of ionic liquids by
different electrochemical measurements. Electrochemical studies of a conducting
polymer, PAni and a non-conducting polymer, PVA based composites as supercapacitor
applications have been compared with cyclic voltammetric and chronopotentiometric
studies. The specific capacitances of PAni and PAni-MnO, composites with those of
PVA and PVA-MnO, nanocomposites have been compared at different scan rates and
current densities. The specific capacitances of PAni-MnO, composites with
incorporation of an ionic liquid [Comim][TFSI] with those of PVA and PVA-MnO,
nanocomposites with incorporation of another ionic liquid [C,mim][BF4] have also been
compared at different scan rates and current densities under identical experimental
conditions. Finally, the difference in the cyclic voltammetric behaviors and charge-
discharge curves have been compared and contrasted to explore the potential of the
composites for application in supercapacitors.

Chapter 6: General conclusions and outlook

Chapter 6 makes general conclusions based on the experimental findings on polymer
nanocomposites and discusses the future prospect of polymer composites for exploitation
of the novel functionalities for manifold applications.
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1.1. Background

Polymer composites have attracted a great deal of attention as excellent materials
designed for modern applications such as super- or semi-conductor in electronic
devices, catalyst in fuel cells, solar cells, sensors of biological molecules and
pollutants, capacitors as energy storage devices efc. Composites materials consist of
two or more chemically and physically different phases separated by a distinct
interface and are combined brilliantly to achieve a system with more useful structural
or functional properties that are not attainable by any of the constituent alone. They
are a unique class of materials having multi-phase system comprising matrix 1 and
reinforcing materials. Polymer composites are thus materials in which one or more
dispersed phases are embedded in a polymer matrix phase/continuous phase/primary
phase. In case of nanocomposites, dispersed phases with nanoscale dimensions i.e. <
100 nm are embedded in a polymer matrix. Polymer composites have been made for
task-specific applications by choosing an appropriate combination of reinforcing and
polymer matrix materials of different nature and size that offer better strength and
stiffness with light-weight which is a pre-requisite for the use of composite materials
[1]. In dispersed or secondary or discontinuous phases, metals, metal oxides, fiber-
like or other compounds are held together by different types of interactions in the
polymer matrix. Matrix phase which is usually more ductile and less hard than the
dispersed phase holds the dispersed phase or reinforcing phase is stronger than the

matrix phase sharing a load with it.

Polymer composites may be conducting or non-conducting depending on either the
matrix polymer or the reinforcing material is conducting and vice-versa. Composite
materials of conducting and non-conducting polymers with metals or metal oxide
particles have been developed to improve processability, mechanical performance,
electrical conductivity, and biocompatibility of the matrix phase. The presence of
conjugated double bonds along the backbone gives rise to the conductivity in
conducting polymers such as polyaniline (PAni), polypyrrole (PPy) etc. Conducting
polymers exhibit electrical and optical properties similar to those of metals and
semiconductors [2]. Non-conducting polymers possess comparatively low density,
low weight, high mechanical characteristics, and of course are low-cost. Due to their
synergistic and hybrid properties, nanocomposites based on polymers offer ease of

processability combined with the better mechanical and optical properties.
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Semiconducting metal oxides can be particles/nanoparticles (NPs), nanowires, etc.
These have been widely used as sensing materials in chemical sensors. The
advantages offered by wide-band-gap semiconductor oxides include their stability in
air, relative inexpensiveness, and ease of preparation in the ultradispersed state. Since
porous metal oxides have attractive properties such as simplicity in preparation,
tunable porosity, good chemical stability, low-temperature encapsulation, negligible
swelling, mechanical and biodegradable stability, and high sensitivity at lower
operating temperature for detection of reducing and oxidizing gases, they have been
used for the fabrication of chemical sensors and biosensors. Non-conducting polymer
based composites namely poly(vinyl alcohol) (PVA), incorporated with metal oxides
such as PVA-ZnO, PVA-In,O; nanocomposite films have also been prepared and
applied as barrier or passivation materials for moisture and oxygen sensitive devices
as well as food/pharmaceutical packaging industries [3]. Incorporation of metal
oxides or other inorganic UV absorbents to transparent polymer can enhance UV light
resistance via UV light shielding. Thus, polymer composites can be used as UV-
shielding materials in optical and organic electronic devices, food and pharmaceutical

packaging industries etc.

Ionic liquids (ILs), on the other hand, are composed of entirely bulky asymmetric
cations and/or giant organic/inorganic anions which melt at relatively low temperature
about up to 100 °C. ILS can be regarded as one of the versatile compounds that have
shown an upsurge of research interest as the excellent media due to, not only their
advantageous properties in applications, but also to the diversity of their tailoring
according to the desired applications [4, 5]. Among various advantages of ILs, they
possess unique properties such as negligible vapor pressure, high ionic conductivity,
reasonable thermal stability, ability to dissolve organic, inorganic, and polymeric
materials, and large potential window. These fantastic properties specially offer them
the superiority over the conventional molecular solvents. ILs have been regarded as
‘designers solvent’ as their physical and chemical properties can be tailored by
switching proper combinations of different cations and anions and changing the alkyl
chain of the cations from different compounds for designing specific functionalities.
ILs have been prominently used as the media for many electrochemical purposes,

such as, batteries [6, 7], electrosynthesis [8, 9], electrodeposition [10] and
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electrochemical capacitors [11-14]. Incorporation of ILs into the polymer or polymer
composites may show new and fascinating properties that might be useful in the field
of practical applications. Such an incorporation of ILs in non-conducting polymer
based composites would introduce the conductivity of the composites required for
their practical uses in the field of electronic devices, fuel cell as solid electrolyte or
other purposes where conductivity is crucial. Ions of ILs hold the various groups of
polymer chains by different types of interactions such as dipole-dipole interactions,
ion-dipole interactions, van der Waals forces, H-bonding efc. By changing the wt.%
of ILs, tunable properties of the polymer composites may be obtained for applications

in various fields.

Polymer composites have attracted a great deal of attentions as materials for
applications in supercapacitors. Electrochemical capacitors or supercapacitors are
simple energy storage devices based on electrochemical double layers resulting from
the electrostatic adsorption of ionic species at the electrode-solution interface and fast
and reversible Faradaic reactions resulting pseudocapacitance. Electrosorption of
ionic species can be facilitated if the electrolytic medium containing IL possesses
mobile ions and thus ILs are considered to be an promising electrolyte for

electrochemical supercapacitors [13, 15].

In this work, a conducting polymer, PAni based composites with MnO, and NiO as
dispersed phases were prepared by in situ chemical oxidative polymerization method.
PAni-NiO was also prepared by electrochemical polymerization. A non-conducting
polymer, PVA based composite with MnO, was prepared by chemical method.
Various studies were performed to characterize the composites for their possible use
as functional materials. The effect of MnO, and NiO on the structural and functional
properties of these composites was also elucidated. The capacitive behavior of PAni-
MnO, and PVA-MnO, composites with variation of MnQO, with or without
incorporation of compatible ILs was investigated. A hydrophobic ionic liquid, (1-
ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-imide), [Comim][TFSI] was
used for incorporation into PAni-MnO; composites while a hydrophilic ionic liquid,
1-ethyl-3-methylimidazolium tetrafluoroborate, [C,mim][BF4] was incorporated into
PVA-MnO, composites. Capacitive property was also investigated for

electrochemically prepared PAni-NiO composite. Comparative study on specific
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capacitance of PAni-MnO, and PVA-MnO, composites with and without

incorporation of ILs was also performed for their application in supercapacitors.

1.2. Composite Materials

Composites are multi-component, multi-phase systems isolated by a distinct interface;
the resulting system has greater utility due to enhanced structural or functional
properties that the constituents could not impart alone. They are a unique class of
materials having multi-phase systems consisting of matrix and reinforcing materials.
Composite materials have three basic phases: the continuous matrix phase, the
dispersed reinforcement phase, and the interface phase which is surrounded by the
matrix and exists in between the reinforcement and matrix phases. Matrix materials
hold the dispersed phase and share a load with it. Dispersed phase is embedded in the
matrix in a discontinuous form and is secondary in nature. The dispersed phase is
usually stronger than the matrix, hence, it is sometimes referred to as the reinforcing
phase. Dispersed phases are usually a range of materials such as organic fibers,
metals, and metal oxides. Composite materials can be classified according to their
source or reinforcing materials as natural and synthetic or particle reinforced, fiber

reinforced and structural composites, respectively.

In composite materials, the different components are held together by different types
of interactions involving different groups of atoms held together by covalent bonds
and various types of intermolecular forces. Composites can be functional,
multifunctional, smart, and intelligent materials depending on their component phases
and individual properties. The performance of composite materials depends on the
structure, configuration, interaction, and the relative contents of the constituent
phases. Composite materials may be divided broadly as natural and synthetic and their
components can be physically identified because they form interfaces between the
matrix and dispersed phases. They are microscopically non-homogeneous, have a
distinct interface; their performances are much better than those of the constituent
materials. Composite materials not only maintain the principal characteristics of the
original components but also exhibit the best combination of properties called
synergistic properties derived from the original components. They can be called
designable materials with excellent performance by proper choice of constituent

components.
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The demand for utilization of composite materials has been increasing progressively
for better scientific innovation and standards of living for the human civilization as a

whole, which will ultimately lead to national and global development.

1.2.1. Polymer Composites and Nanocomposites

Polymer composites are composed of a matrix or continuous phase with dispersed
phases. They are multiphase materials in which one or more dispersed phases are
embedded in a polymer matrix (Figure 1.1). In resemblance to polymer composites,
polymer nanocomposites are also multiphase materials; however one or more phases
has filler of dimension<l00 nm incorporated in the polymer matrix. Both of these
show improved properties such as enhancement of chemical and thermal stabilities
emerging from the combination of components. Furthermore, in polymer
nanocomposites, prevention of agglomeration occurs due to interactions of dispersed

phase with the polymer matrix phase.
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Figure 1.1. Polymer Composite.

Large varieties of polymer composites have been designed for performance based
requirements, which are of high specific strength, high specific modulus, excellent
chemical corrosion resistance, special optical, electrical, and magnetic properties.
Composites comprising electrically conductive metal particles e.g. Ni, Cu, Ag, Al and
Fe, dispersed in insulating polymer matrix have been prepared and the electrical,
optical and antibacterial properties of these composites have been studied for decades.
During the preparation of metal-polymer composites, metal ions may be dispersed,
resulting in the presence of mobile ionic species in the polymer matrix [16]. Polymer
based metal oxide composites such as PAni-MnO,, PVA-ZnO, PPy-MnO, efc. have
been prepared and investigations have been carried out to assess their electrical,

electrochemical, and catalytic activities.
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Ternary polymer composites with metal or metal oxide and another component have
been reported for enhanced supercapacitive properties [17]. The optimal mechanical
properties of such composites are achieved when the interaction between the polymer
matrix and filler particle is maximized. Surface to volume ratio significantly increases
with one-dimension in the nanometer scale than that of micron-scale particles,

maintaining more of the inherent polymer processing properties and appearances [18].

Ionic liquids can also be incorporated as additives into the polymers composites for

preparation of ion-gels, membranes efc. for various applications.

Fillers play important roles in modifying the desirable properties of polymers and
reducing the cost of their composites to make them light-weight and enhance the
mechanical properties of the polymers. Such properties can indeed be tailored by
changing the volume fraction, shape, and size of the filler particles [19-23]. The
dispersion of fillers with dimensions in the nanometer level having very large aspect
ratio in a polymer matrix may bring enhanced mechanical performances in the
prepared nanocomposites [24, 25]. Rigid inorganic NPs with a smaller aspect ratio are
also promising reinforcing and/or toughening materials for the polymers. The
nanocomposites belong to an emerging class of organic-inorganic hybrid materials
that exhibit improved mechanical properties at very low loading levels compared with

conventional microcomposites [26-39].

Polymer based metal oxide nanocomposites have many applications due to their
superior electron transport, mechanical and optical properties, good transparency in
short-wavelength ligght emitting diodes (LEDs), transparent conductors, organic
photovoltaic cells, piezo and pyro electric materials, humidity detector, toxic gas
sensors, and thin film transistors [40, 41]. Polymer nanocomposites have a wide range
of applications due to their unique electrochemical, mechanical and magnetic

properties, especially in conductive polymer nanocomposites [42-44].

The research and development of nanocomposites and nanotechnology fields have
been greatly improved by the fabrication of nanodevices with these nanocomposites

for task-specific applications.
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1.2.2. Polymers: Conducting and Non-conducting

Polymer composites may comprise of conducting and non-conducting polymers as the
matrix phase. Conducting polymers are polymers in which the double bonds appear
with alternating single bonds known as conjugated bonds in their backbone. Most
conducting polymers possess conductivity like that of a metal or semiconductor
materials which can be altered by doping. They exhibit different oxidation states in
the composites which are accompanied by applying potential and make them
promising materials in sensors and biosensors, light emitting diodes and

electrochromic display devices, electronic devices, supercapacitors etc.

Inherently conducting polymers are generally regarded as synthetic metals since their
electrical, optical, electronic and magnetic properties resemble those of metals while
possessing the mechanical and physical properties as well as the processability of
conventional polymers. Addition of electron donors or acceptors as dopants in the
conducting polymer ultimately results in rapid changes in electronic and magnetic
properties that increase the conductivity, which nearly approaches to values in the
metallic regime. Doping is reversible and produces the original low-conducting or

semiconducting polymer, usually without degradation of the polymeric backbone.

Conducting polymer composites can be prepared with a range of combinations of
matrix polymer and conductive particulate matter, provided enough filler is used to
form an electrically conductive network. Too much filler may block the conductive
networks or channels of the composite, making it poorly conducting or even
insulating. Incompatibilities between matrix polymer and particulate fillers can
prevent the formation of a well dispersed, stable conductive network. The polymer
matrix should not oxidize the surface of the filler particles so that conductivity should
not alter significantly [45]. Although non-conducting polymers do not conduct
electricity they owe their importance due to their structural features which render their
manifold applications. Non-conducting polymers possess comparatively low density,
low weight, superior mechanical properties, and low cost. Non-conducting polymer
based composites with metal oxide NPs as dispersed phases offer ease of
processability combined with the enhanced mechanical and optical properties of

metals or metal oxide NPs.
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1.2.3. Metal Analogue Based Polymer Composites

From time immemorial, the course of development of human civilization is altering
perpetually through the transformation of materials, more specifically composite
materials. Probably the most famous and widely used synthetic polymer composite is
“Bakelite”, which is a clay reinforced resin that was developed in the early 20
century. Nevertheless, the true importance of polymer composites was not fully
realized until the end of the 20™ century [46-48].Metal analogues such as metals,
metal ions and metal oxides may be incorporated into polymer matrix to form

polymer composites that have multifarious applications in different fields.

With the growing attention towards metal or metal oxide NPs, the investigations
towards possible applications of these materials in polymer composites have also
become popular. Addition of metal or metal oxide NPs to the polymer matrix enables

the modification of polymer properties and even the addition of new properties to the

polymers.

PAni, one of the versatile conducting polymers, is an attractive material for use as a
matrix material to prepare composites and nanocomposites with metals and metal
oxides. Han et al. worked on PAni-MnO;, nanocomposites and showed that the
electrical conductivity of the nanocomposites increased due to incorporation of MnO,
NPs into the conducting polymer and the mechanical stability as well as flexibility of
PAni-MnO, nanocomposites electrode materials was also enhanced [49]. PVA based
nanocomposites with metal oxide NPs in powder and film forms for various
applications have also been reported. Gupta et al. synthesized PVA-ZnO hybrid
nanocomposite films as interactive gas barrier layers for passivation of electronic
devices [50]. Ghanipour et al. investigated the effect of Ag-Nanoparticles doped PVA
i.e. Ag-PVA nanocomposite on the structural and optical properties of PVA films
[51]. Singhal et al. reported the ex situ synthesis, characterization and gas-sensing

properties of PVA-In,O3 nanocomposite films [52].

Composite and nanocomposites of PAni/Zn [53] and PAni/Pd [54] were designed as
rechargeable battery assembles and as selective methanol sensors, respectively.
Ferromagnetic material incorporated PAni-PVA composite was used as a dielectric
material [55]. PAni nanowire modified electrode and PAni nanofiber doped with

transition metal salts were used for supercapacitors [56]. Ionic liquid incorporated

9
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PAni film was reported to show enhanced electrochromic property [57]. lonic liquid-
assisted PAni/Au nanocomposite has been synthesized for biocatalytic application
[58] as well as the electrosensing of arsenic [59] in water. High sensitivity in
amperometric sensing of phenols has been achieved with PAni/IL/carbon nanofiber

composite [60].

Recently, polymer composites and nanocomposites of materials such as PPy-CuO,
PPy-SiO,, PAni-Si, prepared by in situ polymerization methods are being used for
conductive polymer framework for various applications as anode materials, which
exhibit much better performances, due to the fast electronic and ionic transfer
channels and further maintain mechanical integrity resulting from synergism among

the components of the nanocomposites [61].

Due to applications in multi-disciplinary fields, polymer composites and
nanocomposites based on metals or metal oxides are therefore very fascinating. The
task-specific composites with advantageous properties can be designed through the
proper choice of combinations of polymer matrix and metal analogues such as metal

and/or metal oxide particles or NPs, as well as ILs.

1.2.4. Versatility of Polymer as Matrix in Composite Materials

Polymers are one of the most important matrix materials due to their ease of
preparation, light weight, low-cost, easy processability, high stability in air etc.
Conducting polymer such as PAni exhibits remarkable changes in its electronic
structure and physical properties at its protonated state [62]. They exhibit excellent
electrical properties depending on the oxidation state of the main chain through
oxidation or reduction. The redox reaction of the conducting polymer and interactions
of electron donor or acceptor with them occur spontaneously so that both selectivity
and sensitivity decline. Conducting polymers can be composited with metals, metal
oxides, and with other polymeric materials due to the similarities in their inherent
properties. So, incorporation of secondary components such as metals, metal oxides,
organic molecules or other compounds into the polymer matrix to prepare polymer
composites are often considered. The compatibility of polymers due to their structural
orientations to combine with range of materials such as metals, metal or non-metal

oxides, metal salts and even with polymers made them possible for manifold

10
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applications. The mutual influence of the individual components and synergism of

their properties make polymer composites promising.

Polymeric matrix can prevent aggregation to stabilize various types of nanostructured
materials in the nanocomposites. Biodegradable non-conducting polymers can be used
to prepare polymer nanocomposites with metal NPs having antibacterial properties for
biomedical devices and hospital equipments. Metal NPs dispersed into or on the
surface of polymer matrix may prevent the formation of large aggregates and protect
high chances of their undesirable transfer into the environment keeping high
efficiency with controlled release in biomedical applications. In fact, discovery of
polymer composites using polymers as versatile matrices has opened up a new

dimension of high performance composite materials [63].

1.2.5. Metal Analogues as Dispersed Phase

Metal analogues can be described as metal particles or NPs, metal ions, and metal
oxide particles or NPs and can be used as dispersed phases in preparing polymer
composites. Polymer composites are formed by the combination of polymer as matrix
or continuous phase and dispersed phase. Metal analogues can be incorporated into
polymer matrix to form polymer composites. Polymer composites are very interesting
materials to which certain properties can be introduced by adjusting the ingredients as
well as modifying the matrix and dispersed phases and using different techniques for
their processing. Dispersed phases or fillers play important roles in modifying the
desirable properties of polymers and reducing the cost of their composites. In
conventional polymer composites, many inorganic fillers with dimensions in the
micrometer range, e.g. metal oxides, calcium carbonate, talc, carbon particles efc.
have been used extensively to make them light-weight and enhance the mechanical
properties of polymers.Metal and metal oxide NPs based polymer nanocomposites
have been investigated extensively for their manifold applications including
separation, catalysis, environmental remediation, sensing, biomedical applications and
others. Metal or metal oxide NPs can be stabilized into the polymeric matrix during or

after the formation of nanocomposites [64].

1.3. Metal Oxide Nanoparticles

Metal oxides play a very important role in many scientific inventions such as in the

fabrication of microelectronic circuits, semiconductor devices, computer chips,

11
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sensors, fuel cells, coatings for the passivation of surfaces against corrosion, and as
catalysts. Almost all catalysts in industrial applications involve an oxide as active
phase or promoter. Metal oxide NPs show unique physical and chemical properties
with respect to their bulk or single-particle species due to their limited size and high
surface-to-volume ratio or higher edge surface sites. Low surface-free energy makes
the metal oxide NPs of high mechanical or structural stability. Phases that have a low
stability in bulk materials can become very stable in nanostructures. This structural

phenomenon has been detected in MnO, TiO,, AL,Os efc.

Metal oxide based polymer composites and nanocomposites have been prepared with
polymer as matrix phase and metal oxide as dispersed phase. Metal oxide particles or
NPs may be prepared in aqueous phase from a precursor containing metal and oxygen
atoms. Porous metal oxides have attractive properties such as simplicity of
preparation, tunable porosity, good chemical stability, low-temperature encapsulation,
negligible swelling, mechanical and biodegradable stability, and high sensitivity at
lower operating temperatures for detection of reducing and oxidizing gases. They
have been used for the fabrication of chemical sensors and biosensors. In
technological applications, metal oxides are used in the fabrication of microelectronic
circuits, sensors, piezoelectric devices, fuel cells, coatings for the passivation of

surfaces against corrosion and as catalysts.

Metal oxide particles or nanostructures can be prepared by a variety of solution based
methods such as precipitation method, sol-gel method, hydrothermal method,
solvothermal method, electrochemical deposition, microemulsion method efc. These
methods synthesize metal oxide particles or nanostructures in the form of stable
colloid, solid powder, and film depending on experimental conditions. Different types
of metal oxides nanostructures such as particles, wires, rods, spiral, flower etc. are
observed in both physical as well as chemical routes. The quality of the product
obtained by all of these methods depends on the condition for precipitation, purity of
the initial reagents and nature of impurities, the values of the concentrations of the
solutions used as reagents, the pH, the rate of reagents added, temperature, stirring

regime, maturation time, temperature and so on.

There are some advantages and shortcomings of each of the routes. Among the

solution based methods, hydrothermal, solvothermal, and precipitation routes have

12
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several advantages such as they can be processed at a low temperature (<100 °C),
one-step process, cheap, environment-friendly and give a high yield of particles or
NPs of various shapes [65, 66]. These methods deal with the reaction of one solution
containing precursors with metal atoms containing acetate, nitrate, chloride etc. with
the other solution containing some reducing agent such as sodium or ammonium
hydroxide/nitrates/carbonates in the presence or absence of stabilizing agents.
Particular routes are employed for the synthesis of metal oxide particles or

nanostructures for specific applications.

1.4. Methods Used for Synthesis of Polymer Composites

Polymer composites can be prepared by either chemical or electrochemical method
depending on the type of monomer and nature of composites, and their applications.
Chemical preparation of polymer composites employs chemical oxidative
polymerization, template polymerization, self assembly, microemulsion assisted
polymerization, mechanical blending, photochemically initiated polymerization,
interfacial polymerization efc. whereas electrochemical polymerization includes

electrochemical deposition polymerization, electrospinning efc. [67].

The most commonly used method to prepare conducing polymers and their
composites such as PAni, PPy, polythiophene (PTh) efc. is carried out by chemical
oxidative polymerization in different acidic media. The prepared polymers and their
composites differ in solubility, conductivity and mechanical stability. Peroxydisulfate
is the most commonly used oxidant in the preparation of conducting polymers and
their composites. Depending on the nature of polymer composite materials and their
applications, different polymerization methods are carried out to prepare polymer
composites for task-specific objectives. Chemical polymerization route is

recommended when large amount of polymer are needed.

