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Preface

Conducting polymers are promising materials in different research such as
medicinal, technological, and industrial fields. Conducting polymers are used alone or
in combination with other attractive materials in different applications. Among the
conducting polymers, polythiophenes are very attractive for their peculiar properties
such as good environmental stability, optical properties, mechanical properties, and
electrical conductivity. Polythiophene nanocomposites with conducting carbon
nanomaterials are promising for the possibility for achieving enhancement in various
properties related to it including the enhancement in electrical conductivity. One
dimensional carbon nanotubes exhibiting unique mechanical, optical, thermal, and
electrical properties would be a great combination for polythiophene on

nanocomposites formation.

In this work, study on different synthetic approaches of polythiophene-
multiwalled carbon nanotube nanocomposites, its characterization and applications
were carried out. Water soluble/dispersible nature of nanocomposites is an attractive
property which promises its further processability in future applications in an easy
way. Unsubstituted polythiophene are water insoluble or non-dispersible in nature.
Preparation of nanocomposites with suitable fillers is one of the ways to improve
processability of polythiophene materials. Unsubstituted polythiophene-carbon
nanotube nanocomposites were prepared by effective in-situ chemical oxidative
polymerization of thiophene monomer. Achievement of attractive morphology of
nanocomposites is another factor to be considered in the preparation of
nanocomposites. Influence of double tail anionic surfactant AOT were identified as
helping for attaining superior morphology, good processability and other properties,
which is discussed in chapter 2. Another way of preparing processable and superior
polythiophene carbon nanotube nanocomposites is utilizing functionalized carbon
nanotubes in nanocomposites preparation. Functionalization of carbon nanotubes
improves the processability by decreasing its inherent self-bundling property.
Nanocomposites preparation of polythiophene with functionalized carbon nanotubes

and their characterization were described in chapter 3.

Functionalized carbon nanotube-polythiophene binary nanocomposites

exhibited good aqueous dispersion and further lead to preparation of higher order



ternary nanocomposites of polythiophene-functionalized multiwalled carbon nanotube
with silver nanoparticles, which is discussed in chapter 4. Studies on the superior
thermal and electrical properties of silver nanocomposites were also discussed in
chapter 4. An elaborative study of catalytic and antibacterial properties of the
prepared silver nanocomposites were presented in chapter 5. The high catalytic
activity of silver nanocomposites in the model p-nitrophenol reduction reaction, its
mechanism and superior antibacterial action is described in chapter 5. The study on
catalytic decolourization of azo compounds were conducted with mechanistic point of

view conducted in chapter 6.

Utilization of soluble polythiophene derivatives is another way of improving
processable nature nanocomposites in future applications. Chapter 7 describes a
simple physical mixing approach of nanocomposites preparation using substituted
polythiophene, poly(3-thiophene ethanol) with functionalized multiwalled carbon
nanotubes. The prepared nanocomposites exhibited stable dispersion in ethanol. The
electrical and electrochemical properties of poly(3-thiophene ethanol)-functionalized
multiwalled carbon nanotube nanocomposites were demonstrated as efficient

electrode material in supercapacitor applications.
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Abstract

Polythiophene-carbon nanotube nanocomposites are attractive for their peculiar
properties and possibility to implement in advanced applications. In the present work,
effective synthetic approaches of polythiophene-carbon nanotube nanocomposites were

carried out and demonstrated them as to attain striking and improved properties.

The main objectives of our work are as follows :- (1) surfactant assisted
preparation and characterization of polythiophene-carbon nanotube nanocomposites, (2)
preparation of functionalized multiwalled carbon nanotube and its characterization, (3)
preparation and characterization of nanocomposites of polythiophene with functionalized
multiwalled carbon nanotube and their characterization, (4) preparation and
characterization of nanocomposite of functionalized polythiophene with functionalized
multiwalled carbon nanotube and (5) applications of polythiophene-functionalized

multiwalled carbon nanotube nanocomposites .

Study on effect of double tail anionic surfactant AOT on the effective formation
of polythiophene-carbon nanotube nanocomposites were carried out. Unsubstituted
polythiophene carbon nanotube nanocomposites preparation was carried out with in-situ
chemical oxidative polymerization of thiophene monomer using ferric chloride as
oxidant in presence of surfactant AOT in chloroform medium. Functionalization of
carbon nanotubes were carried out with simple acid treatment and further preparation of
polythiophene-functionalized multiwalled carbon nanotube nanocomposites were
conducted with in-situ chemical oxidative polymerization. General characterizations of
functionalized multiwalled carbon nanotube and polythiophene-multiwalled carbon
nanotube nanocomposites were carried out with FT-IR spectroscopy, Raman
spectroscopy, Elemental analysis, WXRD, EDX mapping, pH studies, and XPS analysis.
Morphological characterizations were conducted with SEM and TEM analysis. Further
studies such as electrical conductivity was measured using four probe conductivity meter
and thermal stability analysis done with TGA. Silver nanoparticles entangled
polythiophene functionalized multiwalled carbon nanotube ternary nanocomposites were
subjected to various applications such as catalytic reduction of p-nitrophenol with studies
on its mechanism, antibacterial applications on E. coli bacteria and -catalytic
decolorization of water soluble and water insoluble azo compounds including the
azobenzene. Nanocomposites of functionalized conducting polymer poly(3-thiophene

ethanol) with functionalized multiwalled carbon nanotube were synthesized by simple



and easily scalable physical mixing approach. Electrochemical characterization with CV
and GCD analyses of nanocomposites promised the composites as efficient

supercapacitor electrode materials.
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Introduction and Literature Review