Electrochemical polymerization can be carried out typically by galvanostatic,
potentiostatic or potentiodynamic methods on carbon based electrode materials or
inert metal electrodes. Active metals such as aluminum, iron, copper can also be
employed as substrates for the electrodeposition of conducting polymers. Other
electrodes may include gold, silver, nickel, platinum, carbon cloth, nickel foam, efc.
Polymerization by electrospinning process is also possible. The choice of the

supporting electrolyte is important not only with respect to properties of the polymer,

13
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in several cases the formation and deposition of the polymer can only be achieved

using special electrolytes.

Conducting polymers can be synthesized either chemically or electrochemically.
Chemical methods of synthesis are followed through use of either condensation
polymerization or addition polymerization route in case of non-conducting polymers.
Chemical synthesis offers many different possible routes to synthesize a variety of
conducting polymers such as PPy, PAni, PTh etc. and non-conducting polymers and
also permits the bulk quantity of these materials. Whatever may be the synthetic
procedure, the main goal of the procedure depends on the specific applications of the

prepared polymer composites.

1.4.1. Chemical Polymerization vs. Electrochemical Polymerization

Preparation of polymers or their composites can be done by either chemical or
electrochemical means. Chemical preparation of polymer composites employ
chemical oxidative polymerization, template polymerization, self assembly,
microemulsion assisted polymerization, mechanical blending, photochemically
initiated polymerization, interfacial polymerization etc. whereas electrochemical
polymerization includes electrochemical deposition polymerization, electrospinning
etc. The most commonly used method to prepare conducing polymers such as PAni,
PPy, PTh efc. and their composites can be carried out efficiently by chemical
oxidative polymerization in acidic media. The prepared polymers and their
composites differ in solubility, conductivity mechanical stability efc. Peroxydisulfate
is the most commonly used oxidant in the preparation of conducting polymers and

their composites.

Preparation of polymer composites by chemical polymerization can be carried out by
simple solution mixing method in which the fabrication process are very simple as the
preparation method involves by the addition of preformed inorganic components is
mixed with the polymer solution under stirring or ultrasonication. /n situ chemical
oxidative polymerization involves a monomer solution containing an inorganic

component upon addition of an oxidant.

Chemical polymerization route is recommended when large amount of polymers or

their composites are needed. It has some shortcomings such as complex procedure,
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time consuming and instability of the prepared composites. Morphology and size the

prepared polymer or their composites can’t be controlled due to bulk polymerization.

Electrochemical polymerization can be carried out typically by galvanostatic,
potentiostatic or potentiodynamic methods on carbon based electrode materials or
metal electrodes. Active metals such as aluminum, iron and copper can also be
employed for the electrodeposition of conducting polymers. Polymerization by

electrospinning process is also possible.

Electropolymerization of conducting polymers offers the advantage of being able to
control the physical and chemical properties by changing the electrochemical
parameters such as electrode potential, monomer concentrations, electrolytic solution,
electrode materials efc. The oxidation state of the prepared polymer can be changed
easily by electrochemical polymerization, e.g. by potential cycling between the
oxidized, conducting state and the neutral and insulating state and by using suitable
redox compounds. By proper design of the electrochemical experiment, polymer
thickness and conductivity can be easily controlled. It is possible to modify the
deposited conducting polymer in order to change its electrical, optical, and other
properties. In situ electropolymerization does not need an oxidant, and has the
advantages of short reaction time, controlled morphology of the composites,

operational simplicity [67] etc.

Conducting polymers can be synthesized either chemically or electrochemically.
Chemical methods of synthesis involve use of either condensation polymerization or
addition polymerization route in case of non-conducting polymers. Chemical
synthesis offers many different possible routes to synthesize a variety of conducting
polymers such as PPy, PAni, PTh efc. and non-conducting polymers also permit the

bulk quantity of these materials.

Electrochemical synthesis is relatively straightforward for small scale synthesis in a
controlled manner and hence, is most commonly used method for preparing
conducting polymers and their composites [68]. All of the conducting polymer based
composites can be synthesized chemically but electrochemical syntheses of
conducting polymers are limited to those systems in which the monomer can be
oxidized in a certain potential to form reactive radical cation intermediate for

polymerization. The most significant difference between -electrochemical and
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chemical methods of conducting polymer synthesis is that very thin conducting
polymer films in the order of nanometer range can be produced using the
electrochemical technique whereas powders or very thick films are typically produced

with chemical polymerization.

Each of the polymerization has its own advantages and disadvantages. Chemical
oxidative polymerization has several advantages such as, the reactions are fast and
simple using relatively mild conditions, polymers could presumably be produced fast
at a reasonable cost and large scale productions are achieved. However, possible side
reactions may occur during polymerization and strong oxidation conditions affect
over oxidation and decomposition. Electrochemical polymerization has some
advantages also and these include rapidity of polymerization, absence of catalyst,
control of film thickness by deposition charge, direct obtainment of the polymer in the

oxidized conducting form efc.

1.4.2. Factors Influencing Chemical and Electrochemical Polymerization

Electrochemical preparation provides a simple, versatile, and facile way for preparing
electroactive or conducting thin films of polymer or their composites. Different
parameters such as electrode potential, current density, monomer, nature of solvents
and electrolytes greatly affects the electrochemical polymerization in a controlled way
[69, 70]. However, the thickness or morphology of resulting thin films can be
influenced by simply varying different parameters such as nature and concentration of
monomer, counter ion, solvent, cell conditions (e.g. electrode and applied potential),

temperature, and pH of the polymerization media [71].

The effects of specific parameters on the electrochemical synthesis of polymer
composites depend on doping ions, thickness of the polymer films, applied potential
or current density, solvent, electrode substrate etc. The most common technique used
for electrochemical polymerization is cyclic voltammetry which falls into the
potentiodynamic, potetntiostatic and galvanostatic techniques. Various factors such as
electrode material, electrolyte composition, type of monomer, and pH of electrolytic
solution have been proven to exhibit influence in the electropolymerization and
properties of the desired polymer. In case of conducting polymer such as PAni,

dopant anions play a significant role in electrochemical polymerization.

Electrochemical polymerization can be performed at various types of inert electrodes,
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such as platinum, gold, graphite, glassy carbon or indium-tin-oxide glasses, active
metal electrodes like iron, aluminum and steel. The structure and properties of the
conducting polymers through radical ion polymerization depend strongly on the
solvent in which growth of conducting polymers is carried out. Electrochemical
polymerization is commonly carried out in a medium that consists of solvent
containing a supporting electrolyte. The supporting electrolyte in the solvent system is
dictated primarily by the solubility of the analyte, its redox activity, and by solvent
properties, such as the electrical conductivity, electrochemical activity, and chemical
reactivity. The solvent should not react with the electrode and should not undergo

electrochemical reactions over a wide potential range.

Generally, electropolymerization of electroactive monomers is initiated by the
formation of a monomer radical cation and its coupling reactions as a fast step [69].
The structure and properties of the conducting polymers grown by anodic oxidation
depend very strongly on the solvent in which the growth of polymerization is carried
out. The solvent-supporting electrolyte couples are actually among the most important

experimental variables affecting the behavior of the resulting conducting polymers.

1.4.3. Incorporation of Metal Oxides into Polymer: In Situ and Ex Situ

Polymerization Process

The polymer composites or nanocomposites are formed with polymer as matrix phase
and generally with inorganic component as dispersed phase. The synthetic strategy of
the polymer composites and nanocomposites are categorized whether the polymer
matrix or inorganic component based dispersed phase are formed in situ or ex situ.
Four types of synthetic strategies may be described: (i) ex situ formation of both the
polymer and inorganic components or the commercially available polymer in aqueous
solution and inorganic components are prepared and subsequent attachment or
integration is either by covalent bonding or non-covalent interactions. The attachment
between polymer matrix and inorganic NPs can be achieved by covalent bonding such
as in PVA-MnO, nanocomposites where O-atom in MnO, NPs may form H-bonds
with pendants -O-H groups of PVA which is more stable than electrostatic (ii) in situ
polymerization in the presence of ex sifu formed inorganic NPs. In this process,
preformed inorganic component is added to aqueous monomer solution and

polymerization is carried out with addition of oxidant to polymerize forming the
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composites or nanocomposites, (iii) in situ precipitation of the inorganic components
on or in polymer structures. The polymerization is carried out in water in oil
microemulsion system by the addition of appropriate ratio of surfactant, non-polar
phase and water to form a confined region in which an inorganic precursor and a
reductant is added forming the inorganic component to form the polymer composite
or nanocomposite, and (iv) strategies in which both polymer and inorganic component
are simultaneously formed in situ. The monomer and the inorganic precursor solution
are dissolved in aqueous or aqueous acidic media followed by addition of an oxidant
whereby inorganic component is formed through the oxidation or reduction of
precursor solution and the formed inorganic component acts as an oxidant to
polymerize the monomer forming the polymer-inorganic component composites or
nanocomposites. Preformed NPs are dispersed in a liquid monomer in aqueous
solution. When a homogeneous mixture is formed, initiator is added and it is exposed
to appropriate source of heat, light, oxidant etc. The polymerization performed in-situ
results in the formation of composite/nanocomposite. /n situ approaches are currently
getting much attention because of their obvious technological advantages over ex situ
method [72]. In situ and ex situ methods have their own advantages and
disadvantages. Ex situ method is advantageous for large-scale industrial applications
than the in situ method but in this process the dispersion of the NPs are rather difficult
than micro or larger particles in polymer matrix due to more dispersibility of micro
particles into the polymer matrix. In in situ method, inorganic particles or NPs retains
good spatial distribution in the polymer matrix and prevent agglomeration but the un-
reacted products of the in sifu reaction might pose a problem of purity due to

difficulty of purifying of the final product [73].

The chemical and electrochemical methods of synthesis described above have their
own merits and demerits. Choosing an appropriate method depends on the application
of the materials. The final properties of the composites or nanocomposites are derived
not from a simple addition of the properties of the individual component but a unique

result from synergistic effects of both the components.
1.5. Ionic Liquids
ILs have been widely considered as “green solvents”. The hydrophilicity/lipophilicity

are adjustable by varying the combination of cations and anions, therefore, they are
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able to dissolve a range of organic, inorganic and organometallic compounds. They
are therefore, called “designer solvents” [78]. They are supposed to be replaced by
harmful volatile molecular solvents for their ease of handling and potential for
recycling from the operating system.

ILs, a material with remarkable properties, have been one of the most fascinating
materials in the realm of modern science and technology. ILs are water-free salts
which melt at relatively low temperatures, about up to 100 °C. They are solely
composed of bulky and asymmetrical cations in combination with a large variety of
inorganic and organic anions (Figure 1.2). Comprising only large weakly coordinating
ions, it amazingly possesses both liquidity and purely ionic character near or below

room temperature.

(a) (b)

Figure 1.2. (a) Schematic representation of ionic liquid (IL) and (b) model of an ionic liquid
[74].

In a broad sense, any salt in molten or liquid state, for instance, NaCl above its
melting point (800 °C), may be termed as an ionic liquid. Now-a-days however, the
term “IL” is used to define salts with melting point below 100 °C and sometimes as
low as  -96 °C (Figure 1.3) [75]. Owing to the inherent unique chemical structures,
ILs are bestowed with the intriguing features of negligible vapor pressure, high ion
conductivity, excellent chemical, electrochemical and thermal stability, wide liquid
region (considerable gap between melting point and temperature of decomposition),
outstanding dissolving capability for broad range of materials, high heat capacity,
environmental compatibility, ability to be recycled and reused, multiple functionality,

and task specificity [76]. These magnificent characteristics of ILs enable them to
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excel over the traditional volatile molecular solvents and foster their use as green and

advanced functional material in multifarious domains.
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Figure 1.3. Representation of physical state of classical ionic compound NaCl and IL,

N(CH3),4Cl at ambient condition.

There have been upsurge of interest to exploit the option of fine-tuning the properties
of polymers and polymer composites by an appropriate choice of cations and anions
of ILs. Interactions of ILs on the basis of the nature of their ions and intermolecular
interactions and exploring their fullest potential in polymer system are essential to
promote the efficient utilization of ILs [77]. To understand the influence of ILs on
polymer composites, it is important to acquire a comprehensive understanding about
their basic and characteristic exclusive features. In this work, three ILs 1-ethyl-3-
methylimidazolium bis(trifluoromethane) sulfonylimide, [Comim][TFSI] and 1-ethyl-
3-methylimidazolium tetrafluoroborate, [C,mim][BF4;] and 1-ethyl-3-methyl
imidazolium methane sulfonate, [Comim][MS] (Figure 1.4) have been used to study
the different properties associated with the interactions among the components of ILs

and polymer composites.
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Figure 1.4. Ionic liquids used in this work.
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1.5.1. Incorporation of Ionic Liquids in Polymer and Polymer Composites

The incorporation of IL [79, 80-82] in the polymer networks can significantly change
the conducting property of a polymer, i.e., a non-conducting polymeric matrix can be
tuned to be conducting one. By adding IL into polymer, the properties of the polymer
may be changed due to some sort of interactions between the polymer chains and ions
of ILs. These interactions include van der Waals attraction, hydrogen bonding, n-n
interactions etc. In polymer composites inorganic fillers such as metals, metal oxides
or other compounds are incorporated into the polymer matrix. Besides, interactions
existing between polymer and ILs, other types of interactions such as dipole-dipole
interaction, ion-dipole interactions may exist between ILs and polymer composites
though both cations and anions may have their own distinct interactions in ILs. In
recent years, ILs have been used in polymer science, mainly as polymerization media
in several types of polymerization processes, including conventional free radical
polymerization [83], as well as in ionic and coordination polymerizations [84, 85].

ILs have been used for highly conductive IL-based ion gels in the form of flexible and
transparent films. The most striking result obtained [86] was that the total carrier
number in the ion gel at certain compositions exceeded the value obtained for the IL
itself. This surprising finding highlights the importance of developing a detailed
understanding of the specific physical interactions between ILs and the supporting
polymer matrices in which the ILs are compatible. Finally, the main advantage of ILs
is the endless number of cation/anion combinations, necessary to synthesize task-

specific ionic liquids for polymers.

The combination of polymers with ILs has emerged as a hot topic in the field of
polymer science in general and in the field of polymer electrolytes in particular. Some
advantages of this interesting combination stem from the fact that ILs can serve both
as ion suppliers to the polymer and also as solvents but avoid flammability or
evaporation problems commonly observed in the case of molecular organic solvents.
Polymer electrolytes containing ILs present higher ionic conductivity, higher thermal
stability and improved electrochemical stability than other polymer electrolytes. ILs
can be used as plasticizer for various types of polymers without assistance of common
plasticizers [87]. Generally, in the polymer composite systems, the existing low
compatibility of fillers with polymer systems is due to the different hydrophobicity
between the fillers and polymers. Ding et al. [88] opined that ionic liquids could be
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utilized in the systems for compatibilizing hydrophilic fillers with hydrophobic

polymers.

1.6. Applications of Polymer Composites and Nanocomposites

Polymer composites have a number of applications that surpass other materials as a
whole due to the unprecedented varieties and forms for shaping up the modern society
and civilization. The utility of polymer composites depends on the specific field and
type of diversified matter to which they are composed of (Figure 1.6). Composites
must meet the certain criteria to possess superior structural or functional properties for

specific applications.

Polymer nanocomposites have been developed to meet the requirements of various
applications, such as optics, electronics, mechanics, energy, environment, biology,
and medicine because they can possess various properties depending on nanofillers
(Figure 1.5) [89-94]. Therefore, polymer nanocomposites have been used in
membranes and separation devices, functional smart coatings as passivation materials,
in fuel and solar cells, as catalysts, sensors, military equipment and aerospace, paints,
automobiles, drug carriers, energy storage and in tissue engineering [95]. Polymer
nanocomposites made up of polymers and transition metal oxides are being used for
gas sensing applications as transition metal oxides act as semiconductor materials and
fast change of conductivity occurs due to oxygen vacancies in presence of an
oxidizing and reducing gas [96]. These materials are characterized for their

applications as barrier materials for moisture and oxygen sensitive organic devices.

Polymer
Micro/Nano

Composites

Figure 1.5. Applications of polymer composites and nanocomposites.
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The preparation of composites needs special care so that, well-dispersed fillers in the
polymer matrix is maintained properly, since properties of the composites strongly
depend on the uniform distribution of the fillers to impart strength and other desired
for specific applications [97, 98]. Potential applications of polymer-metal oxide
nanocomposites in automotives include strengthened light-weight components such as
exterior parts of cars and window glasses coated with composite thin films [99].
These materials are characterized for their applications as barrier materials for
moisture and oxygen sensitive organic devices. In future, the applications of polymer
composites and nanocomposites will surpass as a whole all of the materials to shape

up the modern world and civilization.

1.6.1. Electrochemical Applications- Electrochemical Capacitors for Storing
Energy

Polymer nanocomposites play a vital role in the field of electrochemistry such as in
electrochemical capacitor applications. The nanodimension with a highly defined
geometry and morphology along with high surface area and well defined pore
structures are essential in designing electrochemical capacitors in which fast ion
movements can take place due to the electroactive nature of materials and Faradaic

reactions are promoted as well.

One of the most important electrochemical applications of polymer composites or
nanocomposites is in electrochemical capacitors. Supercapacitors store energy as
charge on the electrode surface or sub-surface layer. Therefore, they can provide high
power due to their ability to release energy more easily from surface or sub-surface
layer than from the bulk as in batteries. Since charging-discharging does not induce
drastic structural changes on electroactive materials, supercapacitors possess excellent
cycling ability. There are two types of supercapacitors: electrochemical double layer
capacitors (EDLCs) and pseudocapacitors (Figure 1.6). In EDLCs, the energy is
stored electrostatically at the electrode-electrolyte interface in the double layer, while
in pseudocapacitors charge storage occurs via fast redox reactions on the electrode.
However, EDLCs have lower energy density values than pseudocapacitors since
pseudocapacitors involve redox active materials to store charge both on the surface as

well as in sub-surface layer.
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Although carbon-based materials, metal oxides and conducting polymers are the most
common electroactive materials for supercapacitor, each type of material has its own
unique advantages and disadvantages. Carbon-based materials can provide high
power density and long life cycle but its small specific capacitance (mainly double
layer capacitance) limits its application for high energy density devices. Metal oxides
possess pseudocapacitance in additional to double layer capacitance and have wide
charge-discharge potential range. However, they have relatively small surface area
and poor cycle life. On the other hand, conducting polymers have the advantages of
high capacitance, good conductivity, low cost and ease of fabrication but they have
relatively low mechanical stability and cycle life. Coupling the unique advantages of
these dissimilar capacitive materials is an important approach to control, develop and
optimize the structures and properties of electrode material for enhancing their
performance as supercapacitors. Recently, considerable efforts have been made to
develop conducting polymer based on metal oxides composites or nanocomposites
because these materials play a vital role in the field of electrochemical capacitor
applications. Design and fabrication of polymer nanocomposite based electroactive
materials for supercapacitor applications needs the consideration of many factors,
such as material selection, synthesis methods, fabrication process parameters,
electrical conductivity, size, surface area, porosity efc. [100]. Although significant
progress has been made to develop nanocomposite electroactive materials for

supercapacitor applications, there are still a lot of challenges to be overcome.

Electrochemical
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Figure 1.6. Capacitive storage systems.
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1.7. Objectives of the Work

The present work was aimed to accomplish the following objectives:

to prepare polymer composites based on metal oxides incorporated with ionic
liquids with a view to achieving novel functionality for task-specific

applications,

to explore electrochemical applications of the composites as supercapacitors,

and

to study comparative capacitive properties of conducting and non-conducting

polymer based composites with an without incorporation of ionic liquids.

1.8. Present Work

Modern applications of polymer composites have made these materials inevitable for
diversified research activities as they can be prepared by changing their compositions
and components. Furthermore, the addition of ILs as additives makes this system
really fascinating to fabricate task-specific composites for multidisciplinary fields.
Therefore, this work aims at studying different properties associated with multi-

components of polymer composites.

This research work was initiated with the preparation of a conducting polymer, PAni
and a non-conducting polymer PVA -based composites with MnO, and NiO as
dispersed phases. In situ chemical oxidative polymerization method was followed for
the preparation of PAni-MnO, PAni-NiO composites and simple chemical processing
method was followed for the preparation of PVA-MnO, composite. The prepared
composites were characterized for their structural and functional properties for
specific applications. PVA-MnO, nanocomposites at different compositions were
tested for hundred percent absorption of UV radiation and thus for application as UV-
shielding materials. PAni-NiO nanocomposites prepared by chemical method were

investigated as dielectric materials.

The main focus of this research has been centered on electrochemical application of
the prepared polymer composites as supercapacitor materials. For this, modified
electrode was fabricated with PAni-MnO, composites by solvent casting technique

with and without incorporation of [Comim][TFSI]. Modified graphite electrode was
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also prepared with PVA-MnO, nanocomposites by the same technique with and
without incorporation of [Comim][BF4]. Investigation of the performance of the
modified electrodes was carried out by different electrochemical techniques includin
cyclic voltammetry, chronopotentiometry and electrochemical impedance
spectroscopy. The results of specific capacitance obtained were evaluated for the
supercapacitor application of the composite electrodes. PAni-NiO composite was
prepared by electrochemical polymerization method onto graphite electrode and
electrochemical performance of the modified electrodes was also assessed for

application as supercapacitor materials by the same way.

Finally, comparative capacitive properties of conducting PAni-MnO, with
incorporation of [C,mim][TFSI] and non-conducting PVA-MnQO, with incorporation

of [Comim][BF,] were analyzed for their application in supercapacitors.
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Abstract

Polyaniline-manganese dioxide (PAni-MnQO;) composites of varying compositions
were prepared by in situ chemical oxidative polymerization of aniline monomer in
aqueous acidic medium in the presence of different amount of MnO, formed in situ by
the reaction of MnSO4 with KMnO,4 PAni was also synthesized from aniline in acidic
solution using ammonium peroxy disulfate as an oxidant for use as a reference
material. PAni and PAni-MnO; composites were characterized by UV-visible specular
reflectance and FT-IR spectroscopy, XRD measurements, Brunauer-Emmett-Teller
(BET) surface analysis, scanning electron microscopy (SEM) and thermogravimetric
analysis (TGA). Both UV-vis and FT-IR spectra revealed the formation of PAni and
PAni-MnO, composites. SEM images showed different morphologies of PAni and
PAni-MnO, composites. Spherical MnO, particles were distributed in the PAni
matrix. Modified graphite electrode was prepared with PAni and PAni-MnO,
composites using solvent casting technique. Supercapacitive performance of PAni,
PAni-MnO, and PAni-MnO, composites with incorporation of an hydrophobic ionic
liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide,
[Comim][TFSI] in 0.5 M aqueous Na,SOy electrolytic solution was investigated using
cyclic ~ voltammetry, chronoptentiometry and electrochemical impedance
spectroscopic techniques. The specific capacitance (Cs) of PAni-MnO, composites as
high as 242 F g™' could be obtained which was stable up to 1000 cycles at a current
density of 0.25 A g. Electrochemical capacitors were developed by fabricating
graphite electrodes modified with PAni, PAni-MnO, and [C,mim][ TFSI] incorporated
PAni, PAni-MnO, composites electrodes in the range of 0.0-0.8 V. The C; of the
materials was found to be 99 to 242 F g at a current density of 0.10 A g in the
potential range of 0.0 to 0.8 V. These results indicate that PAni, PAni-MnO, and
[Comim][TFSI] incorporated PAni-MnO, composites have potential for application in
supercapacitors.