1.1. Introduction to conducting polymer nanocomposites

Over the past two decades conducting polymer nanocomposites have been
studied with much attention for their various synthetic approaches as well as
applications.1* Nanocomposites are multiphase materials which contain more than one
component coexist in a nano structural confinement with other components.
Conducting polymer nanocomposites are those in which one of the components is a
conjugated polymer or its copolymer.®> Modified properties of components are achieved
after combining the conjugated polymer with any other organic or inorganic substrate
in composite form.%” Conducting polymers are a class of organic polymers having a
continuous conjugated backbone inherently. The advantageous properties of polymeric
materials on incorporation with a conducting framework could render advanced
applications in appropriate fields. Various conjugated polymers are polyacetylene,
polyaniline, polypyrrole, polythiophene, polyphenylenevinylene, etc.®® Conjugated
polymers or their derivatives or its copolymers possess conducting or semiconducting
nature, along with polymeric features like easy processability, flexibility, lightweight
nature, cost effectiveness, and the other unique characteristics of each conducting

polymer.8-1!

1.2. Polythiophene and its derivatives
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Poly(3-hexyl thiophene) P°|‘I(3 methyl thiophene) poly (3(2-ethyl sulfonate) thiophene) Poly(3-hexyloxy thiophene)

Figure 1.1. Structure of polythiophene and some of the substituted polythiophenes
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Figure 1.2. Structures of positive and negative polarons and bipolarons formed in

polythiophene via p-type and n-type doping respectively.

Polythiophene and its derivatives are prominent and promising group of
conducting polymer materials, holding unique characteristics such as ease of
processability, good optoelectronic properties and environmental stability. Solubility or
processability improvements are more prominent in polythiophene derivatives and their
copolymers than in unsubstituted states. Structures of some of the substituted
polythiophenes taken from literature are given in Figure 1.1.? polythiophene is
distinguishable from other conducting polymers with its polymeric heterocyclic
aromatic thiophene ring system existing as extended m-conjugated chains.*** Doping
of conducting polymers usually improves their electrical conductivity and shifts the
electrochemical potential. Many researchers have reported undoped and doped states
of polythiophenes and the importance of doping to result changes in the conductivity
performance of polythiophenes. Band gap tuning is usually carried out to obtain
desirable electrical properties for conducting polymers. The band gap of polythiophene
and its derivatives can be tuned between 1 to 3 eV. Band gap tuning could be done by
inserting suitable dopants or with side chain functionalization on polymer aromatic
backbone. Polythiophene usually shows conductivity through p-type doping. Chemical,
electrochemical, or electric methods can achieve the different levels of doping.t#1®
Insertion of a single charge on the polythiophene chain by doping creates polaron and

further doping leads to the form bipolaron. Structural illustrations of p-type and n-type
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polarons and bipolarons are shown in Figure 1.2. The n-type doping was also reported
in polythiophenes by altering the properties of prepared polythiophene. Jayasundara
and co-workers presented a theoretical study of p and n-type doping on polythiophene
and polypyrrole conducting polymers.t® Polythiophenes might render their individual

properties also with suitable fillers in the composite form.’
1.3. Organic/inorganic fillers in conducting polymer nanocomposites

The composites of conducting polymers in which polymers serve as matrices
and the additional component(s) act as filler(s). Various inorganic or organic fillers can
be chosen for nanocomposite preparation. Different fillers such as metals, metal
compounds, carbon-based materials, inorganic substrates, and ceramic materials are
used. The main factor determining effective nanocomposite formation and better
properties is the interaction between different components in the nanocomposites.'8-26
Liu and co-workers reported the effective formation of end functional
polythiophene/CdSe nanocomposite having the morphology of interpenetrated network
nanorods obtained with the help of successful interaction between the components.®
Pascariu et al. reported electrochemical preparation of polythiophene-nickel
nanoparticle nanocomposites with good conductivity performance.?* One of the reports
of carbon based nanocomposites with polythiophene by Taj et al. was the PEDOT-
graphene nanocomposite formation with a narrow band gap and high dielectric
properties.?> Another nanocomposite of polythiophene with clay substrate was reported
by Aradillla and co-workers, who suggested the material for ultracapacitor

applications,326-28

1.4. Carbon nanotubes as fillers in conducting polymer

nanocomposites

Carbon nanotubes are unique one-dimensional conducting nanotubular
materials exhibiting unique physical, electrical, and mechanical properties. They are
generally classified as single-walled and multiwalled carbon nanotubes. Single walled
nanotubes can be considered as folded graphene sheets, whereas later is multi-folded.
The difficulty of using carbon nanotubes is poor processability due to the inherent
bundling nature.?®3° Various functionalization strategies on the walls of carbon
nanotubes can be adopted to decrease this self-aggregation tendency. Carbon nanotubes