2.1. Introduction

Synthetic polymer composites such as polymer-metal and polymer-metal oxide based
composites have attracted a great deal of attention as excellent materials designed for
modern applications as super-conductor in electronic devices, catalyst in fuel and
solar cells, catalyst for degradation or removal of organic pollutants from aquatic
environment, sensors of biological molecules, capacitors in energy storage devices,
[1-10] etc. The use of polymers for preparation of composites has been increasing
day by day due to the ability of polymers to hold the components of composites such
as metal or metal oxides particles by its networks through various interactions. In

addition, millions of polymer matrix-based composites with tunable properties can be
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fabricated by changing their compositions and components [11-20]. The fabrication of

task-specific composites could also be achieved by modifying functional sites of

polymers.

\

Intrinsically conducting polymers have been used as a versatile candidate for
applications in various domains such as photonics, optoelectronics, electrochromics,
electrocatalysis, supercapacitors, waste water treatment, sensors etc. On the other
hand, transition metal oxides have been used as catalysts, magnetic materials,
supercapacitors, electrochromics, gas sensors, dye sensitized solar cells, [14] etc.
Conducting polymers have high electrical conductivity and low cost but their poor
cycle life and low mechanical stability restrict their widespread use for applications
such as supercapacitor. On the other hand, most of the transition-metal oxides, which
are promising for their low cost and high abundance suffer from poor electrical
conductivity, instability and higher electrolyte resistance in acidic medium [12].
Therefore, incorporation of MnO, to an electrically conducting polymer, PAni may
reduce the chance to alleviate the poor electrical conductivity of MnO, and enhance

cyclability and mechanical stability.

With a view to having best possible properties or property synergism among the
components, a conducting polymer, PAni based on MnO, composites with varying
amount of MnO, were prepared and their properties related to their application as
supercapacitor have been investifated in detail. PAni and PAni-MnO, composites with
different compositions were synthesized by in situ chemical oxidative polymerization
method. The formation of PAni-MnO, composites and their morphology, structure
and thermal stability were characterized. Graphite electrode was modified with PAni,
PAni-MnO; and [Comim][TFSI] incorporated PAni-MnO, by solvent casting method
using a mixed solvent of dimethyl sulfoxide and ethanol and poly(vinyl alcohol) as a
binder. The electrochemical properties related to specific capacitance Cs of PAni and
PAni-MnO, composites were analyzed by cyclic voltammetry, chronopotentiometry
and electrochemical impedance spectroscopic techniques. Finally, the propspect of the

composites use in supercapacitors has been explored.
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2.2. Experimental
2.2.1. Materials and Methods

Manganese(Il) sulphate monohydrate (BDH, England), potassium permanganate
(Merck, India) sulphuric acid (Merck, Germany) and ammonium peroxydisulfate
(Merck, India) were used as received without further purification. Aniline (Merck,
India) was distilled under reduced pressure prior to use. All solutions were prepared
and all experiments were carried out with de-ionized water (conductivity: 0.055
uSem™ at 25.0 °C) from HPLC grade water purification systems (BOECO, BOE
8082060, Germany).

The morphology, structure, and thermal stability were studied by scanning electron
microscopy (JSM-6490LA, JEOL, USA), energy dispersive X-ray spectroscopy
(JSM-6490LA, JEOL, USA), specular reflectance spectroscopy (UV-1800, Shimadzu,
Japan), Fourier transform infrared spectroscopy (Frontier FT-NIR/MIR, Perkin Elmer,
USA) and thermogravimetric analysis (TG/DTA 7200 EXSTAR, Hitachi, Japan)
techniques. FT-IR spectra of PAni and PAni-MnO, composites were recorded using
KBr pellets in the range of 4000-400 cm™ with 4 cm™ resolution. Phase analysis and
chemical characterization of the samples were carried out using x-ray diffractometer
(Philips PW 1724) x-ray generator using XDC-700 Guinier-Hagg focusing camera
with strictly monochromatized Cu Ko radiation (A=1.540598). Specular reflectance
spectra (disk type sample with thickness of 1 mm and area of 0.78 cm”) were recorded
using a double beam Shimadzu UV-visible spectrophotometer (UV-1800, Shimadzu,
Japan) with an integrating sphere attachment DRA-CA-301.

2.2.2. BET Surface Analyzer

The specific surface area of the samples were measured by nitrogen gas adsorption-
desorption through Brunauer-Emmett-Teller (BET) method using BET surface
analyzer by Belsorp minill, BEL, Japan and the pore volume, average pore diameter
and the pore size distribution were determined by analyzing the BET data with

Barrett-Joyner-Halenda (BJH) method with a surface area of 0.01 m’g” and above.
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The linear form of the BET equation for the adsorption of gas on a solid surface is

given by:

vupnflp} ] cv;cl (%) * ﬂl

where, V,= volume of gas adsorbed per gram of sample, P and Py= equilibrium and
saturation pressures of adsorbate at adsorption temperature, respectively, c= BET

constant, v,= volume of gas adsorbed for monolayer formation.

If the value of the slope of BET plot is “A” and that of the y-intercept is “I”, then the
volume of gas adsorbed for monolayer formation and BET constant can be

determined by the following equations:

1
Y = ————
v AT
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=14+ —
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where, Syt = total surface area, Sppr= specific surface area, N= Avogadro’s constant,
s= adsorption cross-section of adsorbing species, V= molar volume of adsorbate gas,

and a= mass of the adsorbent.

Pore size distributions and pore volume can be derived from Barrett, Joyner and

Halenda (BJH) plots using the following equations:
V,=V/22414x M,/ p,
4% .
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M, pa =Molecular weight and density of adsorptive (N) respectively and V,= Total

pore volume.
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2.2.3. Cell and Electrodes Used for Electrochemical Measurements

A single compartment three-electrode glass cell was used for various electrochemical
measurements. A computer-controlled electrochemical analyzer (Model: 760E, CH
Instruments, USA) with working electrode was employed for the electrochemical
measurements. The schematic diagram of the instrumental setup of the computerized
electrochemical analyzer system is shown in Figure 2.1. The measurements were
conducted by using a graphite electrode from Bioanalytical Systems (BAS, USA,
surface area: surface area: 0.009 cm?). A coiled platinum wire and an Ag/AgCl (Sat.
KCl) electrodes were used as the counter and reference electrodes, respectively using

0.5 M aqueous Na,SOy solution as the electrolyte.

Potentio=tat

WE] F’JT: C= N, gas
7

| |
N, gas ‘

Figure 2.1. Scheme of a single compartment three-electrode electrochemical cell: WE, RE,
and CE represent the working, reference and counter electrodes, respectively.

The electrochemical characterization of the graphite electrode fabricated with the
active materials was carried out by cyclic voltammetry, chronopotentiometry and
electrochemical impedance spectroscopy using the aforementioned electrochemical
analyzer to investigate the electrochemical performance of the modified electrods as
supercapacitors. Cyclic voltammetry was used to determine maximum cell voltage or
potential window in which redox process occurs and galvanostatic charge-discharge
was used to assess the performance of the modified electrode to be used as
supercapacitors. Cyclic voltammetries were performed in the potential range of -0.20
to 1.2 V vs. Ag/AgCl (Sat. KCI) reference electrode under scan rate of 0.01-0.10 V s™.

Galvanostatic charge-discharge experiments were carried out by cycling the voltage
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from 0 to 0.80 V at different current densities (0.10-0.25 A g™).

Electrochemical impedance spectroscopic measurements were performed in an AC
frequency range from 10° to 0.01 Hz with an excitation signal of 5 mV. All

electrochemical experiments were carried out at ambient conditions.

Typical cyclic voltammogram, galvanostatic charge-discharge cycles and
electrochemical impedance are measured using three-electrode systems in which the
modified graphite electrode is considered to be the working electrode. The specific
capacitance was calculated from cyclic voltammograms of the supercapacitor

electrode at different scan rates using the equation: [21]

1dv

mXxv

CS == (22)

where, Cs= specific capacitance, I x dV' = area under the cyclic voltammogram,

m = mass of electroactive material on the electrode in grams, v = scan rate in Vs,

The specific capacitance of the graphite electrode modified by the materials could be
calculated from galvanostatic charge-discharge cycles or chronopotentiometry at

different current densities using the equation: [22]

IX At
c=—" (123
YAV xm (2.3)

Here, C; is the specific capacitance from galvanostatic charge-discharge curves in F g
i = current in ampere, At = the discharge time in second, AV= potential difference in

volt and m = mass of active materials in gram which was casted on graphite electrode.

The cycling performance of the supercapacitor electrode was justified by a
chronopotentiometry by applying a controlled current between the working and
counter electrodes from a current source or galvanostat and recording the potential
between the working and reference electrodes. The current flowing through the
electrode was controlled while the potential changed as a function of time within a
certain number of charge-discharge cycles. Charge-discharge cycles were carried out
in the potential window from cyclic voltammograms where Faradaic process and

electrical double layer charging process occur.
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2.2.3.1. Modification of Graphite Electrodes

For electrochemical measurements, graphite electrodes were modified. 95 wt.%
electroactive materials (i.e. pristine PAni, PAni-MnO, and [Comim][TFSI]
incorporated PAni and PAni-MnO, composites) were mixed with 5 wt.% poly(vinyl
alcohol) (PVA) in a mixed solvents of dimethyl sulfoxide (DMSO) and ethanol to
form a thick paste. 10.0 puL of the paste was then casted into graphite electrode
surface. The prepared electrodes were dried at 60 °C for 6 h under vacuum. The total

weight of the active material in the electrode was usually ~0.5 mg.

2.2.4. Preparation of PAni-MnO; Composites

PAni was prepared by chemical oxidative polymerization from aniline monomer
using ammonium peroxydisulfate as an oxidant and initiator. The efficient
polymerization of aniline was carried out in aqueous sulphuric acid solution, where
aniline exists as an anilinium cation and equimolar proportion of aniline and acid
were used. The freshly prepared ammonium peroxydisulfate (NHy4),S,0Os, initiator was
then mixed under constant stirring at 0-5 °C. The reaction mixture was kept overnight
with continuous stirring for complete polymerization. The precipitate of greenish
PAni matrix was filtered by successive washing with double distilled water and

finally dried in an electric oven at 60 °C till constant weight of PAni was achieved.

PAni-MnO, composites were prepared by in situ chemical oxidative polymerization
of aniline in the presence of manganese(Il) sulphate in acidic solution. The weight
ratio of aniline to manganese(Il) sulphate were varied as 93.3:6.7, 52.4:47.6,
18.1:81.9, 13.6:86.4, 10.9:89.1 as summarized in Table 2.2. Typically, 0.1056 g of
manganese(Il) sulphate monohydrate was taken in a 500 mL beaker containing 0.1 M
aniline in 0.2 M sulphuric acid and the reaction mixture was kept in an ice bath at 0-5
°C with continuous stirring. 0.0553g of KMnQO,4 was added drop wise at 0-5 °C. MnO,
was formed instantly and initiated the polymerization. After about 5 min of addition,
the aniline was found to undergo polymerization as was traced by observing the
change of color from colorless to green. The mixture was then stirred at around 25 °C
for 15 h. PAni-MnO, composite formed was collected by filtration and repetitively
washed with double distilled water and acetone until the filtrate became colorless and

then dried in an oven at 60 °C until the weight of product became constant.
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Figure 2.2. Schematic representation of synthesis of PAni-MnO, composites.

The compositions of PAni-MnO, composites as well as their thermal stability were
evaluated with TGA in the presence of O, (air) under isothermal condition with the
samples held at at 450 °C for 4 h, where no residual mass retained for PAni (data are
not shown here). The compositions were named as PM1 (PAni-2% MnO,), PM2
(PAni-7% MnOQO,), PM3 (PAni-20% MnO,), PM4 (PAni-20% MnQO;) and PM5 (PAni-
35% MnOy).

2.3. Results and Discussion
2.3.1. Specular Reflectance Spectral Analysis

Specular reflectance spectra of PAni and PAni-MnO, composites (Figure 2.3) were
recorded in solid state to characterize them concerning their electronic properties. The
spectra of PAni indicate the m-n* transition at 270 nm for benzenoid ring, polaron-n*
transition at 435 nm indicating that PAni emaraldine salt is in the doped state. The
spectrum of PAni also shows a band at 800 nm extending to the near-infrared region
indicating a free carrier tail that implies the presence of protonated PAni in expanded
coil conformation [23]. The spectra of PAni-MnO, composites show similar
transitions with the shifting of bands of PAni, for example, the bands for n-n* and
polaron-n* occurred at 270 and 435 nm in PAni shifted to 280 and 430 nm,
respectively, in PAni-MnO, composites. Similar results are observed for all of the
PAni-MnO, composites prepared by varying the composition of PAni and MnO,.
Incorporation of [Comim][TFSI] in PAni and PAni-MnO, composites show similar

shifting of bands from those without incorporation of [C,mim][ TFSI].
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Figure 2.3. Specular reflectance spectra of PAni, PM1, PM3 and PM5-(A) and PM1, PM3
and PM5 with incorporation of [C,mim][ TFSI]-(B), Inset is spectra of PAni and PM1.

2.3.2. Molecular characterization by FT-IR Spectral Analysis

FT-IR spectra of pure PAni and PAni-MnO; composites are shown in Figure 2.4. The
assignment of the major bands with corresponding wavenumbers is summarized in
Table 2.1. FT-IR spectra of PAni and PAni-MnO, composites are similar except for
the observation of characteristic band shifting to higher wavenumbers in the case of
the composites. The bands of PAni observed at 1569, 1479, 1294, 1128 and 803 cm’!
correspond to the C-C stretching mode of quinoid ring, C-C stretching mode of
benzenoid ring, C-N stretching mode of aromatic amine, N=Q=N (Q represents the
quinoid ring) stretching of the quinoid rings and the C-H out-plane bending of
benzene rings, respectively. The N=Q=N stretching band at 1128 cm™ is the
characteristic band of PAni in emeraldine form. This was described by Macdiarmid et
al. as the “electron-like band” and is considered to be a measure of delocalisation of
electrons and, thus, it is a characteristic peak for the conductivity of PAni [24]. All of
the PAni-MnO, composites also show the similar characteristic peaks except for the
shifting of some characteristic bands of PAni. The bands of pure PAni at 1569, 1479,
1294, 1128 and 803 cm’! were shifted to 1554, 1494, 1299, 1169 and 854 cm'l,
respectively in the PM1 (PAni-2% MnO,) composite. In addition, a new peak at 587
cm ' was observed in the case of composites. This peak may be attributed to the Mn-
O stretching vibration for MnO;. Thus, FT-IR spectra of the PAni-MnO, composites
exhibit both the characteristic bands of PAni and MnO, which confirms the presence
of both components in the composite. In addition, the peak shifting observed in this

case may be ascribed to be due to the formation of hydrogen bonding between MnO,

42



Dhaka University Institutional Repository

and the N-H group of PAni on the surface of MnO, particles [25]. Similar shifting
was marked for all of the PAni-MnO; composites (Table 2.1). In case of composites
containing more than 20% of MnO, the -O-H stretching bands are absent due to total

loss of absorbed moisture.
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Figure 2.4. FT-IR spectra of (a) PAni and (b) PM1 (A) and (a) PAni, (b) PMI1, (c) PM2, (d)
PM3, (e) PM4 and (f) PMS5 (B).

Table 2.1. Assignments of FT-IR bands of PAni and PAni-MnO, composites

N=Q=Nstr.  C-N str. C-C Str. C-C  Str. N-H Str. of O-H Mn-O
(ecm™) (Aromati  of benzenoid of quinoid benzenoid ) -
Sample 7. . . . . . Str. str.
Q=Quinoid  camine) ring ring ring em’)  (em™)
ring (cm™) (cm™) (em™) (em™)
PAni 1128 1294 1479 1569 2919 3444 -
PM1 1169 1299 1494 1554 2919 3413 587
PM2 1194 1298 1464 1569 2919 3413 587
PM3 1134 1299 1479 1569 2919 - 587
PM4 1149 1315 1495 1570 2919 - 587
PMS5 1135 1315 1480 1570 2919 - 587

In [Comim][TFSI] the C-H stretching bands between 2950-3200 cm’ were observed
for [C,mim] cation. Generally, the aliphatic C-H modes of the methyl and ethyl
moieties are observed between 2800 and 3050 cm™. The bands at 3129 and 3151 cm’™
may be ascribed to the terminal CHs-symmetric stretching and alkyl chain asymmetric
stretching respectively. The aromatic C-H stretching may also be assigned to this
region. The spectral bands at 1359, 1202 and 1059 cm™ appeared for C-F stretching of
—CF3;, asymmetric stretching of S-O and symmetric stretching of S-O in [TFSI] anion,

respectively. The bands of pristine PAni at 1569, 1479, 1294, 1128 and 803 cm™ were
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shifted to 1554, 1494, 1299, 1169 and 854 cm'l, respectively in the PM1 (PAni-2%
MnO,) composite. After the incorporation of [C,mim][TFSI], few bands of PAni and
PM1 composite were shifted. The bands of PAni-[Comim][TFSI] shifted to 1577,
1487, 1307, 1142 and 812 cm™and the bands of PM1-[C,mim][TFSI] were shifted to
1562, 1494, 1329, 1134 and 872 cm’. The shifting may be due to electrostatic
interactions among the polarons and bipolarons in the PAni chain and [C,mim]
cations and [TFSI] anions in the IL. H-bonding may also become feasible among the

different species of PAni, PM1 composite and [C,mim][TFSI].
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Figure 2.5. FT-IR spectra of PAni, [Comim][TFSI], PAni-[C,mim][TFSI] and PMI-
[Comim][TFSI].

2.3.3. X-ray Diffraction Analysis

XRD pattern analysis was performed to check phase purity and to assess the
crystalline nature of the synthesized samples. XRD patterns of the pristine PAni and
PAni-MnO, composites are shown in Figure 2.6. The XRD pattern of pristine PAni
shows three broad peaks from 20 ca. 17.6, 25 and 27° indicating semicrystalline
morphology. The broad peaks observed at 17.6° and 25° are similar to those observed
by king et al. [26]. The additional peaks at 20 = 20°, 24° and 30° can be identified as
a-MnO; phase (Joint Committee on Powder Diffraction Standards (JCPDS no. 44-
0141) of MnO, with diffracting planes (200), (220) and (310), respectively [27]. So, it

can be concluded that in PAni-MnO, composites, MnO, particles were successfully
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incorporated into the PAni matrix. With higher percentage of MnO,, the intensities of
these peaks became weak and broad, indicating the transitions from semicrystalline to

amorphous nature of the composites.
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Figure 2.6. X-ray diffraction pattern of (a) PAni, (b) PM1 and (c) PM5 composites.

2.3.4. Size and Morphology Analysis
Scanning Electron Microscopy (SEM)

Figure 2.7 shows the SEM images of the PAni and PAni-MnO; composites.
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Figure 2.7. SEM images of (a) PAni, (b) PM1, (d) PM3 and (f) PMS5 composites.

PAni shows morphology different from PAni-MnO, composites. While PAni shows

interconnected network like morphology, compact granular morphology was
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noticeable for PAni-MnO; composites which becomes more prominent as the wt.%
MnO; loading increases. The average radius of PAni-MnQO, composites was about
200 nm.

2.3.5. Thermogravimetric Analysis

Figure 2.8 depicts the TGA curves of PAni, MnO;, and different PAni-MnO,
composites . Three-steps weight loss of PAni and PAni-MnO, composites were found
to take place. The first weight loss up to 115 °C is attributed to the loss of absorbed
moisture and the second weight loss ranging from 115 to 230 °C is due to the removal
of low molecular weight oligomers [28]. A slow and somewhat gradual weight loss
profile tarting from 230 °C presents degradation of the skeletal PAni chain structure
[29].
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Figure 2.8. TGA curves of (a) PAni, (b) PMI1, (c) PM2, (d) PM3, (¢) PM4 and (f) PMS5 under
N, atmosphere (A) and residual weight of PAni-MnO, (PM1 to PMS5) composites upon
variation wt.% of MnO, (B).

Thermal degradation of PAni-MnO, composites with varying MnQO, loading was
almost the same with a slight variation of onset degradation temperature compared to
PAni. This may be associated with some sort of interactions between the skeleton of
PAni and MnO,. It may be worth noting that some percent of mass (ca. 12%) was
found to retain for PAni even when the temperature was hold at 550 °C for 30 min in
N, gas environment. For a complete combustion, similar measurements were carried
out in the presence of O, (air) under isothermal condition at 450 °C hold for 4 h,
where no residual mass was observed (data are not shown here). The residual mass of
MnQO, retained in the composites is summarized in Table 2.2. The amount of MnO,
retained in the composite increases as the amount of MnSO4 used was increased

during the polymerization.
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Table 2.2. Composition of PAni-MnO, composites

Sample Compositions Weight ratio of aniline to MnSO; MnQO, retained in
Name P used during polymerization composites (Wt.%)
PM1 PAni-2 % MnO, 93.3:6.7 2
PM2 PAni-7 % MnO, 52.4:47.6 7
PM3 PAni-20 % MnO, 18.1:81.9 20
PM4 PAni-27 % MnO, 13.6 : 86.4 27
PM5 PAni-35% MnO, 10.9 : 89.1 35

Weight / ¢

100 \—\
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Figure 2.9 (A) and 2.9 (B) show the thermal degradation pattern of PAni, PAni with
wt.% variation of [Comim][TFSI] and PAni-MnO, composites with incorporation of
[Comim][TFSI], respectively under N, atmosphere isothermally held at 550 °C for 30
min. [C,mim][TFSI], PAni and PAni-[C,mim][TFSI] show one step, two steps and

three steps weight loss processes, respectively. The degradation of [C,mim][TFSI]
started at 430 °C whereas in PAni two main steps weight loss occur that include up to
115 °C for loss of absorbed moisture and from 220 °C onwards for degradation of
PAni chain. All PAni-MnO, composites upon incorporation of [Comim][TFSI] show
three step weight loss in which first two stages weight losses are similar to those of
PAni but third weight loss occurs at 407 °C due to the incorporation of
[Comim][TFSI] into PAni chain. This may be ascribed to the H-bonded interaction
between hydrogen atom of PAni chain and O atom of S=O in [C,mim][TFSI] which
probably weakens the degradation process of [Comim][TFSI] from the PAni chains.
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Figure 2.9. TGA curves of pristine PAni and PAni-[C,mim][TFSI] (A) and PAni-MnO,
composites with incorporation of [C,mim][TFSI] (B).

The onset degradation temperature of [Comim][TFSI] decreases from 430 °C to 407

°C. In other words, the thermal stability of PAni increases on addition of
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[Comim][TFSI] into PAni. This can be further justified from the TG curves that at 407
°C weight loss decreases from 77% to 69% in PAni-[Comim][TFSI] to PAni. In
Figure 2.8 (B) PAni-MnO, composites with incorporation of [Comim][TFSI] show
different degradation pattern under identical conditions to that of Figure 2.8 (A).
Incorporation of [C,mim][TFSI] with all PAni-MnO, composites show same
degradation pattern of PAni-[Comim][TFSI] except slight variation of TGA curves in
the third steps. The first step, which corresponds to approximately 5% weight loss
from 25 to 115 °C, is due to the evaporation of moisture from all of the samples. The
major weight loss at above 235 °C is attributed to the degradation of PAni chain. After
that weight loss occurs almost linearly. The third weight loss which corresponds to
degradation of [C,mim][TFSI] from the PAni chain increases from 407 °C to nearly
450 °C due to hindrance of the degradation process by MnO, in all PAni-MnO,
composites with incorporation of [Comim][TFSI]. The incorporation of
[Comim][TFSI] thus enhances thermal stability of the composites and thermal stability

has a definite improvement over PAni or PAni-MnQO; composite.