could act as suitable fillers in conducting polymer nanocomposites due to (i) the
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opportunity of polymers to wrap on the surface of carbon nanotubes utilizing weak non-
covalent CH-rt or m-mu interaction or (ii) covalent grafting of polymers on the defective
sites of carbon nanotubes walls.3-33 Carbon nanotubes also possess a template effect
for attaching polymers around it; thereby maintaining the nanotubular morphology.?%
Single and multiwalled carbon nanotubes have their advantages in nanocomposites;
multiwalled carbon nanotubes have the overall electronic structure less destructible on
chemical treatments due to the presence of multi folds of tubular graphene layers.
Multiwalled carbon nanotubes are economically more viable and could exhibit more

excellent mechanical properties than single-folded carbon nanotubes.34-3

1.5. Synthetic strategies and development of conducting

polythiophene-carbon nanotube nanocomposites

General strategies used to prepare polythiophene carbon nanotubes
nanocomposites are
1. Carbon nanotubes or functionalised carbon nanotubes are ultrasonicated in the
presence of polymer matrix.
2. In-situ polymerisation of polymer in the presence of dispersion of carbon
nanotubes

3. Grafting of polymer chains from the surface of carbon nanotubes.*?

The processability of nanocomposites is a crucial factor to be considered in the
preparation of nanocomposites. The processing of nanocomposites also needs
significant attention to tune the composites for specific applications. Polythiophene-
carbon nanotube nanocomposites could usually be made up of aerogels, thin films,
pellets, conductive inks, etc. The morphological features, distribution of different
components in the composites and solvent dispersibility helps to fabricate them into

suitable form.37:38

Figure 1.3. PEDOT:PSS/CNT nanocomposites hydrogel (a), alcogel (b) and aerogel
(c) (adapted from Cheng et al. 2017).
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Aerogel substances are distinguishable with their properties of high specific
surface area, low density, and 3-dimensional porous structure. The unique nanotubular
morphology of carbon nanotubes surrounded by polythiophene polymer delivers the
possibility to form advantageous aerogels. Various applications of aerogels are
contamination treatment, Cerenkov detector, thermal insulators, and energy storage.
Besides that, biocompatible aerogels are interesting for bio implant and drug delivery.
Good conductivity of the aerogels might lead to binder-free supercapacitor electrode
preparation.®®4! Cheng and co-workers reported free-standing aerogel fabrication from
PEDOT: PSS/CNT nanocomposites having high specific surface area and good
electrochemical performance. In this report, a hydrogel was first converted to alcogel,
followed by treatment with supercritical CO», which resulted in the formation of free-
standing aerogel (photographs of hydrogel, alcogel and aerogel adapted from the
literature are given in Figure 1.3.).%° Idumath et al. conducted a detailed review of
emerging trends in polymer aerogels in which they remarked carbon nanotubes-
polymer nanostructures could act as promising candidates for aerogel preparation.*
Polythiophene carbon nanotubes thin/thick films are the most demanded preparation
with nanocomposites due to their distinctive properties to obtain flexibility, lightweight
nature, easy fabrication, etc.!42%4243 Transparent thin films are also prepared using
carbon nanotube nanocomposites.*® Methods such as spin coating, solution sorting,
spread casting, vacuum filtration, etc. are commonly used for nanocomposites thin film
preparation. All the techniques seek the formation of stable dispersion of
nanocomposites in suitable solvents.}*2%4243 \Wang et al. reported polythiophene-
carbon nanotube nanocomposites films for chemiresistor application. They found that
thicker films were needed to produce a sufficient signal-to-noise ratio.*? Another work
done by Liyanage and co-workers addressed the fabrication of thin film transistors of
poly(3-dodecylthiophene)-CNT nanocomposites, and its preparation was reported by
dispersion based-sorting technique.*® Pellet formation with nanocomposites is another
form of fabrication of carbon nanotube-conducting polymer nanocomposites. Binder-
free pellets have more significance. Carbon nanotubes alone do not give strong binder-
free pellets, but composite preparation with environmentally stable polymers can render
the effective formation of binder-free, firm, and non-deliquescent pellets.**® It is easy
to study the electrical conductivity of nanocomposites samples in pellet form. Gas
sensing applications are mainly reported with pelletized form of polythiophene-carbon

nanotube nanocomposites. ***> A recent report of ammonia sensing application of
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polythiophene carbon nanotube nanocomposites was conducted by Husain and co-
workers and they conducted the study in the pelletized form of the composites.*
Another possibility is the preparation of conducting ink with polythiophene carbon
nanotube nanocomposites. The self-bundling nature of carbon nanotubes obstructs
effective dispersion and thereby hinders conducting carbon ink preparation.®**8
Polythiophene/CNT conductive inks were not much progressed in literature today. But
the possibility of using conducting polymer-wrapped carbon inks can simplify the ink
printing method and thereby reduce the overall cost of application. Chen et al.
fabricated conductive ink made up of MnO2/PEDOT/MWCNT nanocomposites with
poly-tetrafluoroethylene in ethanol and demonstrated their application in flexible

micro-supercapacitor (see Figure 1.4.).4

=)

Figure 1.4. Flexible micro-supercapacitor fabricated from MnO2/PEDOT/MWCNT
nanocomposites conductive ink with poly-tetrafluoroethylene (adapted from Chen et al.
2014).

1.6. Applications of conducting polythiophene-carbon nanotube

nanocomposites

Polythiophene-carbon nanotube nanocomposites are desirable materials in
different applications such as sensors, suitable nanocomposite precursors for
synthesising higher order structural architectures, supercapacitor electrodes,
electromagnetic interference (EMI) shielding, photovoltaic cells and photodiodes,
transistors, thermoelectric films, conducting adhesives, battery electrodes, aerospace
applications, etc. The properties developed are characteristics of both polythiophene
and carbon nanotube fillers which depend on their ratio of mixing and on the interaction
between the components to determine the appropriate field(s) of application of the
nanocomposites prepared. Significant applications of polythiophene-carbon nanotubes

nanocomposites are discussed briefly below.
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1.6.1. Sensors

Figure 1.5. Reversible ammonia sensing using polythiophene-carbon nanotube

nanocomposites (adapted from Husain et al. 2020)

Polythiophene-carbon nanotube nanocomposites are emerging as sensor
materials which include electrochemical sensing, chemiresistor sensing, chemical
sensing, mechanical sensing, and voltammetric sensing methods.*?44454950 The
development of low-cost portable sensors using conducting polymer nanocomposite
systems is a new field of research applying its relevant properties. Carbon nanotubes
are important materials distinguishable by their property of sensitivity to environmental
changes. Surface functionalization with polymers and their conducting nature can
further correlate with the sensing properties of carbon nanotubes. Zhang et al. reported
developing a chemiresistive sensor using polythiophene functionalized carbon
nanotubes to detect n-methylphenethylamine (NMPEA) and various volatile organic
compounds. This chemiresistive sensor combined on circuit boards could develop

wireless communication with a cell phone accessory or computer. Combining polymer
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components having various recognition groups to conducting carbon nanotubes enable
them to adopt suitable sensing mechanism based on the property related to the
recognition of the group on the polymer.*® Hussain et al. established a reversible
chemical sensor based on electrical conductivity difference for nanocomposites

interacting with the analyte ammonia (see Figure 1.5.).44
1.6.2. Preparation of higher-order nanocomposites

Higher-order nanocomposites are emerging as an exciting way of preparing
more efficient nanocomposites from carbon nanotubes- polythiophene binary
nanocomposites.®>> The availability of an excellent structural platform helps to
accommodate other materials on it. Therefore, the formation of well-oriented carbon
nanotubes- conducting polymer nanocomposites is the prime factor which helps to
build them up to higher-order structural architectures. Structural modification with
additional fillers will lead to integrated properties of individual components. 513
Interaction of binary polythiophene-CNT nanocomposites with the other component
would act as another important factor to form stable higher-order composites. This
factor also acts as a reason for enhancement in the properties of nanocomposites.>°2 A
report on higher-order nanocomposites by Wan and co-workers revealed incorporation
of Pt nanoparticles to polythiophene-carbon nanotubes nanocomposites could

effectively enrich them as an electrochemical sensor for Bisphenol A detection.>?
1.6.3. Supercapacitor applications

Incorporating polythiophene with carbon nanotube makes them a suitable
combination for supercapacitor electrode applications by properly tuning their
properties.>®% Carbon nanotubes are promising electrode materials due to their
structural and electronic properties.5”*° Electrical double-layer formation on the surface
of carbon nanotubes is due to their capacitance performance known as electrical double
layer capacitance (EDLC).%° Polythiophene exhibits good redox properties with less
percentage EDLC characteristics and thereby exhibits pseudo capacitance.>®® Many
authors have reported polythiophene carbon nanotube nanocomposite based
supercapacitors with high energy efficiency and good power density.>6° One study
conducted by Zhang et al. reports the supercapacitor application of polythiophene-
carbon nanotube nanocomposites obtained with electropolymerization in ionic liquid

microemulsion followed by composites formation.® Binder and additive-free
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supercapacitor electrodes are more attractive. For capacitance performance, Lota et al.
prepared binder-free electrodes with PEDOT and carbon nanotubes.>® Literature studies
revealed that many reports of polythiophenes nanocomposites with single and

multiwalled carbon nanotubes can render good capacitor performance.>’
1.6.4. EMI shielding

Electromagnetic interference is present in devices that utilize, transfer or
distribute electrical energy. Increased use of cellular towers, electronic devices,
wireless networks, etc., seeks more efficiency in material related to EMI shielding.®*
As nanotechnology progresses in various materials science fields, establishing efficient
EMI (Electromagnetic Interference) shielding materials is considered a major area of
research interest. Research related to EMI shielding materials pay attention to both
synthesis and application. Continuous conducting fillers in nanocomposites for EMI
shielding applications are most efficient rather than discontinuous fillers.523
Conventional EMI shielding materials are metal-based systems with many demerits
such as high density, low resistance to corrosion and poor mechanical properties. Using
carbon nanotubes as the filler in nanocomposites provides good mechanical strength,
improved electrical conductivity and high corrosion resistance. The incorporation of
polythiophene with carbon nanotubes to obtain nanocomposites having well-organized
conducting networks deliver an efficient platform for high EMI shielding efficiency
(EMI SE). The use of polythiophene pursues more attention related to its remarkable
characteristics, such as low density, high environmental stability, good conductivity,
and potential flexibility. Developments of EMI shielding materials based on
polythiophene and polythiophene derivatives in the doped state as composites with
carbon nanomaterials were reported.®*%% One of the recent reports by Preetham
Bhardwaj et. al. is that polythiophene graphene grafted three-dimensional carbon fibre
nanocomposites with good performance in antistatic and microwave shielding