2.3.6. BET Analysis

Surface area and pore size distribution were determined from adsorption-desorption of
N, gas at different relative pressures and a constant temperature of -196 °C for PAni
and PAni-MnO; composites after pre-treatment. Adsorption isotherms, BET and BJH
plots were used for this purpose. Brunauer et al. and Sing classified six types of

isotherms according to the type of surface in 1985. The IUPAC Commission on
Colloid and Surface Chemistry proposed a modification of this classification; in
addition to the original five types of Brunauer et al. they added a sixth type, the
stepped isotherm [30]. These six types are shown schematically in Figure 2.10 along
with the types of corresponding surfaces. The surface area was calculated from
multipoint BET using Equation 2.1 in Section 2.2.2 while the pore size distribution
was evaluated by BJH plot using Equation 2.1A from the desorption part of the

1sotherm.
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Figure 2.10. Six types of adsorption isotherm according to the 1985 IUPAC classification.

The nitrogen adsorption—desorption isotherms are shown in Figure 2.11. The results
suggest that PAni all the PAni-MnO, composites show similar typical isotherm for
materials with a mixture of meso- and macro-porosity [31]. All the isotherms in
Figure 2.11 resemble Type-V (Figure 2.10) of the 1985 IUPAC classification,
indicative of mesoporous surface adsorbing the greatest volume of gas [32]. In all the
adsorption isotherms a hysteresis loop can be seen from which it can be inferred that

the surface is mesoporous and has weak affinity for the adsorbate.
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Figure 2.11. Nitrogen adsorption-desorption isotherms of PAni and PAni-MnO, composites.

Figure 2.12 shows the mean pore diameter of the composites upon variation of wt.%
of MnQO,; and Table 2.3 summarizes pore size and volume, specific surface area and

mean particle size of PAni and PAni-MnO, composites The pore volume is inversely
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proportional to pore size for PAni and all of the PAni-MnO, composites. In
simultaneous oxidation and incorporation of the formation of PAni-MnO, composites
MnOQ; is formed in situ and simultaneously oxidizes aniline to form PAni. In this case,
MnO; is incorporated into the PAni surface making the surface unevenly distributed
with MnQO, particles and creates uneven pores. Upon addition of 2 wt.% of MnO,
particles pore diameter increase and remains constant up to 20 wt.% increment
(Figure 2.13). Pore diameter decreases after additional MnO, loading into the PAni-
MnO, composites. This may be attributed to penetration of the additional MnO, into
the inner surface of the composites that might create partial blockage in the deeper
pores. The specific surface area, pore volume and pore size distributions determined

using Equation 2.1 and 2.1 A which is summarized as Table 2.3.

0.1

—a— M5
—b— [}
—g— 1%
T s LY
—— PMI
—&— Paad

3.
L

L am

RV

Pore vodums

Pore siee " 1itn

Figure 2.12. Pore size distribution and pore volume of PAni and PAni-MnO, composites
(PMI1 to PM5 composites).
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Figure 2.13. Mean pore diameter vs. wt.% of the PAni and PAni-MnO, (PMI1 to PMS5)
composites.
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Table 2.3. Pore size and volume, specific surface area and mean particle size of
PAni and PAni-MnO, composites

Material ~ Specific Total pore Mean pore Mean
surface area volume diameter particle size
(m’ g (cm’ g (nm) (nm)

PAni 11.4 0.1804 63.20 386.36

MnO, 128 0.3906 12.25 9.35

PM1 2.84 0.0363 51.20 -

PM2 4.46 0.0645 57.94 -

PM3 3.84 0.0524 54.58 -

PM4 13.00 0.1847 56.77 -

PM5 15.60 0.1906 49.00 -

2.3.7. Electrochemical Characterization
2.3.7.1. Cyclic Voltammetry

Figure 2.14 shows cyclic voltammograms (CVs) of PAni and PAni-MnO, composites
modified graphite electrode at different potential scan rates. Within the potential
window of -0.2 to 1.2 V, the curves have some humps, indicating the Faradaic
reactions within this region. Two pairs of redox peaks can be observed for both the
PAni and PAni-MnO, composites in the range of 0.15 to 0.65 V that are originated
from the transitions from leucoemeraldine form to emeraldine, and emeraldine to
pernigraniline forms of PAni [33]. In addition, peak currents observed with pure PAni
are generally larger than those with PAni-MnO, (PM5) composite. This is indicative
of capacitive nature of the active materials with a combination of the double-layer
capacitance and pseudocapacitance. The higher current density of CV of PAni than
that of PM5 composite indicates the high conductivity and low internal resistance of
PAni modified graphite electrode. This is due to the fact that the electrolyte ions can
only be accessible to the outer surface of the electrode at high scan rates, and the
active material that has the ability to reach only through the deep pores does not

actively contribute to the pseudocapacitance as well as total capacitance [34].

From these CVs the specific capacitances of PAni and PAni-MnO, (PMS5) composite
at scan rates of 0.01, 0.02, 0.05 and 0.10 V s™ were determined using equation 2.2.
The specific capacitance values are summarized in Table 2.4. It can be observed that
the specific capacitance decreases from 242 to 169 F g in PM5 composite with the

increase in current density from 0.10 to 0.25 F g'l. That is why, high scan rates
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provide low specific capacitance of the active material under study. The larger
specific capacitance of PAni-MnO, composite may be due to larger specific surface
area than PAni which might contribute to the larger utililization of electrolytic ions
into the active materials. This may also provide better conductive paths for fast
electron transportation. In addition to pseudocapacitance of PAni, MnO, may

contribute to electrochemical double layer capacitive behavior in the PAni-MnO,

composites.
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Figure 2.14. CVs of PAni (A) and PM5 composite (B) measured at different potential scan
rates.

Table 2.4. Specific capacitance of PAni and PM5 composite

Material Scan rate  Specific Material Scanrate  Specific
(V1) capacitance (V) capacitance
Fgh (Feh)
¢.01 109 0.01 218
PA 0.02 79 DPMS G.02 149
0.05 61 0.0% 64
G.10 s 010 51

2.3.7.2. Chronopotentiometry Analysis

Figure 2.15 illustrates the typical charging-discharging behavior of the graphite
electrodes modified with PAni and PAni-MnO, composites recorded in aqueous 0.5
M Na,SO; solution. For both electrodes there is a sharp decrease in voltage at the
commencement of discharge followed by linear decrease with time of discharge. The
sharp change in voltage at the beginning of charge or discharge is attributed to the
effect of internal resistance of the capacitor. During charging, initially charge is stored
easily but difficulty arises due to place additional charge on the electrode surface for
Coulombic repulsion from the charge already deposited on the electrode surface. On

the other hand, the discharging involves Coulombic repulsion that pushes out charge
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easily as voltage is decreased but as more charge is removed from the electrode, it

becomes increasingly difficult to get rid of the small amount of charge remaining

from the electrode. Linear variation of voltage during charge or discharge is indicative

of the property of a capacitor. C; values determined from the charge-discharge curves

at different current densities using Equation 2.2 2 are summarized in Table 2.5. The

C; decreases from 99 to 19 F g and 242 to 169 F g for PAni and PM5 (PAni-35%

MnO,) composites, respectively at current densities of 0.10 to 0.25 A g™
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Figure 2.15. Charge-discharge curves of PAni (A), PM1(B), PM3 (C) and PM5(D) at

different current densities.

Table 2.5. Determination of specific capacitance from charge-discharge curves of PAni

and PM5 composites at different current densities

Material Current Specific Material Current Specific
density capacitance density capacitance
(Agt) (Fg') (Agh (Fgh)
0.10 59 J.10 242
0.15 45 J-15 206
PAni 0.20 29 PMIS 3.20 177
0.25 15 3.25 169
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This observation can be explained due to the fact that, at lower current density, the
active materials on the electrode surface get necessary time for sufficient insertion
or release of Na' from the electrolytic solution during the charging-discharging
process. Charging-discharging process takes longer time which contributes to the
higher C; [35]. The cycling stability of the fabricated electrodes at a current density of
0.25 A g' in the potential window 0.0-0.8 V was tested by galvanostatic charge-
discharge process up to 1000 cycles (Figure 2.16). Both charging and discharging
times do not significantly change on cycling, which indicates significant retention of
the initial Cs up to 1000 cycles. Moreover, the curves of the latter cycles show some
small steps during charging-discharging to indicate that the change of potential was

too small to be detected by the instrument, followed by rapid jumps [36].
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Figure 2.16. Charge-discharge cycling stability of PM5 (PAni-35% MnO,) composite up to
1000 cycles.

The galvanostatic charge-discharge curves of [Comim][TFSI] incorporated PAni
and PAni-MnO, (PM1, PM3 and PMS5) composites are shown in Figure 2.17 at
current densities of 0.10 to 0.25 A g'l. The C determined from the charge-
discharge curves using equation 2.2 are summarized in Table 2.6. The Cs of PAni-
[Comim][TFSI] (213 F g™') is about 2 times higher than that of PAni but in PM5-
[Comim][TFSI] (71 F g), it is much lower than that of PM5 (242 F g!) at a current
density of 0.1 A g'. As the wt.% of MnO, increases in the composites
incorporation of [Comim][TFSI] lowers the C;. Same trend is observed for all
PAni-MnO, composites upon incorporation of [C,mim][TFSI] at a constant current

density of 0.10 A g™
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Figure 2.17. Charge-discharge curves of PAni-[Comim][TFSI] (A), PMI1-[C,mim][TFSI]
(B), PM3-[C,mim][TFSI] (C) and PM5-[C,mim][TFSI] at different current densities.

Table 2.6. Determination of specific capacitance from charge-discharge curves of
[Comim][TFSI] incorporated PAni and PM5 composites at different current densities

Material Current  Specific Material Current  Specific
density capacitance density capacitance
(Agh) (Fgh (Agl)  (Fg')
0.10 213 0.10 71
PAni- 0.15 126 PS5 0.15 62
[Cmim][TESI]  0.20 94 [C;mim][TESI] 0.20 56
0.25 38 0.25 169

mn

Effects of applied current densities on C are shown in Figure 2.18 from which it can
be seen that the C; of PAni, PAni-MnO, composites and [C,mim][TFSI] incorporated
PAni and PAni-MnO, composites decreases with increasing current density. Cs
retained 19%, 70%, 38% and 57% for PAni, PMS5, PAni-[Comim][TFSI] and PM5-
[Comim][TFSI] composites, respectively when the current density increased from

0.10 A g t0 0.25 A g'. PAni has the lowest retention of specific capacitance which
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might result from the swelling and shrinking of the material during charging-
discharging process indicating lower mechanical strength. Especially, at high current
density the active materials may have suffered from deep penetration that can’t
maintain to keep up changing the voltage instantly and eventually Cs decreases. In

case of [Comim][TFSI] incorporated PAni and PMS5 composite, moderate retention
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Figure 2.18. Variation of specific capacitance on current densities of PAni, PM1, PM2, PM3
and PMS5 composites (A), [Comim][TFSI] incorporated PAni, PM1, PM2, PM3 and PM5
composites (B) at current densities from 0.10 to 0.25 A g’

2.3.8. Electrochemical Impedance Spectroscopy

The Nyquist plots of PAni and PM5 composites are shown in Figure 2.19. PMS5
composite shows almost a semicircle in the high frequency region which is related to
the charge-transfer resistance from the interface between the electrode surface and 0.5
M Na,SOy electrolytic solution. The Nyquist plot of PAni modified graphite electrode
represents a semicircle at high frequencies; but the PMS5 composite electrode has no
defined semicircle. The data of impedance were fitted to equivalent model circuits
shown in Figure 2.19. PM5 shows a higher internal resistance (18.73 Ohm) compared
to PAni (13.57 Ohm) which may be attributed to the lower electrical conductivity of
PMS5 than that of PAni. This observation is in accordance with the higher current
densities of PAni than that of PM5 as shown in Figure 2.14. PAni shows higher
charge-transfer resistance (19.84 Ohm) than that of PMS5 (0.001 Ohm) composite.
Capacitance of PM5 (6.45x10) composite is approximately 1.5-fold higher than that
of PAni (4.15x107). This may be consistent with the value of Cs obtained by

chronopotentiometric method.
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Figure 2.19. Nyquist impedance plot of PAni and PM5 composites and their corresponding
equivalent fitting circuits.

2.3.9. Effect of MnO, Content on Specific Capacitance in Composites

The Cs of PAni-MnO, composite was found to increase with the content of MnO; in
the composite, as shown in Table 2.7. The Cs of PM5 (242 F g™) is higher among
all the PAni-MnQO; composites (PM1 to PMS5). Cs of PMS5 is about 3 times higher
than that of PAni (99 F g') at a current density of 0.10 A g'. The increasing trend
of Cs may be explained with the contribution of conductive PAni in facilitating
charge transport and energy storage. The facile charge transport can be assumed in
utilization of full active materials and adsorption of electrolytic ions onto the
electrode surface. From the galvanostatic charge-discharge curves it can be seen
that the time of discharging increases which also indicates the slow discharge
leading to the increase of Cs in the PAni-MnQO, composites. The results of Cs upon
variation of wt.% of MnO, are summarized in Table 2.7. As shown in Figure 2.16,
the charge-discharge curves of PM5 composite in the last consecutive cycles up to
1000 cycle are identical as the cycles of commencement indicates a good cycling
ability of the composites. The MnO, particles provide strong deposition support
into the surface of PAni and consequently offer strong and enhanced mechanical
strength of the composite, resulting in the long charge-discharge ability. The
mesoporous structure of the composite may be additionally involved in the good C;

and retention ability or cycling performance of the composite. Moreover, the curves

57



Dhaka University Institutional Repository

of the latter cycles show some small steps during charging-discharging, are indicative
of the change of potential to be too small to be detected by the instrument, followed

by rapid jumps.

Table 2.7. Variation of specific capacitance of PAni and PAni-MnO, composites with
variation of MnQO, content and with incorporation of [C,mim][TFSI] at a current density of
0.10A g

Meterial MO, Specific Miarerial Mn(; Spzcific
content capacitance romten: capacitznce

Ml (Fgh (%) (Fgl)
PAni 0 59 PARI-[Cmim|[TFSI] 0 213
FMI 3 160 BMI-[Camim][ LESL] 2 165
FMD 7 216 PMZ-[Comim][TESI] 7 157
JONE 20 232 TM3-[C_mim][TESI] 20 9
PN 27 236 PM4-[Comism][TESI] 27 75
PN 35 242 PM-[Camim][ TESH] 35 /n

2.3.10. Effect of [Comim] [TFSI] on Specific Capacitance

As shown in Table 2.5, C; increases from 99 to 213 F g upon incorporation of
[Comim][TFSI] in PAni at current density of 0.10 F g'1 and it decreases in case of
PAni-MnO; composites (PM1 to PM5) upon incorporation of [Comim][TFSI] at the
same current density. Pure ionic liquid, [Comim][TFSI] exists as ion aggregates in
its pure state. When this is incorporated into PAni, these aggregates of ions can
impart different types of interactions leading to disaggregation of [Comim][TFSI]
from PAni. As PAni contains polarons and bipolarons in its chain and
[Comim][TFSI] contains cations and anions, some conductive channels inside the
materials may create leading to more active sites. Insertion and de-insertion of Na"
ions from electrolytic solution facilitates and C increases to a large extent. On the
other hand, in [C,mim][TFSI] incorporated PM1 composite, Cs is higher to some
extent but upon increasing wt.% MnO, from PM2 to PM5 composites it decreases.
This may be due to the blockage of some conductive channels inside the materials

which help to lower Ci.
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2.4. Conclusions

PAni interacts with MnO, in PAni-MnO, composites. The nature and strength of
interactions vary depending on the loading of MnO, in the composites. The
incorporation of [C,mim][TFSI] in the composites enhances the thermal stability
significantly and attains thermal stability higher than the individal compontes of the
composites. PAni, PAni-MnO, and [C,mim][TFSI] incorporated PAni and PAni-
MnO, composites exhibit ideal capacitive behavior. C; increases from PAni to PM5
composite (99 to 242 F g™') with current density of 0.10 F g"'. C; also increases in
PAni upon incorporation of [Comim][TFSI]. But it decreases from PAni to PM5 (213
to 71 F g'l) upon incorporation of [C,mim][TFSI] at current density of 0.1 A g'l.
Thus, PAni, PAni-MnO, and [Comim][TFSI] incorporated PAni and PAni-MnO,
composites show excellent electrochemical properties suitable for application in

supercapacitors.
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Abstract

PAni-NiO nanocomposites with varying amount NiO NPs were prepared by in situ
chemical oxidative polymerization of aniline with ammonium peroxy disulfate using
NiO NPs dispersed in aqueous acidic solution. PAni was also prepared using the same
method without NiO for use as a reference material. The structure, size, morphology,
band gap energy and thermal stability of the composites were studied in detail by
using Fourier transform infrared spectroscopy (FT-IR), dynamic light scattering
measurements (DLS), scanning electron microscopy, specular reflectance
spectroscopy, and thermogravimetric analysis (TGA).The conductivity, dielectric
constant and dielectric loss of PAni and PAni-NiO nanocomposites were also
determined from electrochemical impedance spectroscopic data. The hydrodynamic
diameter of NiO NPs determined from DLS measurements was ca. 178 nm. PAni and
PAni-NiO nanocomposites showed same thermal degradation pattern but PAni-NiO
exhibited greater thermal stability compared to PAni. The band gap energy (E,) of
PAni-NiO was found to decrease with increasing amount of NiO NPs. PAni and
PAni-NiO composites were also prepared by oxidative polymerization of aniline in
acidic solution by electrochemical method using cyclic voltammetry and chracterized.
The specific capacitances of PAni and PAni-NiO composites perepared by
electrochemical polymerization were found to be 233 F g and 141 F g”', respectively
using chronopotentiometric technique at a constant current density 0.25 F g'l. PAni
and PAni-NiO composites show potential for use as dielectrics and for applications in
supercapacitors.

3.1. Introduction

The intrinsically conducting polymers are unique materials that have attracted
significant interest for their interesting electrical, thermal, optical, magnetic,
electrochemical and catalytic properties [1, 2]. By proper choice of inorganic filler
materials, hybrid organic-inorganic composites can be formed. Amongst conducting
polymers, polyaniline (PAni) is considered one of the most technologically important
materials for its ease of preparation, environmental stability and special doping
mechanism. Composites of PAni and inorganic NPs such as MnO,, ZnO efc. have
been reported to show special combiniatorial properties which could be difficult to

attain separately with the individual components [3, 4].

PAni with TiO;, SnO,, Fe;O4, C0304, ALO3;V,0s and ZnO show synergistic
advantages in transport properties of the polymer [5-15]. Inorganic metal oxide NPs
including NiO play the major role in strengthening the proper of the nanocomposites
since they offer large interfacial area per volume between the filler and the host

polymer matrix. Thus, incorporation of NiO NPs into conducting polymer matrix
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provide opportunities to enhance optical, electrical and catalytic properties associated

with conventional composite materials through property synergism [16].

Conducting polymers and NiO NPs show dielectric properties which are reflected as
the electric charge movement inside the material in response to an external electric
field, contributing to the polarization and the phenomenon of dielectric relaxation,
which is a frequency dependent process. The interaction of these materials with an
electric field results in energy storage and energy loss [17, 18]. Polymer
nanocomposites are light-weight and mechanically flexible that can preserve excellent
dielectric and capacitive performance after extensive uses and can be used extensively
in high-temperature electronics and energy storage devices [19]. Impedance
spectroscopic study revealed that dielectric behavior of the nanocomposites is largely
influenced by percentage composition of the components and charge transport
properties through them. Bora et al. investigated electrical, electrochemical, magnetic
properties of PAni-NiO nanocomposites [20]. Shambharkar et al. studied electrical
and magnetic properties at room temperature and Nandapure et al. investigated
transport and magnetic properties of PAni-NiO nanocomposites [21, 22]. However,
the dielectric behavior of PAni-NiO nanocomposites has not so far been available in

the literature.

Dielectric behavior of polymer composites depends on the applied frequency due to
polarization effect that is influenced by orientation of direction against the applied
electric field and composition of the materials under study. In this work, the PAni-
NiO nanocomposites with varying amount of NiO NPs were prepared and the
dielectric behavior was investigated by AC impedance spectroscopic method. The
conductivity has been discussed with variation in frequency and wt.% of NiO NPs in
the nanocomposites. The prospect of PAni-NiO composites, prepared by
electrochemical polymerization, has also been examined for application as

supercapacitor materials.
3.2. Experimental
3.2.1. Materials and Methods

All the chemicals used in our experiments were of analytical reagent grade and were

used without further purification. Nickel(II)nitrate hexahydrate (Merck, India),
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hydrochloric acid 37% AR (RCI Labscan, Thailand), sodium hydroxide (Merck,
Germany), ammonium peroxydisulphate (Merck, India) were used as received
without further purification. Aniline (Merck, India) was distilled under reduced
pressure prior to use. All solutions were prepared and all experiments were carried out
with de-ionized water (conductivity: 0.055 pScm™ at 25.0 °C) from HPLC grade
water purification systems (BOECO, BOE 8082060, Germany) throughout the

experiments.

The optical absorption spectra for NiO NPs dispersed in ethanol were recorded using
a double beam UV-visible spectrophotometer (UVD-3500, Labomed Inc., USA).

Rectangular quartz cell of path length 1 cm was used throughout the investigation.

Fourier transform infrared (FT-IR) spectra were recorded using a Perkin Elmer FT-
NIR/MIR spectrometer, (Frontier, USA) in the wavenumber range of 4000-400 cm’
of 4 cm™ resolution at transmittance mode. KBr mixed with PAni and PAni-NiO

nanocomposite in the pellet form was used for recording FT-IR spectra.

Thermal properties were studied by thermogravimetry/differential thermal analizer,
TG/DTA 7200 EXSTAR, Hitachi, Japan in the temperature range 30-550 °C at a
heating rate of 10 °C min™ at a flow rate of 10 mL min ' in both nitrogen and air
atmosphere. In air atmosphere the samples were held in isothermal condition at 550
°C for 1 h. In TGA the onset degradation temperature was obtained from the point of
intersections of the two tangents drawn on the second inclination point of the TG

curves.

Particle size and size distribution of the NiO NPs were measured by using a Zetasizer
Nano ZS90 (ZEN3690, Malvern Instruments Ltd., UK) by dynamic light scattering
(DLS) method. A He-Ne laser beam of wavelength 632.8 nm was used and the
measurements were made at a fixed scattering angle of 90 °C. The calcined NiO NPs
was dispersed in ethanol by sonication prior to measurement. The particle size
detection limit was about 0.3 nm-5 pum (diameter) and accuracy of the average
diameter determined has been +2%. The temperature of the apparatus was controlled
automatically within £0.01K by a built-in Peltier device.