applications.®®
1.6.5. Photovoltaic cells and photodiodes

Recently conjugated polymer-based photovoltaic devices have been developed
vastly for their peculiar properties, including lightweight nature, flexibility, continuous
conducting framework, and good energy conversion efficiency.3*%7-"3 Along with good

environmental stability, and processability, the association of efficient photoconversion
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groups as substituents in connection with the existing conjugated framework were
reported.®® Highest power conversion efficiency in polymer photovoltaic devices is
achieved with bulk heterojunction (BHJ) materials rather than single component and
bilayer solar cell materials.®*" Polythiophene could act as good electron donors in
combination with suitable electron acceptor materials like Cgo that offer maximum
energy efficiency up to 7 %. Carbon nanotubes are considered good electron acceptor
materials in BHJ photovoltaic devices with suitable polymeric materials like
polythiophene derivatives due to ballistic conduction pathways and higher carrier
movements. Planar nano-heterojunctions with conducting nanomaterials such as carbon
nanotubes could define excellent energy-efficient substrates for exciton dissociation.*®
The impeding factor for obtaining good energy efficiency in such devices is (i) the
aggregation tendency of carbon nanotubes on dispersing with polymeric materials and
(i) intermixed state of metallic and semiconductor carbon nanotubes. The exciton
dissociation and photogeneration of photovoltaic nano-heterojunction  of
polythiophenes and carbon nanotubes/graphene were studied.®*">"® Rahman et al.
demonstrated single-walled carbon nanotubes with nanostructured ITO electrodes for a
photoelectric application. Here functionalized polymers were attached with carbon
nanotubes with van der Waals and electrostatic interactions.’® Later, a work was
reported by Yu et al. in which covalently grafted regioregular poly(3-hexyl thiophene)
with graphene was fabricated as a heterojunction photovoltaic device using a simple
solution processing approach.®” Another work by Habisreutinger and co-workers
demonstrated P3HT-wrapped carbon nanotube nanocomposites to enhance the hole
extraction efficiency of perovskite solar cells.”” Recently, Ahmed et al. reported
polythiophene carbon nanotube nanocomposites as counter electrodes in dye sensitized

solar cells.”t
1.6.6. Transistors

The area of flexible electronics with organic thin film transistors (OTFTs) and
organic semiconductors is an emerging study which could potentially replace
conventional inorganic semiconductor-based electronic materials.”* Conducting
polymers or other small organic molecules having semiconductor properties are
attractive for their solution processability, low-cost manufacturing, lightweight and
flexible nature and low-temperature synthetic routes. However, less charge mobility

and the short lifetime of such electronic materials limited its application.”"®
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Conducting carbon nanotubes are promising materials for integrating with conducting
polymers in organic field effect transistor systems because of their one-dimensional
nanostructure with electronic charge transfer capability.”® Application of carbon
nanotubes in such electronic materials still faces challenges from their self-bundling
nature and practically infusible and insoluble character. A suitable combination of
conducting polythiophene with carbon nanotube having electronic interaction between
components and good morphology features is attractive to electronic material
devices.”*"® The switching speed of transistors is directly proportional to field effect
mobilities (1) and inversely proportional to channel length (L). Reducing the line width
between the printed lines increases the transistor efficiency.’* Park and co-workers
fabricated OTFT electrodes of PEDOT: PSS/CNT having a small 7 pm channel length
using an electrohydrodynamic jet printing technique. They demonstrated the composite
with good dimensional stability also.” Soon after, another work done by Lee et al.
developed PEDOT/PSS composite with single-walled carbon nanotubes that was
reported as an efficient bilayer thin film transistor.”” Recently, Kandpal and co-workers
prepared poly(3-hexyl thiophene) (P3HT): MoS: : multiwalled carbon nanotube
nanocomposites and fabricated as an electrochromic diode for rectification application

by utilizing redox behavior of P3HT.”®
1.6.7. Thermoelectric materials

Thermoelectric materials directly convert heat energy into electrical energy.
The use of thermoelectric materials in the field of electrical energy production might
promise sustainable development by converting waste heat energies released from
various sources.” Efficiency of thermoelectric materials can be determined with good
figure of merit and power factor.2 Carbon nanotubes are striking as thermoelectric
materials because of their excellent mechanical strength, high conductivity, thermal
stability, low toxicity, and lightweight nature.”®3* Incorporation of conducting
polymers like polythiophene in composite form would be more better thermoelectric
material as it could gain ease of processability, tunable molecular structures and
mechanical flexibility.”®8! Polythiophenes are environmentally stable, and many of the
reports based on polythiophene and its derivatives show good thermal stability and low
thermal conductivity; thereby, they are suitable for fabricating thermoelectric
nanocomposites.®* Recent reports on polythiophene-carbon nanotube nanocomposites,

among which Hu and co-workers reported poly(3,4-ethylenedioxy thiophene)/carbon
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nanotube nanocomposites, which exhibited good thermoelectric performance with
power factor 19.00+1.43 pWm™K=2.”® He et al. prepared thermoelectric film made up
of carbon nanotubes modified with thermally cleavable polythiophenes. The substrate-
free thermoelectric film was prepared by solvent evaporation with the figure of merit
of 3.1x1072 and power factor of 28.8 uyWm=K=2 at 25°C %

Many other applications were also reported with polythiophene-carbon
nanotube nanocomposites. Ma and co-workers reported headspace solid-phase
microextraction (HS-SPME) based on gas chromatography for polycyclic aromatic
hydrocarbons having low boiling points. They demonstrated the experiment in real soil
samples containing naphthalene, acenaphthene, 1-methyl naphthalene and fluorene.®
Ostrovsky et al. reported an innovative auditory neuron multielectrode array interfacing
using polythiophene carbon nanotube nanocomposites for clinical cochlear implant
systems.®® Kwon and co-workers reported another application of carbon nanotubes web
with carboxylated polythiophenes to assist battery electrodes for high performance.®’
Literature reports of applications of polythiophene-carbon nanotube nanocomposites
revealed the importance of the combination of conducting polythiophene and the
conducting filler carbon nanotubes in commercial as well as industrial applications.
There are many possibilities for developing innovative hanocomposites using more
efficient synthetic strategies or tuning the properties of components of nanocomposites
for suitable applications.
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2.1. Introduction

Conducting polymer-carbon nanotube nanocomposites are suitable materials for
fabricating electrochemical sensors, supercapacitors, thermoelectric devices, solar cell
devices, micro-electro-mechanical systems (MEMS), corrosion resistive coatings,
temperature sensors, and electromagnetic interference shielding (EMI) devices.'™*2
Conducting polymer-carbon nanotube composite materials have distinctive and
superior control in many properties like enhanced electrical conductivity, efficient
electromagnetic wave absorbing character, sharper electrochemical responses, thermal
conductivity, optical tunability, and mechanical stability.!"**-1® The specific properties
achieved by nanocomposite formation could determine its performance in device
fabrication. The properties are very much dependent on the structure and constitution
of nanocomposites.!*"1  The structure-property relationships set in the
nanocomposites could also result from the order of nano dimensions involved in
nanomaterials. Another advantage of using nanocomposites is that they could provide
modified properties than their components.t32! Different conducting polymers such as
polyaniline, polypyrrole, polythiophene, polyphenylenevinylene and their derivatives
were reported as suitable for nanocomposite preparation.?>% Amongst conducting
polymers, polythiophene and its derivatives are significant due to their unique
electrical, thermal and optical properties. Besides that, polythiophene exhibits good
environmental stability also.???” Multiwalled carbon nanotubes (CNTS) are suitable
materials for preparing nanocomposites with conducting polymers. Multiwalled carbon
nanotubes possess a unique one-dimensional structure, large surface-to-volume ratio,
stiffness, conductive nature and high mechanical strength. Carbon nanotubes find many
applications in broad areas such as chemical sensors, field emission materials, hydrogen

energy storage, nano-electronic devices, catalyst support and so on.8-34

Creating well-dispersed forms of pristine carbon nanotubes is challenging due
to their high aspect ratio and self-aggregating property. Nano-dispersion of carbon
nanotubes can be achieved by chemical strategies such as polymer nanocomposite
formation, physical mixing with suitable stabilizing agents like block co-polymers, or
surfactants as dispersants. Nanocomposite formation with suitable organic polymers is
an attractive way of forming nano-dispersion, since it involves inexpensive and easy
synthetic approaches.**° The polymer-carbon nanotube nanocomposites formation can

be accomplished viz; in-situ polymerization of monomer in the presence of dispersed
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CNT or post-polymerization mixing of polymer and CNT.1>#142 In-situ polymerization
is the appropriate method for creating nanocomposite, if the monomer is soluble in
suitable solvents and the polymer formed is insoluble. The post-polymerization mixing
could not be taken as an able method if the polymer has insolubility in mixing solvent.
Thiophene monomer is readily soluble in almost all organic solvents; thus, in-situ
polymerization can be carried out for nanocomposite preparation. Three methods of
polythiophene preparation are generally reported; electropolymerization, metal-
catalyzed coupling reactions and oxidative chemical polymerization.** Chemical
oxidative polymerization is advantageous for bulk polymer production in a short
reaction time and with a simple reaction setup.** Ferric chloride (FeCls) is the most
common oxidizing agent used for the oxidative polymerization of thiophene (see
Figure 2.1. a).*4%24 In-situ polymerization of thiophene in the presence of carbon
nanotubes produces polythiophene-CNT nanocomposites (see figure 2.1. b). The
sonication method can be used to create a dispersion of carbon nanotubes. Mild bath
sonication helps to disperse carbon nanotubes without making many defects to the

CNT’s electronic structure.

In-situ chemical oxidative polymerization

@ + FeCl, chdl; - | 4N

S S

Thiophene
(a) P Polythiophene

n

Polythiophene-MWCNT
nanocomposites

(b) Thiophene

Figure 2.1. (a) Scheme for oxidative chemical polymerization of thiophene using FeCl3
oxidant and (b) in-situ chemical oxidative polymerization of polythiophene with

multiwalled carbon nanotubes (MWCNT) for nanocomposite preparation.
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Non-covalent interactions

Conjugated polymer chalns ’ ©° ‘b

Figure 2.2. (a) Schematic representation of interaction of carbon nanotubes with
poly(9,9-bis  (diethylaminopropyl)-2,7-fluoreneco-1,4-phenylene). (Adapted from
Casagrande et al. 2010) and (b) illustration of the interaction of carbon nanotubes and

different conducting polymers (Adapted from Tuncel 2011).