The morphological study was conducted using JEOL analytical SEM (model: JSM-
6490LA, USA). The samples were dispersed in acetone and were taken on the carbon

coated aluminum stubs for the measurements at an acceleration voltage of 20 kV.
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Crystallinity of the sample and crystallite size of NiO NPs and PAni-NiO
nanocomposites were determined by X-ray diffraction (XRD) technique. The powder
XRD patterns were recorded using Rigaku Ultima IV, Japan diffractometer at 25 °C
employing Cu Ka ( A= 0.15408 nm) radiation generated at 40 kV and 40 mA with a
scan rate of 0.05° s from 5 to 90°. The crystallite size of the NiO powders were
approximated applying the Scherrer equation,
kA
fCosd

13.1)

where, D is the crystallite size for individual peak, k is the spherical shape factor
taken as 0.89, A is the X-ray wavelength, B is the full width at half maximum height
(FWHM) of the respective peak measured in radians and 0 is the XRD diffraction
angle in degrees. the crystallite size of NiO NPs and PAni-NiO nanocomposites was
determined. The average crystallite size was obtained from the (111), (200) and (220)
peaks.

3.2.2. Specular Reflectance Spectroscopy

Specular reflectance spectra (disk type sample with thickness of 1 mm and area of
0.78 cm?®) were recorded using a double beam Shimadzu UV-visible
spectrophotometer (UV-1800, Shimadzu, Japan) with an integrating sphere
attachment DRA-CA-30I to determine the optical band gap energy (£;) of the
samples. According to the UV-vis spectra analysis (absorption or reflectance) as well
as the type of transition band considered, directly or indirectly, the £, value differs
strongly depending on the method employed. Among the optical methods, UV-vis
diffuse reflectance spectroscopy is one of the most employed techniques for the
determination of the E, for solid compounds or thin films. The E, values were
determined from the UV—vis diffuse reflectance spectra by using Kubelka—Munk (K-
M or f (R)) method that offers great advantages in estimation of the £,. The K-M

method is based on the following equation.

_(1-R)’
f(R) Y (3.2)

where R is the reflectance, f (R) is proportional to the extinction coefficient (). This
equation is usually applied to highly light scattering materials and absorbing particles

in a matrix. A modified Kubelka-Munk function can be obtained by multiplying the
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f (R) by ho using the corresponding coefficient (n) associated with an electronic
transition as follows:

[f (R)xhv] = B(ho-Ey)" (3.3)
For direct allowed transition n = /2 and B is an energy-independent constant.
By plotting the equation (3.2) as a function of the energy (F) in eV, the band gap of
the samples can be obtained. The modified K-M function plotted [f (R) xho]* versus
ho. Such a representation is known as the Tauc method [23, 24]. The optical band gap
was determined by extrapolating the linear portion of the plot to (ahv)® = 0.

3.2.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopic (EIS) method was used to evaluate
conductivity and dielectric behaviors of PAni and PAni-NiO nanocomposites and to
explore their potential application as energy storage in dielectrics and supercapacitors.
Different electric-dielectric phenomena can be analyzed because of the vast range of

frequencies allowed by AC impedance spectroscopy.

The frequency dependent AC conductivity and dielectric permittivity of the
chemically prepared PAni and PAni-NiO nanocomposites (disk type sample with
thickness of 1 mm and area of 0.78 cm?) were obtained using a computer-controlled
precision impedance analyzer MAC80085, Metrohm Autolab B.V., Switzerland by
applying an alternating electric field of amplitude 10 mV with DC potential of 0.20 V
across the sample cell in the frequency region of 0.1 Hz to 32 MHz. A parallel plate
configuration was used for all the electrical measurements. A high pressure (7.5 Ton)
was applied to the solid sample to get hard round-shaped pellets (10.0 mm diameter,
1.0 mm thickness), which were used to measure the electrochemical impedance. The
impedance data can be fitted by the response of equivalent model circuits whose
elements can be associated with different charge transport behavior and gives their
corresponding values within the materials.

The AC conductivity of PAni and PAni-NiO nanocomposites was determined from
the impedance data using the following formula:

O =g%5 34

where R is the resistance which is equivalent to value of real part of impedance, Z'
and extracted from the equivalent circuits at high frequency, L is the thickness of the

pellets of the sample ~1 mm, A is the surface area of pellets ~0.79 cm®.
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3.2.4. Cell and Electrodes Used for Electrochemical Measurements

A single compartment three-electrode glass cell was used for electrochemical
preparation of PAni and PAni-NiO nanocomposites and various electrochemical
measurements. A computer-controlled electrochemical analyzer (Model: 660E, CH
Instruments, USA) with working electrode was employed for the electrochemical
measurements. The schematic diagram of the instrumental setup of the computerized
electrochemical analyzer system is shown in Figure 2.1 in chapter 2. The
measurements were conducted by using a graphite electrode from Bioanalytical
Systems (BAS, USA, surface area: surface area: 0.009 cm?). A coiled platinum wire
and an Ag/AgCl (Sat. KCl) electrode were used as the counter and reference

electrodes, respectively.

Electrochemical polymerization of aniline was carried out for preparation of PAni and
PAni-NiO composite using cyclic voltammetry and the performance was evaluated by
cyclic voltammetry, chronopotentiometry and electrochemical impedance

spectroscopy (EIS) using electrochemical analyzer, 660E, CH Instruments, USA.

The details of electrochemical cell have been described in section 2.2.3 of chapter 2.

The electrolyte used was 0.5 M aqueous H,SO4 solution. The potential scans were
made from 0.0 to 1.00 V at 0.01, 0.02, 0.05 and 0.10 V s' for recording cyclic
voltammetry, Chronopotentiometry or charge—discharge experiments was carried out
at different constant current densities with voltages of 0.0 to 1.0 V. EIS measurements
for the PAni-NiO nanocomposite modified electrodes were performed in an AC
frequency range from 10° to 0.01 Hz with an excitation signal of 5 mV. All
electrochemical experiments were carried out at ambient conditions. From the
chronopotentiometric measurements or galvanostatic charge-discharge curves, the
specific capacitance (C;) of PAni and PAni-NiO modified electrodes can be

determined as,

AF = m

where, Cs is the specific capacitance from discharge time of charge-discharge curves
in F g, i is the current in ampere, At is the discharge time in second and AV is the

potential difference in volt.
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3.2.5. Preparation of NiO NPs by Sol-Gel Method

NiO NPs were synthesized from Ni(NO3),.6H,O and NaOH. Typically, 5.8162 g of
Ni(NOs3),.6H,0 was dissolved in 100 mL deionized water under continuous magnetic
stirring at 25 °C for 30 min to ensure that Ni*" ions were dispersed homogeneously in
the solution. Then 50 mL NaOH solution (2.40 g) was added drop-wise into the
solution containing Ni** ions. This reaction mixture was stirred constantly to obtain a
homogeneous navy blue solution and subsequently transferred into a 500 mL beaker.
The solution was then placed in a heater at 70 °C for 1 h at atmospheric pressure
under continuous stirring. A blue fluffy solid was formed indicating the completion of
reaction. The product was separated from the solution by centrifugation and washed
three-times with de-ionized water and ethanol, respectively. The products were dried
under vacuum at 60 °C for 12 h. The as-prepared products were calcined at 400 °C for
2 h in a furnace. The resulting NiO NPs were then characterized and used for

preparation of PAni-NiO nanocomposites.

3.2.6. Preparation of PAni-NiO Nanocomposites by Chemical Method

PAni-NiO nanocomposites with different weight percentages of NiO to aniline
(5.28%, 17.40%, 24.52%, 49.04%) were prepared by in situ chemical oxidative
polymerization. The preparation is schematically represented in Figure 3.2. 0.4 mL
aniline was dissolved in 6.0 mL deionized water containing 0.4 mL hydrochloric acid.
It was then sonicated for 30 min for homogeneous mixing and allowed to cool at 0-5
°C in an ice bath. Weighed amount of NiO was added in the beaker and kept in the
sonication bath for another 30 min for proper dispersion to form a homogeneous
mixture. 1.6 mL of 0.92 M ammonium peroxydisulfate as oxidizing agent was added
drop wise for 30 min to the well dispersed suspension with continuous stirring for 30
min and kept for 2 h. The reaction mixture was allowed to stand for 12 h for complete
polymerization of aniline to PAni. The resultant polymer composite was filtered,
washed with de-ionized water several times followed by ethanol and acetone to
remove impurities and low molecular weight oligomers. The blackish green
precipitate of PAni-NiO nanocomposite was obtained and it was dried in an oven until
it showed constant weight at 60 °C. Similarly, different wt.% of NiO NPs were added
during the polymerization to get PAni-13 % NiO (PN1), PAni-33 % NiO (PN2),
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PAni-41 % NiO (PN3) and PAni- 60 % NiO (PN4). PAni was prepared with the same
procedure without the addition of NiO NPs.
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Figure 3.1. Schematic representation for preparation of PAni-NiO nanocomposites.

3.2.7. Electrochemical Preparations of PAni and PAni-NiO Composites

Polymerization of aniline was carried out on graphite electrode. 0.73 M aniline was
dissolved in 0.65 M HCI solution. Polymerization was carried out by scanning the
potential in the region of -0.2 to 1.2 V at the san rate of 0.05 V s”'. Well adherent
coating of PAni was obtained on graphite electrode. The resulting greenish black
coating on graphite electrode substrate was washed with deionized water several
times to remove impurities and ions originated from reaction medium. The graphite
electrode modified with PAni was dried in an oven at 80 °C for 15 h. The PAni-NiO
composite was formed by following the same procedure in the presence of 0.27 M

Dt . .
Ni“" in aqueous solution.

3.3. Results and Discussion

3.3.1. Dynamic Light Scattering Measurement

DLS measurement was used to obtain the average size (diameter) and size distribution
of the solid particles dispersed in a suitable solvent. Hydrodynamic diameter of the
particles distributed in ethanol is measured. Freshly prepared NiO particles was
dispersed in ethanol and DLS measurement was recorded to obtain the average
diameter of NiO NPs (Figure 3.2 (A)). The average diameter of NiO NPs was ca. 178

nm.
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Figure 3.2. Particle size distribution (A) and UV-visible spectrum (B) of NiO NPs.

3.3.2. UV-visible Spectrum of NiO NPs

UV-visible absorption spectrum of the as-synthesized NiO NPs calcined at 400 °C and
then dispersed in absolute ethanol by ultrasonication, was recorded (Figure 3.2 (B)).
The broad absorption band in the UV region is observed at Ay.x = 298 nm. This
absorption in the UV region can be attributed to the electronic transition from the
valence band to the conduction band in the NiO NPs [25].

3.3.3. Size and Morphology Analysis

Scanning Electron Microscopy (SEM)

The morphologies of the PAni and PAni-NiO nanocomposites were analyzed by SEM

images as shown in Figure 3.3.
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Figure 3.3. SEM images of (a) PAni, (b) PN2, (d) PN3 and (e) PN4.
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PAni shows different morphology than those of PAni-NiO nanocomposites. PAni
shows connected petals of a flower-like morphology whereas PAni-NiO
nanocomposites display spherical bunch-like morphology. This morphological
features become more prominent as the wt.% of NiO in the PAni matrix increases.

PAni-NiO nanocomposites exhibit particle size (diameter) of about 100 nm.

3.3.4. FT-IR Spectral Analysis

FT-IR spectra were analyzed to identify the presence of stretching or bending
vibrations in the synthesized PAni and PAni—NiO nanocomposites and hence to
confirm formation of the materials. Figure 3.4 shows the FT-IR spectra of pristine

PAni, pure NiO and the PAni-NiO nanocomposites with different NiO NP loading.
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Figure 3.4. FT-IR spectra of (a) PAni, (b) PN1, (c) PN2, (d) PN3, (¢) PN4 and (f) NiO NPs.

NiO NPs show Ni-O stretching vibration at 411 cm’ [26]. Bands at 1386 cm™ and
1621 cm™ are attributed to -O-H bending vibrations of adsorbed water on NiO NPs
[27]. Pristine PAni shows bands at 1560 cm™, 1477 cm™, 1298 cm ™', 1243 cm™, 1112
cm™ and 803 cm™ corresponding to the C=C stretching mode of quinoid rings, the C=

C stretching mode of the benzenoid rings, stretching mode of C—N, the stretching
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mode of N=Q=N where Q represents the quinoid ring and C-H bending mode of
aromatic rings, respectively [28]. The nanocomposites PN1 (PAni-13 % NiO) also
shows the same characteristic bands. However, the corresponding band of pristine
PAni at 1560 cm™ shifted to 1573 cm™, 1477 cm™ shifted to 1483 cm™, 1298 cm’'
shifted to 1312 em™, 1243 cm™' shifted to 1257 ecm™, 1112 em™ shifted to 1119 cm™,
803 cm™ shifted to 810 cm™ in the PN1 nanocomposites. The similar kinds of
shiftinghas been observed for all the prepared nanocomposites. This shift may be
ascribed to the H-bonding interactions between the pendant —N-H groups of PAni
chain and the O-atom on the surface of the NiO NPs. Such kind of interactions has
also been observed by Paul et al. [29] in PAni-ZnO composites. Co-ordination bonds
between lone pair of nitrogen atoms on the PAni chain and NiO NPs may also be
possible for the shifting of bands to higher wavenumber for all of the PAni-NiO

nanocompsites.

3.3.5. XRD Analysis

XRD pattern analyses were conducted to carry out phase analysis and to assess the
crystalline nature of the synthesized samples. XRD patterns of the pristine PAni, NiO

and PAni-NiO nanocomposites are shown in Figure 3.5.
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Figure 3.5. XRD patterns for (a) PAni, (b) PN1, (c) PN2, (d) PN3, (¢) PN4 and (f) NiO NPs.

73



Dhaka University Institutional Repository

The XRD pattern of pristine PAni shows three broad peaks from 26 ca. 15.6, 20.4 and
24.9° indicating semicrystalline morphology. The broad peaks observed at 20.4° and
24.9° are in agreement with those observed by Gemeay et al. [30]. The crystalline
peaks at 20 =29.3°, 37-2°,43-2°, 62-5°, 75-3°, 79-2° have been identified as peaks of
single phase cubic structure of NiO with diffracting planes (111), (200), (220), (311),
(222), respectively of the cubic phase of NiO which is also in agreement with JCPDS
file no. 73-1523. The XRD pattern of PAni-NiO nanocomposites shows peaks related
to both PAni and NiO indicating the presence of both components. However, in the
case of PAni-NiO nanocomposites, the peaks become stronger with increased relative
peak intensity which implies that the composite has a more ordered arrangement than
pure PAni. The crystallite size of NiO NPs and PAni-NiO nanocomposites was
determined using Equation (3.1). The most prominent sharp peak is at 24.9° and the
size of the crystallite of PAni has been evaluated as ca. 16 nm. The size of PAni-NiO
nanocomposites has been in the order of 50-56 nm by using the most prominent peak

at 43.2°.

3.3.6. Thermogravimetric Analysis

TGA was employed to determine the degradation temperature, absorbed moisture
content and composition of PAni and PAni-NiO nanocomposites. The thermal
degradation behavior and temperature effect of the pure PAni and PAni-NiO
nanocomposites were analyzed by TG measurements in Figure 3.7(A) under a

controlled temperature program in N, atmosphere.

TGA curves of pure PAni and PAni-NiO nanocomposites undergo three-step weight
loss or degradation pattern. Three-step weight loss was observed in PAni and all the
PAni-NiO nanocomposites. The first step weight loss starting from 30 °C up to about
110 °C correspond to the loss of absorbed water, the second step loss from around 220
to 330°C is associated with a loss of dopant ions from the polymer and low molecular
weight oligomers and the third major weight loss from 350—550 °C is attributed to the
degradation and decomposition of the polymeric backbone [31].
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Figure 3.6. TGA curves of (a) PAni, (b) PN1, (c) PN2, (d) PN3 and (¢) PN4 in N,
atmosphere (A) and in O, atmosphere (B).

The TG curves of PAni and PAni-NiO nanocomposites with variation of wt.% NiO
NPs at N, atmosphere are shown in Figure 3.6 (A). It is clearly seen that after the loss
of moisture from the materials the first onset degradation temperature (74;) increases
from 226 °C (PAni) to 245 °C (PN4 nanocomposite) which is due to the loss of dopant
and low molecular weight oligomers from PAni to PN4. Second onset degradation
temperature (Z42) also varies from 425 to 453 °C and residual weight increases from 59
wt.% to 81 wt.% from PAni to PN4 nanocomposite. Moreover, degradation process
occurs slowly from PAni to PN4 nanocomposite as clearly depicted from the TG
curves. These factors altogether indicate that the thermal stability increases from PAni
to all PAni-NiO nanocomposites (PN1 to PN4). The greater thermal stability of the
nanocomposites may be due to the interaction between PAni and NiO NPs which
hinders the all types of molecular motion of NiO NPs into the network of PAni chain
which categorically restricts the thermal motion of PAni chain in the composite and

enhance the thermal stability of the nanocomposites [32].

The TGA measurement was also carried out in air (O;) atmosphere under isothermal
condition at 550 °C for 1 h as shown in panel B in Figure 3.6. In this condition, PAni
completely decomposes leaving no residue in the pan. Thus, from the residual weight
of NiO the composition of PAni and NiO could be determined for all of the
nanocomposites. The amount of NiO retained in different composites is summarized
in Table 3.1. The highest weight loss was observed for PAni ca. 40%. However, NiO

has shown very negligible weight loss in the scanned region.
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Table 3.1. Compositions of the prepared PAni-NiO composites

Sample Weight ratio (aniline : NiO) NiO retained
used during polymerization (% wt. )*

PAni 0.0: 100 -

PN1 52:9438 13
PN2 17.4:82.6 33
PN3 24.5:75.5 41
PN4 49.0:51.0 60

* Data were taken from TGA measurement under O, atmosphere
The amount of NiO retained in the composites increases as the amount of NiO NPs
used was increased during the polymerization. The increase is in agreement with the
feed ratio; although the residual amount differs silghtly differs from calculated

amount.

3.3.7. Specular Reflectance Spectral Analysis

Specular reflectance spectra were recorded to characterize the PAni and PAni-NiO
nanocomposites concerning their electronic properties. The spectra are shown in

Figure 3.7.
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Figure 3.7. Specular reflectance spectra of (a) PAni, (b) PN1, (c) PN2, (d) PN3 (¢) PN4 and
(f) NiO NPs.

The spectra of PAni display the m-n* transition at 239 nm for benzenoid ring and
polaron-n* transition at 447 nm for quinoid ring. These transitions may be interpreted
as the doped state of PAni which exists in emaraldine salt form. The spectrum of PAni

also show a band at 800 nm which extends to the near-infrared region. These
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transitions may be observed due to a free carrier tail that implies protonated PAni is in
expanded coil conformation [33]. The spectra of PAni-NiO nanocomposites show
similar transitions with the shifting of bands of PAni, for example, the bands for n-n*
and polaron-n* noticed at 239 and 447 nm in PAni shifted to 252 and 459 nm,
respectively in PN1 nanocomposite. Similar results are observed for all of the PAni-
NiO nanocomposites prepared by varying the amount of NiO. These results further

support the formation of nanocomposite of PAni with NiO.

3.3.7.1. Determination of Band Gap Energy

The band gap energy of PAni is related to the different oxidation states. The UV-
visible reflectance data showed electronic band structures that are linked to one of the
oxidation states of PAni, i.e., leucoemeraldine, emeraldine and pernigraniline [33].
The E, of PAni and PAni-NiO nanocomposites was determined from the UV-vis
specular reflectance spectroscopic data using Kubelka—Munk method using Equation
3.2. The approach for determination of band gap energy from specular reflectance
spectra is shown in Figure 3.8. The values of E, determined for PAni and PAni-NiO

nanocomposites are summarized in Table 3.2.
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Figure 3.8. Band gap energy from specular reflectance spectra.

The PAni in the emeraldine salt form exhibits three characteristic bands at 239, 447

and above 800 nm. These three bands are attributed to n-n*, polaron-n* and m-polaron
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band extending at the near infrared region, respectively as illustrated in Figure 3.7.
PAni exhibits polaron-n* band at 2.82 eV corresponding to 447 nm and m-polaron
band at 1.50 eV corresponding to ~800 nm [34]. From the Table 3.2 it can be
observed that £, decreases from PAni (2.93 eV) to PNI1 (2.82 eV). Besides, Ey is
significantly decreased from 1.50 eV in PAni to 1.26 eV in PN1. This finding may be
due to increment of number and movement of charge carriers upon incorporation of
NiO in PAni of PNI1. Similar decrease in E, values were noticed if the amount of
NiO was increased in the composite (see Table 3.2). The adsorbed oxygen in the
samples can cause more intense grain boundaries resulting in the chemisorption which
results the conduction electrons trapped near the surface of the materials. Thus,
transition of electrons from valence band to conduction band facilitates and band gap
decreases [35]. This supports the observation of high conductivity of PNI1. The
decrease in conductivity in the order of PN1 > PN2 > PN3 > PN4 may be consistent
since the intensity of the band at 447 nm of PAni, which corresponds to the number of
charge carriers due to improvement of crystallinity of PAni-NiO composites,
decreases with increasing NiO.

Table 3.2. AC conductivity and band gap energy (£,) of PAni and PAni-NiO nanocomposites

Sample Conductivityx 10> Band gap Eg (¢V)  Band gap Eg (eV)
o (Scm™)
PAni 0.08 2.93 1.50
PN1 5.6 2.82 1.26
PN2 2.3 2.88 1.02
PN3 22 2.84 0.99
PN4 1.1 2.58 0.74

3.3.8. Electrochemical Impedance Spectroscopy

The Nyquist plot derived from the impedance measurements of PAni and PAni-NiO
nanocomposites are shown in Figure 3.9. Nyquist plot shows single semicircle in
PAni and all PAni-NiO nanocomposites. All the semicircles do not coincide with the
real (Z') impedance axis. This may be ascribed to the fact that the bulk resistance may
predominate the grain boundary resistance, which is negligibly small [36]. These
Nyquist plots were further analyzed to determine conductivity, dielectric properties
and specific capacitance of the materials prepared. For determining the respective
values, the equivalent circuits shown in Figure 3.10 were considered for simulating

the experimental Nyquist plots.
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Figure 3.9. Complex impedance diagram (Nyquist plots) and corresponding fitting curves (A
and B) (a) PAni, (b) PN1, (c) PN2, (d) PN3 and (e) PN4 at 25 °C.

11 oot

Figure 3.10. Equivalent circuit for (a) PAni, (b) PN1 (¢) PN2 and (d) PN4.
3.3.8.1. AC Conductivity of PAni and PAni-NiO Nanocomposites

AC conductivity of PAni and PAni-NiO nanocomposites can be determined from
values of real component of impedance (Z') according to equation (3.3) which are
presented in Table 3.2. The frequency dependent AC electrical conductivity of PAni
and PAni-NiO nanocomposites measured at 25 °C is shown in Figure 3.11. The AC
electrical conductivity of PAni and PAni-NiO nanocomposites is almost constant up
to 10° Hz and then it continues to increase at higher frequencies. This may be
associated with the DC electrical conductivity which is attributed to electronic or
ionic charge transport up to a certain frequency and then increases with increasing

frequency which is due to AC electrical conductivity [37]. At low frequency up to 10°
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Hz, the dipoles and induced dipoles of PAni-NiO nanocomposites possibly get
sufficient time to orient themselves with the applied electric field and thus DC
conductivity predominates in the low frequency region. At high frequency range the
dipoles or induced dipoles do not have sufficient time to orient themselves against the
applied electric field and dispersion of dipoles reduces the extent of polarization and
conductivity increases abruptly. Thus, AC electrical conductivity is the combined

effect of low and high frequency of the electric field.
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Figure 3.11. Frequency dependent AC conductivity of PAni and PAni-NiO nanocomposites
(a) PAni, (b) PN1, (c) PN2, (d) PN3 and (d) PN4 (A), AC conductivity as a function of wt.%
of NiO NPs (B).