Polybenzimidazole, polyaniline, polypyrrole, polyphenylenes, poly-
phenylenevinylenes, their substituted derivatives and co-polymers could act as suitable
conjugated polymer materials for nanocomposite preparation with carbon nanotubes
(see Figure 2.2.).% Conjugated polymers interact with carbon nanotube surfaces via n-
© stacking and van der Waals interactions leading to wrapping or adsorptive non-helical
interaction. Zhai et al. functionalized carbon nanotubes with conjugated block co-
polymers having non-conjugated blocks, which provided tunable functionality.®® Lin
and co-workers studied conducting polymers and reported that polymers structurally
similar to CNT could act as suitable aspirants for surface functionalization.*® Mandal
et al. prepared MWCNT nanocomposite with the polymer compatibilizer containing
thiophene moiety substituted with poly(dimethylamino ethyl methacrylate)
(PDMAEMA) group. The authors pointed out that non-covalent functionalization on

MWCNT is superior to covalent functionalization to enhance its mechanical and
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electrical conductivity properties with poly(vinylidene fluoride).*® Cho et al. designed
structurally tailored multi-amphiphilic compatibilizers of pyrene-functionalized block
co-polymers to attach to the walls of multiwalled carbon nanotubes (see Figure 2.3.).
Non-covalent functionalization of CNT’s surface with multi-amphiphilic
compatibilizer improved dispersion stability, solubility manipulation, and hybridization

with silver nanoparticles.*’

Hydrophobic - + « Hydrophilic e
PRy < S HydrophIIIC4 :
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"o s P LIS L2 + (3
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PMMA: poly(methyl methacrylate)
PDMAEMA:poly(dimethylamino ethyl methacrylate)
PBCM: pyrene-functionalized block copolymer multiamphiphilic compatibilizer

PMMA
Hydrophobic Layer

Hydrophilic
Layer

Pyrene-CNT
] Interaction

CNT Linker

(Hydrophobic)

Multi-amphiphilic Compatibilizer
Functionalized CNT

PDMAEMA
Hydrophilic Layer

Cross-Section Images of PBCM

Figure 2.3. Multiamphiphilic compatibilizer layer formations over CNT surface
(adapted from Cho et al. 2015)

Interfacial interaction between polymer and carbon nanotubes improved by
adding surfactants resulting in stable dispersion and further material advancement of
the system.®® Literature studies shows different surfactants to improve the
disentanglement process of CNT bundles.*®->! Some surfactants were also reported as
dopants and wetting agents for polymer-CNT structures. Surfactants have also been
reported as intermediates to determine the morphological peculiarities of
nanocomposites by controlling interfacial interaction between polymer and carbon
nanotubes (see Figure 2.4.). The self-assembled nature of surfactants has the potential
for constructing nanocomposites with morphology control. Surfactant assembly
favourably interacts with nanocomposite constituents utilizing weak non-covalent
forces like hydrogen bonding, hydrophobic effect, and van der Waals interactions.

Promising polymer-surfactant complexation occurs at critical micellar concentrations
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(CMC) and above; surfactant concentration should be kept at a minimum. Different
types of surfactants, such as cationic, anionic, or non-ionic, exhibit distinct assembling
behaviour depending on the polarity of the solvents. The intrinsic amphiphilic nature
of surfactants due to polar head - non-polar tail structure facilitates two significant
structural features: self-assembly formation in bulk solution and interfacial adsorption
behaviour at surfaces. Micellar orientation of surfactants on the dispersed form of
carbon nanotube surfaces is possible through hydrophobic interaction between the non-
polar tail of surfactant molecules and hydrophobic walls of CNT (see Figure 2.4.).51°3
Instead of single-tailed surfactants, the use of double-tailed surfactants can reduce

interfacial tension formed due to excessive interfacial interaction in its assembled

form 54,55

Micelles in bulk solution
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Assembly of surfactants over CNT’s surface
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Figure 2.4. Normal and reverse micelles formation in the bulk solution of organic
solvents. Cylindrical assembly, hemispherical assembly and a random assembly of the
surfactants over CNT'’s surface.
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In this chapter, polythiophene-multiwalled carbon nanotube nanocomposites
(PTCNT) have been prepared by in-situ chemical oxidative polymerization of
thiophene monomer in the presence of anionic double-tailed AOT surfactant and
dispersed form of multiwalled carbon nanotubes (MWCNT) in chloroform. Oxidative
polymerization was achieved with the oxidizing agent ferric chloride (FeCls). The
versatile double-tailed anionic surfactant AOT [sodium bis (2-ethyl hexyl)
sulfosuccinate] has its advantages, such as easy microemulsion formation without
supplementing co-surfactants, double-tailed nature, good interfacial activity, and
surface energy benefits in its self-assembled form.>** Anionic surfactant AOT
stabilizes the thiophene monomer and MWCNT via micelle interactions. MWCNT was
used here as a one-dimensional tubular template for the attachment of polythiophene.
Polythiophene was employed here to enhance the solubility and processability of
MWCNT in a nanocomposite state. Fourier transform infrared spectroscopy (FT-IR),
elemental analysis, and powder X-ray diffraction analysis (P-XRD) confirmed the
nanocomposite formation. The core-shell morphology of the nanocomposite was
observed by scanning electron microscopy (SEM) and high-resolution-transmission
electron microscopy (HR-TEM) imaging. Stable dispersion of PTCNT nanocomposites
was obtained in chloroform solvent, and UV-vis absorption spectra were recorded in
their dispersed state. This chapter outlines the facile surfactant-AOT mediated in-situ
polymerization strategy to develop highly ordered, conductive, dispersible, and

thermally stable polythiophene-multiwalled carbon nanotube nanocomposites.