The AC conductivity of PAni as shown in Figure 3.11 (B) is rather low. The
conductivity was however found to abruptly increase by ca. 500 times due to the
addition of NiO in the composite, PN1. Upon increasing the wt.% NiO in the
composite, the conductivity decreased in the order of PN1 > PN2 > PN3 > PN4 (see
Table 3.2). First observation might be due to the introduction of interconnected
conductive network up through some sort of interactions between PAni chain and NiO
NPs in PN1 that would help to augment up the conductivity significantly. The loading
of NiO NPs may result in sufficient doping during polymerization through the
formation of polaron and bipolarons in the backbone of polymer that creates more
charge carriers leading to the higher conductivity than that of PAni. Further increase
in NiO NPs may hinder the charge transport due to blockage of some channels among

the different conjugated chains of PAni [38].

Alternatively, there might be some sort of interactions between PAni and NiO NPs
leading to the decrease of the conjugated lengths in the PAni chains which in turn,

may also result in conformational change of PAni structure [39]. This may add to the
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lowering of electron transport favorable to the decrease in conductivity. However, the

conductivity of all the PAni-NiO nanocomposites was higher than that of PAni.

3.3.8.2. Effect of wt.% NiO NPs on Dielectric Properties

The impedance data can be fitted to the responses of equivalent model circuits whose
elements can be correlated with the properties associated with different electric and
dielectric components. Figure 3.12 (A) shows the variation of dielectric constant (&)

with frequency for different wt.% of NiO in PAni-NiO nanocomposites at ambient

temperature.
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Figure 3.12. Real parts of the permittivity or dielectric constant (&) (A) and imaginary part of
permittivity or loss factor (¢") (B) of (a) PAni, (b) PN1, (c) PN2, (d) PN3 and (e) PN4.

The & decreases with increasing frequency. The decrease of & with increase in
frequency may be attributed to the electrical relaxation processes. The addition of
NiO at low wt.% may result in more localization of charge carriers along with
polarons causing higher DC conductivity. This may be the reason for higher ¢" and
strong low frequency dispersion on addition of NiO in PAni [11, 12]. The value of the
¢') is very high at lower frequencies and decreases with the increase of frequency. At
lower frequencies the grain boundaries are more effective than grains in electrical
conduction. It is well known that electric polarization decreases inside the media with
the applied frequency. The decrease of polarization of the dielectric constant with
increasing frequency is due to the fact that beyond certain frequency of the electric
field, the polarons and bipolarons in the composites cannot follow the alternating
electric field. An assembly of space charge carriers in a dielectric requires finite time

to line up their axes parallel to an alternating electric field. If the frequency of the
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field reversal increases, a point will reach when the space charge carriers cannot keep
up with the field and the alternation of their direction lags behind the field. As the
frequency of the field continues to increase, at some stage the space charge carriers
will barely have started to move before the field reverses and make virtually no
contribution to the polarization of the dielectric. Therefore, dielectric constant of a

material may decrease substantially as the frequency is increased.

The dielectric loss factor (¢") as a function of frequency for all the compositions is
depicted in Figure 3.12 (B). The dielectric loss profiles are similar to those of the
prifiles for dielectric constant. The increase in hopping of charge carrier in polaron
results in a local displacement in the direction of the extent electric field causing an

increase in electric polarization which enhances dielectric loss [40].
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Figure 3.13. Loss factor (tand) of (a) PAni (b) PN1 (c) PN2 (d) PN3 and (d) PN4.

The dielectric loss tangent (tand) curves exhibit dielectric relaxation peaks which are
attributed to the coincidence of the hopping frequency of the charge carriers with that
of the external fields. Generally, the electrode processes relax at low frequencies,
grain boundaries relax at intermediate frequencies and the relaxation due to the grains
of the samples occurs at higher frequencies. The relaxation frequency of PAni is
greater than 10 Hz which is typical for conducting PAni [41]. The relaxation
frequency decreases as the wt.% of NiO NPs increases. This can be explained by the

fact that NiO NPs may hinder the movement of polaron and bipolarons as charge
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Figure 3.14. Impedance spectra of PAni (A), PN1 (B), PN3 (C) and PN4 (D).
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carriers of PAni chain in a certain extent so that they are reluctant to match with the
operating frequency.

[The loss tangent or tand is defined as the ratio of the imaginary part of the dielectric
constant to the real part. The dielectric loss factor (tand) is shown in Figure 3.13.
Large value of tand is observed at a minimum frequency, which is ascribed to the fact
that at low frequency of the applied AC electric field the hopping between polarons
and bipolarons predominates and the charge carriers follow the field and tand values
reach maximum values [42]. Figure 3.14 (A), (B), (C) and (D) display real Z' and
imaginary Z" impedance spectra vs. frequency of PAni, PN1, PN3 and PN4
nanocomposites, respectively at around 25 °C. All spectra exhibit a single drop in
impedance as the frequency increases. This is ascribed to the polarization relaxation,
whose frequency range depends on PAni and composition of PAni-NiO
nanocomposites . In PAni, the relaxation was observed above 10* Hz, which is typical

of conducting PAni. In PAni-NiO nanocomposites the relaxation was observed below

the corresponding frequency of PAni.
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3.3.9. Electrochemical Polymerization of PAni and PAni-NiO composites by Cyclic
Voltammetry

Electrodeposition of PAni and PAni-NiO was carried out by cyclic voltammetric
technique in the potential range of -0.2-1.2 V and -0.4-1.2 V, respectively, versus
Ag/AgCl (Sat. KCI) as the reference electrode. Figure 3.15 shows the cyclic
voltammograms recorded during the electrodeposition of PAni and PAni-NiO
composites. Initially, an oxidation peak was noticed at around -0.10 V for PAni and
the oxidation current appeared to be much smaller. This is due to anilinium radical
cation in acidic medium. After first few cycles two new anodic peaks corresponding
to the cathodic peaks (at 0.51 and 0.95 V) appear. This behavior may be an indication
for the initiation of oxidative polymerization of aniline. The peaks at 0.18 V appeared
for redox transitions from leucoemeraldine to conducting emeraldine form and the
peaks at 0.51 V appeared for redox transitions from emeraldine to pernigraniline form
indicating deposition of PAni successfully in the graphite electrode surface [43].
However, the current density increased gradually with successive scans indicating that

deposition increased gradually leading to thicker deposit on the graphite electrode

surface.
0610 & 0.1 =
1 wrE — ] an ol =0055 5
DU b —— pan Qeanmyz=005% Ll TARINIO Somle =00
0,03
L0 e
o
0.004 = a0
=
0.0 o
= o
a | M
i -0.0
0,105
ana
AT
ik . — : . P— . Al RS S S T
T R R o1 S % SO 1 IO 1 S 1 - SO 1| SO I B R S NN S NN ¥ SN S 5 S U G |

Povential £V v AgfAgC (Sat KCI) Potzatial /¥ v Az/AgC (St k)

Figure 3.15. Cyclic voltammograms obtained for the electrocodeposition of PAni (A) and
PAni-NiO composite (B) on graphite electrode at a scan rate is 0.05 Vs™.

In case of Figure 3.15 (B) PAni-NiO composite shows different redox transitions
from that of PAni. It can be seen that NiO was deposited initially and catalyzed the
electrodeposition of PAni-NiO composite. Repeating cycle of the potential may result

in a progressive increase of the charge included in both the cathodic and anodic peaks
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of CV. Two redox peaks appeared at 0.51 and 0.95 V in the CV of PAni (Figure 3.15
(A)) are merged to a broad peak in the wide potential range of -0.40 — 1.20 V
probably due to the incorporation of NiO particles in PAni deposited on graphite

electrode surface.

After the electrodeposition of PAni and PAni-NiO composites, CVs were taken in 0.5
M H;SO4. The CV of PAni clearly show characteristic differences as seen in Figure
3.16 (A and B). In Figure 3.16 (A), the peak at higher scan rates showed the
prominence in redox peaks of PAni whereas in case of PAni-NiO composites in
Figure 3.16. (B) showed disappearance of redox peaks at the same scan rates which
might be an indication of the deposition of PAni and NiO simultaneously. The peak
current also increases in case of PAni-NiO composite compared to PAni at the same
scan rates. However, in both the CVs oxidation peaks shifts to the +ve potential
direction and correnponding redox peaks shift to the —ve potential direction. The
peaks at 0.12 V appeared for redox transitions from leucoemeraldine to conducting
emeraldine form and the peaks at 0.58 V appeared for redox transitions from
emeraldine to pernigraniline form indicating deposition of PAni successfully in the

graphite electrode surface.
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Figure 3.16. CVs for PAni (A) and PAni-NiO composite (B) in 0.5 M H,SO, at different
scan rates of 0.01 t0 0.10 Vs .

3.3.9.1. FT-IR Spectra of Electrodeposited PAni and PAni-NiO Composites

FT-IR spectroscopy was employed in order to identify the presence of stretching or

bending vibrations in the electrochemically synthesized PAni and PAni—NiO
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nanocomposites and hence to confirm formation of the materials. The FT-IR spectra
of PAni and PAni-NiO composites prepared electrochemically are shown in Figure
3.17. The absorption bands at 1592 and 1481 cm™ are due to C = N stretching of
quinonid and C = C stretching of benzenoid rings, respectively. These two bands for
PAni and PAni-NiO composites were shifted to 1599 and 1472 cm™ respectively.
This may be attributed due to the H-bonding formation between O-atoms of NiO and
H-atoms of pendant H-atom —N-H in the PAni chain. The bands of protonated PAni
and PAni —NiO composites appeared at 1127 cm™ and 1164 cm™, respectively
indicating that PAni is in protonated forms in the acidic medium [44]. The band at

589 cm™' can be assigned to -O-H group in hydrated nickel oxide [45].
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Figure 3.17. FT-IR spectra of electrochemically prepared PAni and PAni-NiO composite.

3.3.10. Chronopotentiometry Analysis

Figure 3.18. illustrates the typical charge—discharge behaviors of the PAni and PAni-
NiO modified electrodes recorded in 0.5 M H,SO4 aqueous electrolytic solution at
current densities 0.25 A g to 1.00 A g, respectively from (-0.20 to -1.20 V). For
both electrodes there is a sharp decrease in voltage at the commencement of
discharge. The sharp increase or decrease in voltage at the beginning of charge or
discharge is attributed to the effect of internal resistance of the capacitor. The specific
capacitance of both electrodes was determined from the chronopotentiometric data

Using equation (3.6.A.). Specific capacitance of PAni (233 to 122 F g) is higher than
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that of PAni-NiO (141 to 89 F g) at current densities from 0.25 to 1.00 A g™ (Table
3.3). Specific capacitance of PAni-NiO decreases with incorporation of NiO into PAni

which can be explained in the following section.
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Figure 3.18. Galvanostatic charge-discharge curves of electrochemically prepared PAni (A)
and PAni-NiO composite (B) in graphite electrode at current densities from 0.25to 1.0 A g™

Table 3.3. Specific capacitance of electrochemically prepared PAni and PAni-NiO
composites

Material Current Specific Material Current Specific
denmsity  capaciiance densaty capac lance
(Ag) (g (Ag)  Teh
0.23 233 0.25 141
PAui 050 191 PAni-Ni() 056G 11é
0.60 162 composile (.60 111
| .04 122 1.0¢ 820

3.3.11. Electrochemical Impedance Spectroscopy of Electrochemically Prepared PAni
and PAni-NiO Composites

Electrochemical impedance measurements were conducted to investigate mechanistic
information and reactions occurring at the electrode surface. Electrochemical
impedance measurements were performed under different AC potentials of the
working electrode (PAni and PAni-NiO deposited electrodes) in an elecytrolytic
medium of 0.5 M aquous H,SO4. The impedance data of the PAni and PAni-NiO
deposited electrodes were recorded in the frequency range of 0.1 to 10° Hz with an

AC oscillation of 5 mV.
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Figure 3.19. Nyquist plots of PAni and PAni-NiO composites at 0.6 V in 0.5 M H,SO4 (aq.)
on graphite electrodes.

The frequency response analysis of the PAni and Pani-NiO composite deposits on
graphite electrodes are shown in Figure 3.19. Both PAni and PAni-NiO composite
produced a slightly tilted vertical line at low frequencies on the real axis (x-axis) on
the complex impedance plot, a characteristic feature of capacitive behavior.
Comparing these two, it is clear that the real component of the impedance of PAni-
NiO composite is smaller than that of PAni. The difference can be explained by the
fact that after incorporation of NiO particles into the PAni network the charge transfer
resistance of the composites become smaller leading to higher conductivity of the

composite.

3.3.12. Capacitive Properties of PAni and PAni-NiO Composites

Electrochemical capacitive behavior of PAni and PAni-NiO deposited graphite
electrodes used as working electrodes vs. Ag/AgCl (Sat. KCl) electrode was studied in
0.5 M aqueous H,SO, medium. From the cyclic voltammograms of PAni and PAni-
NiO composites, it can be seen that redox reactions occur on the electrode showing
the Faradaic nature or pseudocapacitance. It is evident from the literature that,
Faradaic pseudocapacitance is almost 10-100 times larger than that of double layer
capacitance. The specific capacitance of PAni and PAni-NiO composites was
determined from the charge-discharge curves measured by chronopotentiomery using
equation 3.5 which was presented in Table 3.3. It was revealed that specific

capacitance of PAni-NiO composite (141 F g'1 at 0.25 F g'l) is lower than that of
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PAni (233 F g at 0.25 F g). There might be some reasons behind this finding. Film
thickness could not be controlled during electropolymerizations of the materials.
Higher thickness of films may lead to the lower specific capacitance in the same
electrolytic medium. Morphology of as well as specific surface area of the materials
may not be the same leading to anomaly of Cs. Scan rate variation renders different
morphology as well as specific surface area of the electroactive materials [46].
Optimization and control during the weight measurement was very difficult because
of the absorption of moisture by the electrodes and active materials may pose a

problem.

3.3.13. Effect of NiO on Capacitive Properties of PAni-NiO Composites

PAni and PAni-NiO composites exhibit pseudocapitance behavior as evidenced by
cyclic votammograms presented in Figure 3.16. Specific capacitance of PAni (233 F
¢! at 0.25 F g) is higher than that of PAni-NiO (141 F g™ at 0.25 F g') composites.
Incorporation of NiO into PAni network structure may lead to non-uniformity in the
morphology of PAni-NiO composite. Thickness of the PAni-NiO composite during
co-deposition may be higher despite same potential cycling of PAni deposition under
the same experimental conditions. Different redox behavior of PAni and NiO may
pose a problem during co-deposition of PAni-NiO composite arising thicker films
than that of PAni. In that case, electrolytic ions may not be accessible into the deep
pores or bulk of the composite materials leaving behind the unutilized materials and
eventually specific capacitance decreases in the PAni-NiO composite. The decreasing
tendency of specific capacitance with thicker films can be explained by the uneven
potential distribution across the electrode for unutilization of active materials on the
electrode [47]. However, the electrode thickness may be adusted in an efficient means
to optimize of the electrochemical performance of the supercapacitor for advanced

uscs.

3.4. Conclusions

PAni and PAni—-NiO nanocomposites could be successfully prepared by chemical
oxidative and electrochemical polymerization methods. The thermal stability of the
chemically prepared PAni-NiO nanocomposites was higher than that of PAni. The
PAni-NiO nanocomposites with low wt.% of NiO NPs offer higher value of

conductivity than PAni, but the conductivity decreases at high wt.% of NiO content.
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The E, decreases continuously up to the increased amount of loading of NiO NPs.
The values of €' and €" are also very low for the materials. €' and €" of PAni and PAni-
NiO nanocomposites may be favorable for application as a promising dielectric
materials. The specific capacitances of electrochemically prepared PAni and PAni-
NiO composite are as high as 233 F g and 141 F g at a constant current density of

0.25 F g to make them favorable materials for supercapacitor applications.
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Abstract

PVA-MnQO; nanocomposites with different amount of MnO, NPs were prepared by
introducing preformed MnO, NPs in aqueous solution of a non-conducting polymer,
PVA. The PVA-MnO, nanocomposite films were then prepared by solution casting.
The morphology, structure, and thermal stability of the nanocomposites were
characterized by SEM, DLS, specular reflectance spectroscopy, FT-IR, XRD and
TGA techniques. Composite formation with MnO, NPs was revealed from FT-IR
spectra in which the bands of -O-H and C=0 vibrations of PVA were found to shift
and the bands were observed to be less intense. Thermal behavior of PVA-MnO,
nanocomposite films changes with variation of MnO, NPs loading. A complete
shielding of UV radiation was found to take place in PVA-MnO, nanocomposite films
containing greater than 1.0 wt.% of MnO, NPs. Supercapacitive performance of PVA-
MnO, nanocomposites modified graphite electrode with incorporation of an ionic
liquid, [Comim][BF4], in 0.5 M aqueous Na,SO4 solution was also investigated. PVA-
MnO,; nanocomposite films with greater than 1.0 wt.% MnO, could be used as a UV-
shielding material in electronic and electrochemical devices. The specific capacitance
of PVA-MnO, and PVA-MnO; nanocomposites incorporated with [Comim][BF4] had
prospect for application in supercapacitors.

4.1. Introduction

The development of low-cost, biodegradable and easily processable polymer
composites as materials for UV-shielding and electrochemical capacitors is a
challenging research task. Polymers as stabilizers prevent agglomeration and
precipitation of the reinforcing particles during preparation of nanocomposites [1].
Therefore, polymer nanocomposites have promise as barrier material for electronic
devices and as high performance supercapacitor materials. PVA, a non-conducting
polymer, has been widely used as a matrix phase for preparing polymer
nanocomposites due to its easy processability, non-toxicity for water solubility and
high transmittance in film form [2]. PVA films also exhibit excellent oxygen barrier
properties (at low relative humidity) [4] and are also a potential material for
encapsulation of solar cells [5]. Thermal, mechanical and surface analysis as well as
permeability studies has been employed to characterize the PVA-based composite

films for their possible application as passivation materials [6].

MnO, NPs, on the other hand, are one of the fascinating materials for optical,
electronics and catalytic applications. They are non-toxic, low-cost and chemically
stabile towards air. They possess outstanding chemical and physical properties

suitable for molecular sieves, catalysts, batteries [7], sensors [8], and electrochemical
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supercapacitors [9]. PVA has excellent film forming ability and is a promising matrix
material due to hydrogen bonding in its surface with MnO, NPs [10]. PVA based
composites such as, PVA-clay nanocomposites have already been used for the
encapsulation of organic solar cells [3]. PVA-reduced graphene oxide, PVA-TiO,,
and PVA-Si0; have been used as highly conductive materials for fuel cell application
and waste water treatment, respectively. Polymer based composites such as, ZnO-
epoxy, acrylic resin-TiO,, poly(methyl methacrylate) (PMMA)-ZnO, PVA-ZnO have

been reported as UV-shielding materials.

PVA-MnO; nanocomposite films, in fact, not only eliminate aggregation of MnO,
NPs but also ensure the compatibility between inorganic MnO;, NPs and organic PVA
matrix. PVA-MnO, nanocomposite films have thus been considered for improved
performance resulting from synergistic effect of PVA and MnO,. To the best of our
knowledge, it is the first report on PVA-MnO; nanocomposite films as UV-shielding
material. In addition, the reports on the use of PVA film as supercapacitor material is
very rare because of very low capacitance (5.20 nF cm™) of non-conducting polymer,

PVA.

The present work describes the preparation of flexible PVA-MnO, nanocomposite
films by simple solution casting technique using PVA as the base polymer matrix and
MnO, NPs as the dispersed phase. The morphology, structure and thermal stability of
the nanocomposites were characterized. The shielding of UV with PVA-MnO,
nanocomposite film was investigated. Supercapacitive performance of PVA-MnO,
nanocomposite with incorporation of a hydrophilic ionic liquid, [Comim][BF4] in 0.5
M aqueous Na,SO4 solution was evaluated by analyzing the specific capacitance.The
ultimate goal has been to find the prospect of PVA-MnO, nanocomposites as

materials for UV-shielding and supercapacitors.

4.2. Experimental
4.2.1. Materials and Methods

All the chemicals used were of analytical grade. PVA (MW 30000, Merck, Germany),
potassium permanganate (Merck, India), sodium thiosulfate-5-hydrate (Merck, India)
and [C,mim][BF4] (Sigma-Aldrich, USA) were used as received without any further
purifications. All solutions were prepared with deionized water (BOECO, BOE
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8082060, Germany). De-ionized water (conductivity: 0.055 uS cm™ at 25.0 °C) from
HPLC grade water purification systems (BOECO, Germany) was used throughout the
experiments. The optical absorption spectra for PVA and PVA-MnO, solution before
casting of films were recorded using a double beam Shimadzu UV-Visible
spectrophotometer, model UV-1650 PC. Rectangular quartz cells of path length 1 cm
were used throughout the investigation. Average particle size and size distribution
was measured using Malvern Zetasizer Nano ZS90 with a scattering angle of 90°. A
He-Ne laser beam of 632.8 nm wavelength was used for the measurements. The
average diameters were determined from cumulants mean of the intensity average of
50 runs using Stokes—FEinstein equation, Ry= KT / 6mnD.s, where Ry is the
hydrodynamic radius, Kg, the Boltzmann constant, 7, the temperature, #, the solvent
viscosity, and D.y; the diffusion coefficient. The reproducibility was checked from at
least 3 measurements. The temperature of the apparatus was controlled automatically

within £0.01K by a built-in Peltier device.

After casting the films, the specular reflectance spectra and transmission spectra of
the samples were recorded on a Shimadzu UV spectrophotometer, model UV-1800.
The FTIR spectra were recorded using a Perkin Elmer FT-IR/NIR spectrometer
(Frontier) in the spectral range from 4000 to 400 cm™. The morphological study was
performed using JEOL analytical scanning electron microscope, model JISM-6490LA.
The films were taken on the carbon coated aluminum stubs for the measurements at an
acceleration voltage of 20 kV. Phase analysis and chemical characterization of the
samples were carried out using x-ray diffractometer (Philips PW 1724) with x-ray
generator using XDC-700 Guinier-Hagg focusing camera with strictly
monochromatized Cu Ka radiation (A=1.540598). Thermal properties were studied by
a Hitachi instrument (TG/DTA 7200) in the temperature range of 30-550 °C in
isothermal condition holding the samples at 550 °C for 30 min at a heating rate of 10

°C min™ under nitrogen atmosphere.

Electrochemical characterization of the graphite electrodes fabricated with PVA,
PVA-MnO; and [Comim][BF4] incorporated PVA-MnO, nanocomposites were
performed using cyclic voltammetry, chronopotentiometric and electrochemical
impedance spectroscopic (EIS) measurements using (CHI 760E) electrochemical

workstation. A coiled platinum wire and a saturated Ag/AgCl (Sat. KCI) electrode

97



Dhaka University Institutional Repository

were used as counter and reference electrodes, respectively. All the CVs were
measured between 0.0 and 1.0 V (i.e. operating window of 1.0 V) with respect to the
reference electrode at different scan rates (0.01-0.10 V s™) in 0.5 M aqueous Na,SO4
solution. The details about the electrochemical set-up have been described in Section

2.2.3 of Chapter 2.

4.2.2. Synthesis of MnO; NPs and PVA-MnO; Nanocomposite Films

4.2.2.1. Synthesis of MnQO; nanoparticles (NPs): In a typical synthesis, 0.0017 g of
KMnO4 was dissolved in 10 mL of deionized water and the mixture was sonicated for
30 min. 0.0017 g of sodium thiosulphate was dissolved in 10 mL of deionized water
and then it was added drop-wise to the permanganate solution at around 25 °C. The
color of the solution changed rapidly from purple to yellow-brown indicating the
onset of the formation of MnO, NPs and finally appeared dark brown and visibly
transparent. Thus, MnO, NPs in solution phase was prepared and used for the

preparation PVA-MnO, nanocomposite films.

4.2.2.2. Preparation of PVA—MnQO; nanocomposite films: Pristine PVA and
PVA-MnO; nanocomposite films were prepared by a solution-casting technique. To
prepare composite films, 2% (w/w) solution of PVA was prepared in deionized water.
The PVA was slowly added to water at 80 °C with continuous stirring for 2 h and
subsequently it was cooled down to 25 °C without stirring. PVA-MnO,
nanocomposite consisting of 0.5, 1.0, 1.5, 2.0 and 4.0 wt.% of MnO, NPs in solution
was then prepared. Preformed MnO, NPs in solution was added drop-wise to the
prepared PVA solution with continuous stirring. This solution was placed in magnetic
stirrer and heated to 80 °C for volume reduction to a specific value. Then 2.0 mL of
above solution was casted in plastic petri dish and kept in oven at 50 °C for 24 h and
finally peeled off carefully for characterization. Pristine PVA film was prepared in the
same method without adding MnO, NPs. Thus, PVA-MnO, nanocomposite films
with 0.5, 1, 1.5, 2 and 4 wt.% of MnO, NPs were prepared. The samples have been
labelled as PVAO.5, PVAL, PVAL.5, PVA2 and PV A4, respectively.
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Preparation of colloidal Mn©O; NPs by
reduction of KMnO, with Na,5,0, at

254C according to stoichiometry

Preparation of 2 %
(wiv) PVA solution
at85*Cforlh

subsequent cooling
to 254C

Figure 4.1. Schematic representation of the synthesis of PV A-MnO, nanocomposite film.

4.2.3. Preparation of Graphite Electrode Modified with PVA and PVA-MnO;
Nanocomposite Films

Graphite electrode was mirror polished with a Buehler pad followed by rubbing with
offset paper. 10 puL of pristine PVA and PVA-MnO; nanocomposite in solution was
drop casted onto the graphite electrode surface with a micro-pipette and then dried for
15 h under vacuum. [C,mim][BF4s] was added to the PVA or PVA-MnO,
nanocomposite solution so that the weight ratio of [C,mim][BF,] were 5, 10 and 20
wt.% PVA-MnO, nanocomposites in film form. The total weight of the material in the

electrode was usually ~0.3 mg.

4.3. Results and Discussion
4.3.1. UV-visible Spectral Analysis

The representative UV -visible spectra of MnO, NPs, PVA and PVA-MnO, dispersed
in solution are shown in Figure 4.2. Absorption maximum (Anax) of MnO, was 352
nm, whereas the An,x of PVA4 was found to be 364 nm. Such a shifting of Apax
towards higher wavelength indicates that there could be a strong interaction between
MnO,; NPs and PVA, resulting in the formation of MnO, and PVA aggregates.
Difference spectrum of PVA4 and MnO, shows a hump in the UV region which
further supports a strong interaction between PVA and MnO, NPs [11].
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Figure 4.2. UV-vis spectra of MnO, PVA and PVA4 (A) and difference spectrum of
aqueous solution of PVA and PVA4 (B) solution before film casting.

To justify further, the effect of MnO, loading in the composite on the value of Apax
was examined. Figure 4.3 demonstrates the effect of MnO, NPs loading in the PVA-

MnO; nanocomposites.
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Figure 4.3. UV-vis spectra of (a) PVA, (b) PVAO.5, (c) PVAL, (d) PVA2, and (e) PVA4
solution before film casting.

The Amax increases with respect to wt.% loading of MnO; NPs in all of the PVA-MnO,
nanocomposites. This may be attributed to the fact that donation of non-boding
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electrons of PVA to vacant d-orbital of Mn facilitating the electronic transition and, as
a result, the An.x shifts to higher wavelength [12]. But the shifting of the Apax
decreases from PVAOQ.5 to PVA4 with wt.% of MnO, NPs loading in the PVA-MnO,
nanocomposites. This may be justified by the fact that as the % wt. of MnO; increases
free volume of polymer decreases thus energy gap between electronic transition

becomes higher and Ay« shifts to lower wavelength.

4.3.2. Dynamic Light Scattering (DLS) Measurement

DLS measurements were carried out for the aqueous suspension of MnO,, PVA, and
PVA-MnO; nanocomposite and the average size distributions are presented in Figure
4.4. Average diameter of MnO, NPs, PVA, and PVA4 (PVA-4wt.% MnO,)
nanocomposites are 58, 293 and 93 nm, respectively. DLS usually measures the
hydrodynamic diameter of the particles in solution which is based on the Brownian
motion of the particles in aqueous solution. Here, the hydrodynamic diameter of the
samples is for all molecular size in average that includes PVA and hydration layer of
water molecules [13]. The average diameter of PVA-MnO, nanocomposites is lower
than that of PVA since MnO, NPs is encapsulated within the PVA matrix with

interactions between MnO, NPs and PV A making the particle size smaller.
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Figure 4.4. Average diameter of (a) PVA (b) PVA4 and (c) MnO, NPs from DLS
measurements.

4.3.3. FT-IR Spectral Analysis

The FT-IR spectra recorded for the pristine PVA, MnO,, and PVA-MnO,

nanocomposite film are shown in Figure 4.5. All characteristic bands corresponding
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to pristine PVA film were generally observed in PVA-MnO, nanocomposite film
including the band of MnO,. The strong broad at 3339 cm™ of pristine PVA assigned
to O-H stretching vibration of hydroxyl group was observed at 3324 cm™ in PVA4
film. The band corresponding to C-H asymmetric stretching vibration occurs at 2942
and 2935 cm™ for the PVA and PVA-MnO, nanocomposite film, respectively. This
shifting has been considered to be due to the interaction of the hydroxyl group with
the positively charged surface of the MnO, NPs [14]. This indicates that despite
drying this sample may contain trace amount of adsorbed moisture. The band at 1719
cm” for C=C stretching vibration and 1652 cm™ corresponding to the acetyl C=0
group remain the same for PVA-MnO; nanocomposite film. The sharp band at 1096
cm™ corresponding to C-O stretching of acetyl groups of PVA backbone becomes
broad in PVA-MnO,, suggesting interaction between PVA and MnO, NPs in the

composite.
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Figure 4.5. FT-IR spectra of (a) PVA, (b) MnO, and (c) PVA4 (A-Full scale view and B-
small scale view).

4.3.4. Scanning Electron Microscopy

Figure 4.6 shows the photograph and SEM images of PVA-MnO, nanocomposite
films. The SEM image of PVA film has also been compared in Fig. 4.6. The SEM
micrograph of PVA4 nanocomposite film shows spherical MnO, NPs are
homogeneously dispersed into PVA host matrix. PVA in the PVA film, as evident
from Figure 4.6 (B), exists as single phase. The size of the MnO, NPs dispersed into
the PVA matrix is found to be less than 100 nm.
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Figure 4.6. Photograph of PV A4 nanocomposite film (A), SEM image of PVA film (B) and
SEM image of PV A4 nanocomposite film (C).

4.3.5. Thermogravimetric Analysis

Figure 4.7 shows the TG curves of the pristine PVA and PVA-MnO; nanocomposite
films. The thermogram of pristine PVA film indicates three major steps of weight
loss. In the first step, TGA curve shows gradual weight loss (7%) up to around 110 °C
due to the removal of absorbed and adsorbed water. In the second step, the PVA film
shows a steady weight loss (5%) between 110 and 260 °C, which can be attributed to
the elimination of pendant -O-H groups and partial degradation of PVA chains [15].
Finally, in the third step, a sharp and gradual weight loss was noticed starting from
260 °C onwards for the degradation of the skeletal chain structure of PVA moiety.
The hump observed at 430 °C in every case is due to formation of an anhydride
resulting from the decomposition of PVA [16]. Above 513 °C, the results obtained

may be associated with the residues of carbonaceous matter only.
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Figure 4.7. TG curves of (a) PVA and (b) PVAO0.5 (A) and (a) PVA (b) PVAO.5 (c) PVAIL,
(d) PVA2, and (¢) PVA4 (B).
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The thermogram of PVAO.5 film also shows three major steps of weight loss
occurring generally at low temperatures compared to pristine PVA (compare curve a
with curve b in Figure 4.7). The first event occurring up to 110 °C is accompanied by
a 5% weight loss and is related to the removal of the physically adsorbed water. In the
second step 14% weight loss occurs from 110-238 °C. This step is likely to be due to
the decomposition of pendant -O-H groups and partial degradation of PVA chain. A
gradual weight loss (46%) occurs in the temperature range of 238-330 °C, which may
correspond to the chain-scission reactions, side-reactions and cyclization reactions.
[15]. Finally, the sharp decomposition of PVA occurs after degradation at 330 °C. The
final step occurring in the temperature range of 330-474 °C with 21% weight loss
indicates that total PVA may be removed from the clusters and only MnO, NPs and
residual carbonaceous particles retain at higher temperature. Careful analyses of
thermograms indicate the remarkable change of degradation temperature in PVA-
MnO, nanocomposites from 260 to 430 °C with 65% weight loss. Thus, it can be
inferred that the thermal stability of PVA(.5 nanocomposites decreases due to the
presence of MnO, NPs that may initiate the nucleation of degradation process of

adhering PVA at low temperature.

[ )
]
T

R

1.2
L
T

|
L

Degradation 'l'emperature /U
&

Zuao
oooovs 1o s 2w 2y 30 35 400 4=

95 W of Ma,
Figure 4.8. Effect of degradation temperature on wt.% of MnO,.
Figure 4.8 shows the effect of MnO, NPs on the thermal degradation of PVA-MnO,
nanocomposites. From these results, the plot of degradation temperature (¢4) of PVA

against wt.% loading of MnO, was constructed as presented in Figure 4.8. The ¢

generally decreases with increasing MnO, NPs in the composite. After addition of 0.5
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wt.% of MnO, the #; remains almost constant as MnO, NPs occupies the free void
interstitial space in the PVA matrix up to 1 wt.% of MnO, NPs. With further increase
up to 4 wt.% of MnO, NPs, free MnO, causes the lowering of the 74 for the
nanocomposites due to lowering of interfacial interactions. Thus, thermal stability
decreases in PVA-MnO; nanocomposites may be due to the decreasing tendency of
inter chain interactions of PVA as the free volume in PVA decreases at MnO, NPs
loading. Deformation of PVA chain may take place when MnO; NPs are incorporated
into the polymer chain which renders the degradation of PVA easily.

4.3.6. XRD Pattern of PVA-MnO; Nanocomposite Film

The XRD measurement was performed to examine the crystallinity of the PVA-MnO,
nanocomposite. Figure 4.9 shows the diffraction pattern of PVA1 nanocomposite film
in which broad peaks at 20 = 19.1, 22.0 and 40.5° were observed. The peaks at 19.1°
and 22.0° correspond to the typical reflection of the (101) and (10-1) planes of the
semicrystalline PVA, respectively [17]. The peak at 40.5° is assigned to the (220)
plane of PVA [18, 19]. However, besides the diffraction peaks of PVA, peaks at 20
of 30.8° and 44.9° correspond to a-MnO;, (JCPDS no. 044-0141). It is obvious that
there is no significant effect on the general shape of the XRD pattern after
incorporation of MnO, NPs. The pattern confirms that the MnO, NPs are embedded
in the PVA matrix.
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Figure 4.9. XRD pattern of PVA1 nanocomposite film.
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4.3.7. Specular Reflectance Spectral Analysis

UV-visible specular reflectance spectra measured for PVA and its MnO, composites
are shown in Figure 4.10. PVA shows bands at 249 nm for band gap of PVA polymer
[20]. Shifting of this band to 254 nm was observed for PVA0.5 nanocomposite film.
Shifting in similar trends was noticed for all the nanocomposite films. PVA4
composite film showed no peak at 249 nm and absorption of UV radiation at this
wavelength has been unlikely due to complete occupation of MnO, NPs in the free

void spaces of PVA matrix.
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Figure 4.10. Specular reflectance spectra of (a) PVA, (b) PVAO.5, (c) PVAI, (d) PVA2 and
(e) PVA4.

4.3.8. Transmittance Spectra of PVA-MnO, Nanocomposite Films

UV-visible transmittance spectra of the PVA and PVA-MnO; nanocomposite films
are shown in Figure 4.11. PVA film is optically transparent in the visible range of
400-800 nm. A decrease in wt.% transmittance is generally evident with incorporation
of MnO,; loading. With increase in loading of MnO, NPs, the optical transparency of
visible light of the films decreased. The transmittance spectra (Figure 4.11 (A)) reveal
that there is a decrease of percentage transmittance in the UV region with the
increasing %wt. of MnO, NPs into the PVA matrix. This indicates that MnO, NPs
have the ability to lower the transparency of the PVA-MnO, nanocomposite films.
Figure 4.11 (B) also compares the transparency in the ultraviolet and visible region
which also verifies the same trend in reduction of transparency of light. The PVA-

MnO,; nanocomposite films which contain 1 %wt. or more MnO, NPs absorb nearly
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hundred percent of UV radiation. Thus, it can be said that MnO, NPs impart strong

influence on the UV-shielding property of The PVA-MnO, nanocomposite films.
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Figure 4.11. Transmittance spectra of (a) PVA , (b) PVAO.5, (c) PVAI, (d) PVA2, and (e)
PVA4 (A); transmittance of PVA , PVAOQ.5, PVA1, PVA2 and PVA4 as a function of wt.% of
MHOQ.

Transmittance of different PVA-MnO, nanocomposite films at 700 nm is shown in
Figure 4.11 (B). At 700 nm, percentage transmittance of PVA film is somewhat lower
than that of at 400 nm. With loading of MnO, NPs, percentage transmittance of PVA-
MnO, films begins to decrease. The optical transparency of the films to light is
affected by the presence of the MnO, NPs [21]. This is due to the fact that as the wt.%
loading of MnO, NPs increases absorption of UV-visible radiation also increases
thereby lowers the transmittance for the nanocomposites. As the MnO, NPs greater
than 1 wt.%, the nanocomposite films absorbs UV radiation fully and the films might

be used as UV-shielding materials.
4.3.9. PVA-MnO; Nanocomposite Films as UV-shielding Materials

The UV-shielding property of pristine PVA and PVA-MnO, nanocomposite films
were evaluated by measuring the transmittance of the film. The UV-vis transmittance
spectra of pristine PVA and PVA-MnO; nanocomposite films are presented in Figure
4.11. The transmittance spectra showed that pristine PVA film does not markedly
absorb in the UV-visible region rather it absorbs a little more and displayed good
transparency in the visible region. UV-shielding ability of PVA-MnO, nanocomposite
films can be explained using the fact that PVA has many free pendant -O-H groups in

its chain and acts as the dispersing medium and MnO, NPs are suspended in that
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medium. Formation of complex by the donation of n-electrons from O atoms to the
vacant d-orbital of Mn atom may facilitate the absorption of UV radiation rendering

PVA-MnO; nanocomposite films as UV-shielding material [22].

4.3.10. Electrochemical Characterization of Graphite Electrode-Modified with PVA-

MnQO; Nanocomposite

Cyclic voltammetry and chronopotentiometry or galvanostatic charge-discharge was
used to assess the performance of the modified electrode to be used as
supercapacitors. Cyclic voltammograms (CVs) were measured in the potential range
of 0.0 to 1.0 V vs. Ag/AgCl (sat. KCI) at different scan rates of 0.10, 0.02, 0.05 and
0.10 V s™. Galvanostatic charge-discharge experiments were carried out with PVA
and PVA-MnO, nanocomposites acting as working electrodes by cycling the voltage
from 0 to 1.0 V at different current densities (0.25-1.50 A g'). Graphite electrode
modified with PVA-MnO, nanocomposites incorporated with [C,mim][BF4] was also

characterized with the same experimental methods and conditions described above.

4.3.10.1. Cyclic Voltammetry

Figure 4.12 shows the CVs of PVA and PVA-MnO, nanocomposites at different
potential scan rates. The CVs in panel (A) show all the CVs other than PVAO.5
exhibit approximately rectangular shapes, at a scan rate of 0.10 V s™'. At low MnO,
content in the PVAO.5, the material may contribute in transition of oxidation state of
MnO,. This observation indicates capacitive behavior which may originate from the
electrical double-layer capacitance of the electrodes. In these CVs, the current passed
by the PVA-MnO; nanocomposites is higher than that of PVA. This may be ascribed
to the synergistic effect from the combined contributions of PVA and MnO,. The
specific capacitance decreases from 25 to 14 F g”! from PVA to PVA4 composite at a
scan rate of 0.10 V s'. The higher CV current densities of PVA-MnO,
nanocomposites indicate the high conductivity and low internal resistance for the
composites as the electrode material. Figure 4.12 (B) shows the CVs of PVAO.5
nanocomposite incorporated with 5 to 20 wt.% [Comim][BF4]. All the CVs are
rectangular in shapes indicating the ideal capacitive behavior of the electrodes. The
current densities are also higher than those of PVA and PVAO0.5 to PVA4
nanocomposites which may be responsible for higher specific capacitance of the

composites. The values of specific capacitance evaluated from the CVs are listed in
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Table 4.1. The specific capacitance increases from 17 (PVA) to 25 (PVA0.5) F g ata
scan rate of 0.10 V s™', then decreases from PVA1 (18 F g') to PVA4 (14 F g). At

low wt.% of MnO,, Na' insertion is favored from 0.5 M Na,SO, electrolytic solution.

Partial dissolution of MnO, may occur due to the formation of soluble Mn*" ions in

solution [23].

2.0 ) ¥ [E]
"W A Sean e = 0,10V 5" Sean mie = 010V ¥
15—  PvAns r
= v Al !
ar [OF . L
" L]
“ - - I
oy 0.3 w
z
g A o
B =
E 1.5 “ é
5 i ol - — PVALE M)
Jo=L0F ,|' p ff = — TNAD S M5 [Cnlin][BF, )
: f_,..“’ — WA M- 1 [ mim] 1|
L5 F = —  PVAES A2 | mim| |1, |
iy | l? i i i 1
[EX L iz [LE] & i ik 1.2

Bz 04 e 03B R1] 1.2
Potential £ ¥ vs, ApcagCl(Sat, KCI)

Potentinl /W s, Ap'ApCl {Sak KO

Figure 4.12. CVs of PVA and PVA-MnO, Nanocomposites (A) and [Comim][BF,]
incorporated PVAO.5 nanocomposite (B) at a scan rate of 0.10 V s™.

Table 4.1. Specific capacitance of PVA and PVA-MnO, nanocomposites (A) and PVAO.5
nanocomposite incorporated with [C,mim][BF,] (B) at a scan rate of 0.10 V' s™'

Material Mnl: Specific Material [Cimia][BF.:] Specific
corntent capecitance contant caparcitance
o%a) (Eg!) o 2o) (Fg ])
VA 0 17 DVAQ S-S wr% 3 28
[Comim || BEy]
MVADLS £.5 23
PVACS-10 wr % 10 26
PVAL 1 12 L smim J|BF4 ]
PVAZ 2 14 PVAGS 206 20 15
wi o
PV A4 4 14 [C amin: J[D T3]

4.3.10.2. Chronopotentiometry Analysis

Figure 4.1

electrodes

3 illustrates the typical charging-discharging behavior of the graphite
modified with PVA and PVA-MnO, nanocomposites recorded in 0.5 M

Na,SO4 aqueous solution at current densities from 0.25 to 1.50 A g'1 with the
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potential sweep (0.0 to 1.0 V). For both electrodes there is a sharp decrease in voltage
at the commencement of discharge followed by linear decrease with time of
discharge. The sharp increase or decrease in voltage at the beginning of charge or
discharge is attributed to the effect of internal resistance of the capacitor. Linear
variation of voltage during charge or discharge is also indicative of the property of a
capacitor [24]. From the charge-discharge curves, specific capacitance is determined.
The specific capacitance decreases from PVAL (50 F g') to PVA4 (4 F g') at current
densities from 0.25 to 1.50 A g™'. At lower current density, the charging-discharging
process takes longer time which is attributed to the fact that at low current density

the active materials on the electrode surface gets sufficient time for the insertion or
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Figure 4.13. Charge-discharge curves of PVA(A) PVAO.5 (B), PVA2 (C) and PVA4
nanocomposites at current densities from 0.25-1.50 A g’

release of Na' from the electrolytic solution during the charging-discharging
process [25, 26]. In case of PVAO(.5 nanocomposite incorporated with [Comim][BF4]
the specific capacitance decreases from PVAO0.5-5% [C,mim][BF,4] (163 F g'l) to
PVAO0.5-20% [C,mim][BE4] (4 F g) at current densities from 0.25 to 1.50 A g™
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The cycling stability of the fabricated electrodes at a current density of 1.50 A g™’ in

the potential window 0.0-1.0 V was tested by galvanostatic charge-discharge process

up to 1000 cycles.

Table 4.2. Specific capacitance of PVA, PVA-MnO, and [C,mim][BF,] incorporated PVAO.5
at a current density of 0.25 A g from charge-discharge curves

PvIaterial VnO: Specific
cunnlennl l;.',ii.pi:LL'iL i

(%) (Fg'
PVA C 11
PVADS 0.5 17
PVAI 7 50
PVAZ 20 47
PVA#4 27 12

Mzrerial WnO: Specific
content capacitance
(%) (Tgh)
PVAQ S-S wi ¥ g5 163
[Comim | B4
PVAD 510wt %% 0.5 23
[Cimim][BF4]
EVAO S 2D wt 6.5 11

[Cimim][BE4]

4.3.11. Electrochemical Impedance Spectral Analysis

The impedance spectra in the form of Nyquist plots are displayed in Figure 4.14. The

impedance spectra are almost similar in form with an arc or depressed semicircle at a

higher frequency region and a spike at a lower frequency region.
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Figure 4.14. Nyquist impedance plot of PVA and PVA-MnO, nanocomposites.
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The impedance spectra show a major difference in the high-frequency range, which
corresponds to the charge transfer resistance (R ;) caused by the Faradaic reactions
and the double- layer capacitance (Cgj) on the electrode surface fabricated by PVA
and PVA-MnO; nanocomposites. The tendency of growing semicircle decreases from
PVA to PVA4 nanocomposites indicating of more favorable capacitive behavior of

the materials.
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Figure 4.15. Nyquist impedance plot of PVAO(.5 nanocomposite incorporated with
[C,mim][BF,].

From the Nyquist plot in Figure 4.15 it can be assumed that 5 wt.% PVAO0.5
nanocomposite incorporated with [Comim][BF4] possesses lower charge transfer

resistance indicating higher electrical conductivity than that for incorporation of 20

wt.% [Comim][BF4].
4.3.12. Capacitive Properties of PVA-MnQO; Nanocomposite Films

Although the capacitance of PVA film is in the order of 5.20 nF cm?, it is used to
fabricate with other inorganic components in many electronic devices as substrate and
gate dielectrics in the electronic devices, biomedical devices for clinical and other
applications [27]. Capacitive properties of PVA films can be tuned with incorporation
of other inorganic components so that the specific capacitance is increased and can
thus be used in electronic and biomedical devices efficiently. In Figure 4.16, the
specific capacitance of PVA and PVA-MnO, nanocomposite films with various wt.%
of MnO, NPs are presented. For low current densities, the specific capacitance is

maximum due to lower electronic and ionic resistance for small potential change
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during charge-discharge process which allows to access more electrolytic ions in the
electrode surface. The specific capacitance decreases with increasing current densities
due to the fact that at higher current densities the Na' ions from the 0.5 M Na,SO;,
electrolytic solution can’t access to the deeper pores of the material, rather only able
to reach in the outer surface of the materials leading to decrease in specific
capacitance [28]. The specific capacitance reaches to a maximum value of 50 F g™ in
PVA1 nanocomposite from PVA, then it decreases up to PVA4. This may be due to
fact that MnO, NPs distributed homogenously into polymeric backbone of PVA at
very low wt.% of MnQO,. After that inhomogeneous distribution of MnO, NPs may
lead to the decrement of specific capacitance. Thus, MnO, NPs have a profound effect

of tuning the specific capacitance of PVA-MnO, nanocomposite films.
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Figure 4.16. Variation of specific capacitance with current densities of PVA and PVA-MnO,
nanocomposites (A) at current densities from 0.25 to 1.50 A g™

4.3.12.1. Capacitive Properties of PVA-MnO,; Nanocomposite Films Incorporated
with [Comim] [BF 4]

[Comim][BF4] is a hydrophilic IL composed solely of [C,mim] cation and [BF4]
anions It has high ionic conductivity that makes it possible to be usable in electric,
electronic, and electrochemical devices. Although PVA-MnO, nanocomposite films
possess moderate specific capacitance, their specific capacitance may be increased
with incorporation of ionic liquid in the nanocomposites. Figure 4.16 shows the
variation of specific capacitance in incorporating [Comim][BF4] on wt.% variation
from 5%, 10% and 20% of the weight of PVAO.5 nanocomposite. The specific

capacitance reaches to maximum value of 163 F g™’ at a current density of 0.25 A g
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Then it decreases to 23 and 11 F g'1 for 10% and 20% addition of [C,mim][BF4] in
the material. This may be due to the fact that IL exists as ion aggregates in its pure
form but when it is added to other materials it tends to dissociate to some extent [29].
Upon addition of more [C,mim][BF4], it can’t sufficiently disrupt. Thus insertion of
ions from the electrolytic ions into the electrode surface hampers and that is why,

specific capacitance decreases.
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Figure 4.17. Variation of specific capacitance with current densities of PVAO0.5
nanocomposite incorporated with [C,mim][BF,] incorporated (B) at current densities from
025t01.50 A g

4.3.12.2. Effect of [C.mim][BF, on Capacitive Properties of PVA-MnO,

Nanocomposite Films

Capacitive properties of PVA-MnO, nanocomposite films incorporated with
[Comim][BF4] have been investigated. Figure 4.17 shows the specific capacitance of
PVAO.5 nanocomposite with incorporation of various wt.% of [C,mim][BF4] at
different current densities from 0.25 to 1.50 A g™'. The specific capacitance of PVA-
MnO; nanocomposite films incorporated with 5 wt.% [C,mim][BF4] gave the highest
value of 163 F g'. After that it reduces to a large extent due to the fact that the double
layer of IL may provide thick surface at the electrode which is not one layer thick
[30, 31]. Due to the formation of thick layer, at higher wt.% of [C,mim][BF4], the
electrolytic ions may not have the accessibility into the deeper pore of PVAO.5
composite leading to the large decrease of specific capacitance as low as 11 F g at a
current density of 0.25 A g”'. However, this value is not lower than that of PVA film

at the same current density.
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4.4. Conclusions

PVA-MnO; nanocomposite films with varying compositions of MnO;, NPs could be
prepared through solution casting technique. An ionic liquid, [Comim][BF4] could
also be incorporated with these composites. MnO, interacts with PVA in the PVA-
MnO, nanocomposites. The specific capacitance for PVA-MnO, nanocomposites
modified graphite electrode was as high as 50 F g at a charge-discharge current
density of 0.25 A g in 0.5 M Na,SO, solution. The specific capacitance of graphite
electrodes modified with PVA-MnO;, nanocomposites incorporated with
[Comim][BF4] modified decreases from 163 to 11 F g'1 at the same current density.
The specific capacitance of PVA and PVAO0.5 and [C,mim][BF,] incorporated
PVAO0.5 nanocomposites can maintain stability up to 1000 cycles studied. PVA-MnO,
nanocomposite films with different MnO, content could shield UV radiation. The
PVA-MnO; nanocomposite films are therefore promising for UV-shielding and PVA
as well as all the PVA-MnO, nanocomposites may be used as materials for

supercapacitor application.
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Abstract

This chapter describes the electrochemical results of composites based on a
conducting polymer and a non-conducting polymer using cyclic voltammetric and
chronopotentiometric methods. The specific capacitances (Cs) of PAni and PAni-
MnO, composites at different scan rates and current densities have been compared
with those for PVA and PVA-MnO, nanocomposites. The capacitative behavior of the
composites upon incorporation of two compatible ionic liquids, [Comim][TFSI] (for
PAni-MnQO,) and [Comim][BF,4] (for PVA-MnO,) have also been examined. The C;
increases from PAni to PAni-MnO, composites with increasing of wt.% of MnO,.
PVA and PVA-MnO; nanocomposites, on the other hand show different trends. The
C; increases initially up to a certain amount of MnO; loading and then it decreases
gradually. The difference in the cyclic voltammetric behaviors and charge-discharge
curves upon incorporation of the ILs in PAni-MnO; and PVA-MnO, nanocomposites
have been compared and contrasted to explore the potential of the composites for
application in supercapacitors.

5.1. Introduction

Polymer composites are combinations of constituents comprising polymers with
metal, metal oxides, metal salts efc. with a view to having synergistic property in size
and morphology, band gap, conductivity, thermal stability, transmittance, dielectric
constant and C; which is not possible for single constituent alone. These composites
with synergic effects are often found to exhibit novel functionality for diverse
applications [1]. Xu et al. showed that polymer composites exhibit synergic properties
owing to different types of interactions among the components in their
microstructures [2]. Property synergism among the components of the composites or
nanocomposites has been interesting for improved mechanical, optoelectronic,
thermal and electrochemical properties [3, 4]. The synergistic effect of Cs was found
in PAni-graphene oxide composites [5]. Polymers used in composites or
nanocomposites serve as good host matrix that prevents agglomeration due to various
interactions between dispersed phase and matrix phase whereas metal analogues such
as metal or metal oxides act as dispersed or continuous phase that provide improved
mechanical, thermal, optoelectronic, electrochemical properties and so on [6].

It may be worth mentioning that nature of conducting and non-conducting polymers
have impacts on the C; and the dispersed phase of metal oxides or metals has also

influence on the capacitive nature of composite materials. Dispersibility, porosity,
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surface area etc. of polymers or metal oxides or metals also influences the Cs [7].
Polymers generally suffer from poor mechanical strength and offer lower C; as well as
less cyclability during charge-discharge and potential cycling due to shrinking and
swelling leading to partial degradation. These limitations can be overcome by
preparing polymer composites with inorganic components such as metal or metal
oxides which offers novel functionality and provides higher specific capacitance than
those of polymers. Numerous attempts have been made to investigate the change of
the C, of different polymer composites or nanocomposites by alternating the
combinations of polymers and metal oxides with changing electrode materials,

electrolytes efc. [8]

ILs have been used as alternatives to conventional solvents in green synthesis of
polymers and polymer composites, in electrochemical applications such as in
capacitors, fuel cells, sensors efc. and as additives to tailor the properties of polymer
composites [9]. Incorporation of ILs in membrane of polymer composites changes the
C;. ILs have wide electrochemical stability window and most of the ILs are resistant
for electrochemical reduction and oxidation up to 5.0 V in different electrodes. They
are considered as safe electrolytes for electrochemical devices and used to develop
high energy electrochemical supercapacitors. Solid state supercapacitors were
designed by polymer gels by incorporating ionic liquid electrolytes for improved
performance and cycle life [10]. Supercritical fluid assisted synthesis of MnO,—
graphene composites modified electrode wrapped with an IL have been fabricated for

improved supercapacitor performance [11].

In Chapters 3-5, preparation of polymer composites by using conducting and non-
conducting polymers as matrix phases has been reported with a view to finding
optimum capacitive properties. When ILs are incorporated into the polymer matrix, it
is interesting to monitor changes in capacitive behavior depending on the types of
interactions between the components of ILs and matrix, and to correlate property

changes with the difference in the nature of the polymer matrix.

In spite of a few studies of IL based polymer composites, there have been no reports
on the comparative study of the Cs of the conducting and non-conducting polymer

based composites with incorporation of ILs of different nature in aqueous electrolytic
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solution. To understand the capacitive behavior of conducting and non-conducting
polymer based composites with incorporation of ILs depending on the compatibility
of mixing with the composites various electrochemical measurements need to be
systematically and intensively conducted. In present work, the Cs derived from a
conducting polymer based PAni-MnO, composites with incorporation of a
hydrophobic IL, [Comim][TFSI] and that of a non-conducting polymer based PVA-
MnO, nanocomposites with incorporation of a hydrophilic IL, [Comim][BF4] have
been compared. Finally, efforts have been made to develop strategy to optimize
conditions for desirable capacitive behavior based on the observations of conducting

PAni and non-conducting PVA based composites in absence and presence of ILs.

5.2. Experimental
5.2.1. Materials and Methods

Materials used and methods followed have been described in details in Section 2.2.1
and 4.2.1. Graphite electrode was modified with PAni or PAni-MnO, composites
with a mixed solution of dimethyl sulfoxide and ethanol by solvent casting method. It
was also modified with PVA and PVA-MnO, nanocomposites by direct casting of the
materials from aqueous solution. ILs were also incorporated into PAni-MnO, and
PVA-MnO; composites. Electrochemical measurements were carried out in a single

compartment, three-electrode cell with 0.5 M Na,SO; electrolytic solution.

5.3. Results and Discussion

5.3.1. Capacitive Behavior of Conducting PAni and Non-conducting PVA Based
Composites

The cyclic voltammetric and chronopotentiometric results have been analyzed to
compare capacitive properties of conducting PAni and non-conducting, PVA. Two
different ILs have been chosen ensuring compatibility with the polymers. In fact,
hydrophobic [C,mim][TFSI] and hydrophilic [Comim][BF4] were compatible with
PAni and PVA, respectively and could be incorporated into PAni and PVA based

composites.

5.3.1.1. From Cyclic Voltammetric Results
Figure 5.1 shows the cyclic voltammograms of PAni (A) and PVA (A1) recorded at

different scan rates from 0.01 t0 0.10 Vs in 0.5 M Na,SOy solution. In case of PAni,
121



Cumrent density/ (A g

Dhaka University Institutional Repository

two pairs of redox peaks at +0.18 V and 0.72 V correspond to transitions from
leucoemeraldine to emeraldine and emeraldine to pernigraniline forms, respectively
[12]. The cyclic voltammogramms of PVA (Al) shows no redox peaks indicating
absence of Faradaic process and only double layer forms at the interface between
electrode and electrolyte. Current density in case of PAni is higher than that of PVA

which obviates the more conducting nature of PAni.
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Figure 5.1. Cyclic votammograms of PAni -A and PVA-A1.

From Figure 5.2 (B), the redox peaks appearing for the transition from emeraldine to
pernigraniline form of PAni at +0.72 V shifted to a +0.64 V for PMS5 composite
(PAni-35% MnO,) indicating interaction between PAni and MnO, in the composite.
The redox peaks corresponding to the transition from leucoemeraldine to emeraldine
also shifted to negative potential. Current densities are also different. The current
density is higher in PAni compared to that of PMS5 composite. It can be explained by
the fact that MnO, may block some channels in the PAni network which hinders the
electronic movement throughout the material. Figure 5.2 (B1) presents the cyclic
voltammograms of PVA with variation of wt.% of MnO, NPs at 0.10 V s'in 0.5 M
Na,SOy solution. The cyclic voltammograms in panel (B1) show that all the CVs of
materials other than PVAOQ.5 exhibit approximately rectangular shape, at a scan rate of
0.10 V s™. This indicates capacitive behavior which may originate from the electrical
double-layer capacitance in the electrode surface. In these CVs, the current passed
through the PVA-MnO; nanocomposites is higher than that of PVA possibly due to
the synergistic effect from the combined contributions of PVA and MnO:..

122



|5 20
B
Scanme | Vs o 1.5
0 — ool Al ;
% —- 00 T i e 't 1.0
=l o - e ) '
< geb e {1015 T L el "-::
i 0.1 = 03
2 B
£ oof g 0of
~
= //vf = E .35
g0t - E
E R S
- r A - -
L&) Tt -l
Int o :
v ~ A
MR i " L L i i i i 0
04 02 00 02 04 06 0F I4 12 14

Potential /W owe. AgiAaCT (Sa1, KCT)

Dhaka University Institutional Repository

[l

(R
MValE
Pval
FvaAZ
P A4

Scan rase={LI0 Y 57

x 0.4 (L6 08 L0 12
Potential /Y vy A ArClHSat KCH

.0

Figure 5.2. CVs of PAni-MnO, (PM5)-B and PVA-MnO, -B1.

The cyclic voltammetric results show that the C; decreases from 25 to 14 F g from

PVAO.5 to PVA4 nanocomposites at a scan rate of 0.10 V s™. The higher current

densities of PVA-MnO; nanocomposites at lower wt.% of MnO, NPs are also

indicative of the high conductivity as well as higher C;. As the wt.% of MnO, NPs

increases current density decreases due to blockage of some active sites and Cj

decreases in the same manner.

Figure 5.3 shows the CVs of PAni- MnO, composite (PM5) incorporated with
[Comim][TFSI]-C and PVA-MnO;, nanocomposite (PVAO.5) incorporated with
[Comim][BF4] )-C1. CVs of Figure 5.3 (C) present similar redox peaks for PM5

composite which disappear gradually as the scan rate increases. This indicates
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Figure 5.3. CVs of PAni-MnO, (PM5)-C incorporated with [C,mim][TFSI] and PVA-MnO,
(PVAO.5)- C1 incorporated with [C,mim][BF,] .
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predominance of double layer upon incorporation of the IL. Double layer capacitance
is comparatively low with respect to pseudocapacitance in any electrochemical

system, giving rise to relatively low Cs which is consistent with the observation.

In case of CVs of Figure 5.3 (C1), the current density increases with the addition of
0.5 wt.% MnO, into PVA. Further increase of current density upon addition of 5 wt.%
of [C,mim][BF,] is the testimony of augmenting the conductivity. As [C,mim][BF,] is
added, the current density decreases due to aggregation of ions from [C,mim][BF,]
causing hindrance of electron transport and thus may have an impact on the decrease

of the C; which finely correlates with the results.
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Figure 5.4. Charge-discharge curves of PAni-A and PVA-AL.

Figure 5.4 shows the charge-discharge curves of PAni (A) and PVA (A1) at different

current densities. At the same current density of 0.25 A g”' PAni gives higher
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Figure 5.5. Charge-discharge curves of PM1 (PAni-2% MnQO,)-B and PVA2 (PVA-2%
MnQO,)-B1 at different current densities.
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Cs (19 F g) than that of PVA (11 F g). This may be attributed to the fact that as
PAni contains polarons and bipolarons in its backbone, it is more prone to access
more ions from the electrolytic solution during charge-discharge resulting in higher

C.

5.3.1.2. From Chronopotentiometric Results

Figure 5.5 shows charge-discharge curves of PM1 composite (PAni-2% MnO,)-B and
PVA2 nanocomposite (PVA-2% MnQO,)-B1 at different current densities. 2 wt.%
MnO, was incorporated in both conducting PAni and non-conducting PVA matrix.
The C; was found to be higher (47 F g™') in PVA2 than that of PM1 (32 F g) at 0.25
A g though PVA exhibits lower C, than that of PAni. In case of PVA-MnO,
nanocomposite, 2 wt.% MnO, NPs was incorporated which renders more specific
surface area resulting in more accessible active sites for intercalation or de-

intercalation of ions from the electrolyte which may lead to the increased Cs [13].

Table 5.1. Specific capacitance of PAni and PVA at different current densities

Material Curreat  Specific Material  Cument  Specilic
density  capacitance density  capacitance
(A gl (Fgh (Agh (T gh
0.10 00 0.23 11
PAm 0.15 13 PVA 1.00 g
0.20 29 125 7
0.25 19 1.50 6

Table 5.2. Specific capacitance of PM1 (PAni-2% MnO,) and PVAO0.5 (PVA-0.5% MnQ,) at
different current densities

Material Current Specific Matcrial — Current Specific
density  capacitance density  capacitance
(agh)  Fgl (Azly (Fgh
0.10 160 0.23 47
PN 0.15 54 PVAZ 1.00 16
0.20 39 123 11
0.25 32 1.50 7
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Table 5.3. Specific capacitance of [C,mim][TFSI] incorporated PM1 (PAni-2% MnO,) and
[C,mim][BF,] incorporated PVAO.5 (PVA-0.5% MnO,) nanocomposites at different current
densities

Material  Current Specific Material Current Specific
densily  capacilance densitv  capacitance
(Agh (F o) (Agh (Fgh
0.10 165 0.25 163
PMI-1L D.15 53 PVAD 5-TT. 1.00 T
0.20 49| 1.25 61
0.23 43 1.50 42

Potential /v oes. Ag/AsCl (San KCl)

Figure 5.6 shows charge-discharge curves of PM1(PAni-2% MnQO,)-C incorporated
with [Comim][TFSI] and PVAO0.5 (PVA-0.5% MnO,)-C1 incorporated with
[Comim][BF4] at different current densities. Specific capacitance increases upon
incorporation of [Comim][TFSI] in PM1 composite (45 F g'l) compared to that of
PM1 32 F g'l). This may be ascribed to the fact that IL helps to achieve intimate
contact between PAni and MnO,; to optimize surface area of electrical double layer
and thus the C; increases [14]. The Cs of PVAO0.5 nanocomposite incorporated with
[Comim][BF,] (163 F g ) also increases as compared to that for PVA0.5 (17 F g™)
since to MnO, NPs might help to provide by increasing specific surface area on
addition of IL to PVAO.5 nanocomposite. Thus, maximum utilization of the electrical

double layer of PVAOQ.5 is achieved by the electrolyte ions [15].
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Figure 5.6. Charge-discharge curves of [C,mim][TFSI] incorporated PM1(PAni-2% MnOQO,) -
C and [C,mim][BF,] incorporated PVA0.5 (PVA-0.5% MnO,) at different current densities.
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5.4. Conclusions

The capacitive behavior of conducting PAni-MnO, and non-conducting PVA-MnO,
composites is found to be influenced by variation of MnO, content in the composition
and addition of ILs. Redox peaks appear in PAni indicating predominance of
pseudocapacitive nature whereas PV A contains no redox peaks specifying dominance
of electrical double layer capacitive phenomenon. In PAni-MnO, composites both
pseudocapacitance and electrical double layer capacitance exist. The Cs decreases
from PVAO.5 (25 F g) to PVA4 (14 F g') at 0.10 V s™. The current density is almost
identical in PMS5 incorporated with [Comim][TFSI] and PVAO.5 incorporated with
[Comim][BF4]. The specific capacitances of PAni, PVA, PMI, PVA2, PMS5
incorporated with [C,mim][TFSI] and PVAO.5 incorporated with [Comim][BF4] is
found to be 19, 11, 32, 47,45 and 163 F g'l, respectively, at a current density of 0.25
F g'. Thus, variation in composition of the composites and incorporation of ILs has

profound influence on the capacitive properties of the composites.
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6.1. General conclusions

Polymer composites, viz. PAni-MnO,, PAni-NiO and PVA-MnO, prepared by
chemical oxidative polymerization have shown profound influence on property
synergism in morphology, thermal stability, conductivity, band gap, dielectric
constant and transmittance among their components. PAni shows interconnected
network like morphology whereas PAni-MnO, composites display compact granular
morphology that increases as the amount of MnO, increases. PAni shows connected
petals of a flower like morphology whereas PAni-NiO composites exhibit spherical
bunch-like morphology that increases as the NiO content increases. The size of PAni
and PAni-NiO composites falls in the range of 100-200 nm. Average diameter PVA

and PVA- MnO; nanocomposites are 293 and 93 nm, respectively.

Thermal stability of PAni-NiO is higher than that of PAni, whereas no significant
effects of MnO, in thermal stability of PAni-MnQO; are noticed. In case of PVA-MnO,,
thermal stability generally decreases due to incorporation of MnQO, in PVA.
Incorporations of the ionic liquid, [C,mim][TFSI] into PAni and PAni-MnO, are
found to further enhance thermal stability.

Conductivity of PAni-NiO nanocomposites initially increases on addition of NiO NPs
into PAni and then decreases which is consistent with the results of band gap energy

of the materials. Band gap increases initially and then it continuously decreases.

Specific capacitance of PAni-MnO, composites prepared chemically is higher than
that of PAni with increasing MnO; content in the composite. Incorporation of the
hydrophobic IL, [C,mim][TFSI] in PAni-MnO, composite is also found to enhance
the capacitance value up to certain limit of MnO, followed by decrease with further
increase in MnO, content. PVA-MnO, composite prepared chemically results in
significant increase in specific capacitance initially up to a loading of a low amount of
MnO,; and then the capacitance decreases on further loading of MnO,. Incorporation
of the hydrophilic IL, [C,mim][BFs] into PVA-MnO, nanocomposite, specific
capacitance dramatically increases by 64 %. Specific capacitance of electrochemically

prepared PAni possesses higher value than that of PAni-NiO. The values of specific
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capacitance of PAni, PVA and their MnO, based composites with incorporation of
ILs and PAni-NiO are promising materials for application in supercapacitors.
Transmittance of the PVA-MnO, was found to show total absorption of UV-radiation
which accounts for the novel functionality of the composites as UV-shielding
materials.

Dielectric constant of PAni-NiO nanocomposites are higher than that of PAni and
dielectric losses are lower in PAni than the composites which are indicative of
promising application as dielectric materials. Thus, property synergism and novel

functionality make the composites inevitable for diverse applications.

6.2. Outlook

Synthesis of polymer composite provides an important approach to have synergistic
effect through introducing improved properties which inter alia include minimizing
particle size, preventing particles from agglomeration, expanding active sites of the
materials, augmenting conductivity through creating channels for electron and charge
transport or conduction, preserving active materials from degradation, improving
mechanical strength, extending potential window and cycling stability for
electrochemical applications. New functionalities can be achieved by judicious and
proper combinations of polymer and inorganic component for versatile applications in
multidisciplinary fields. Moreover, polymer nanocomposites are much advantageous
in providing more electroactive sites for higher specific surface area and efficient
contact of electrolyte ions which give rise to high charge-discharge capacities
resulting in higher specific capacitance. Simple methodology has been used to prepare
polymer nanocomposites with novel functionality which may be used as UV-shielding
and dielectric materials. ILs can be incorporated into the polymer composite to
improve the conductivity of the composites which may eventually open new routes
for their versatile applicability in thin films, sensors, membranes for fuel cells and in
other electronic and electrochemical applications. Biodegradability, biocompatibility,
and environment friendly nature of polymer based composites may pave the way for
designing green and sustainable energy storage devices to meet the increasing
demands of energy crisis. The synthesis strategy in combination with incorporation of
ILs can be applied to other conducting and non-conducting polymer based composites
to achieve novel functionality for manifold applications.
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