2.2. Experimental

2.2.1. Materials and reagents: Thiophene, Ferric chloride, sodium bis (2- ethyl
hexyl) sulfosuccinate (AOT) and multiwalled carbon nanotubes were purchased from
Sigma Aldrich. Deionized water, chloroform and acetone were purchased from Merck
chemicals, India.

2.2.2. Measurements and instruments: FT-IR spectra of the samples were recorded
using the KBr pellet method by Shimadzu IR Affinity 1 FT-IR spectrometer. UV-vis
absorption spectra of samples were recorded using Shimadzu UV-Visible spectrometer,
UV 1800 series in deionized water and HPLC-grade chloroform solvent. CHNS
elemental analyses of the samples were carried out using elementar vario EL 111 element

analyser. Powder X-ray diffraction (P-XRD) analyses of the samples were conducted
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using PANALYTICAL, Aeris research with 26 value ranging from 5°-90°. Scanning
electron microscopic (SEM) imaging was conducted using JEOL Model JSM-6390LV
Scanning electron microscope. High resolution transmission electron microscopic (HR-
TEM) images were recorded with JEOL/JEM 2100 instrument with 200 KV with
magnification 2000x-1500000x. The electrical conductivity of the samples was
measured using Keithleys four probe conductivity meter. Thermogravimetric analysis
(TGA) was carried out using Perkin Elmer, Diamond TG/DTA.

2.2.3. Synthesis of PTCNT-100: Monomer thiophene (1 mL, 12.50 mmol) and
surfactant AOT (0.22 g, 0.50 mmol) was dissolved in chloroform (20 mL) and sonicated
for 5 min. MWCNT (0.10 g) was added to the AOT-thiophene mixture in chloroform
and sonicated for 10 min. The dispersed form of FeClz in 10 mL chloroform was added
drop by drop to the AOT-thiophene-MWCNT mixture and then sonicated for 15 min.
Subsequently, the reaction mixture was magnetically stirred for 3 h. Polymer
nanocomposite thus obtained was filtered and washed using water and acetone. The
resultant composite was then dried in a vacuum oven at 60°C. Yield: 0.82 g. FT-IR
(KBr, cm™) 1667, 1536, 1028 (w), 779 (w), 668. Elemental analysis (anal., wt %): C,
41.14; S, 17.80; H, 3.02.

PTCNT-200, PTCNT-300 and PTCNT-400 were prepared using the same
procedure as above by changing the quantity of MWCNT as 0.20, 0.30 and 0.40 g,
respectively. The figures in the sample code represent the milligrams of multiwalled
carbon nanotubes used in preparing the respective nanocomposites. The samples
PTCNT-200, PTCNT-300 and PTCNT-400, yielded 1.12 g, 1.16 g and 1.22 g of
nanocomposite products

2.2.4. Synthesis of PTCNT-300 [AOT-0]: Monomer thiophene (1 mL, 12.50 mmol)
was dissolved in chloroform (20 mL) without AOT surfactant and sonicated for 5 min.
MWCNT (0.30 g) was added to the thiophene dissolved in chloroform and sonicated
for 10 min. The FeCls dispersed in 10 mL chloroform was added drop by drop to the
thiophene-MWCNT mixture and then sonicated for 15 min. Subsequently, the reaction
mixture was magnetically stirred for 3 h. Polymer nanocomposite thus obtained was
filtered and washed using water and acetone. The resultant composite was then dried in

a vacuum oven at 60°C. Yield: 0.98 g.
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2.2.5. Synthesis of PT-25: Monomer thiophene (1 mL, 12.50 mmol) and surfactant
AOT (0.22 g, 0.50 mmol) was dissolved in chloroform (20 mL) and sonicated for 5
min. The FeClz dispersed in 10 mL chloroform was added drop by drop to the AOT-
thiophene mixture and then sonicated for 15 min. Subsequently, the reaction mixture
was magnetically stirred for 3 h. The brown powder formed was filtered and washed
using water and acetone. The resultant polythiophene obtained was then dried in a
vacuum oven at 60°C. Yield = 0.58 g. FT-IR (KBr, cm™) 1658, 1526, 1326, 1112, 1025,
787 and 688. Elemental analysis (anal., wt %): C, 53.73; S, 31.21; H, 3.74.

2.2.6. Synthesis of PT-25[AOT-0]: Monomer thiophene (1 mL, 12.50 mmol) was
dissolved in chloroform (20 mL) without AOT surfactant and sonicated for 5 min. The
dispersed form of FeCls in 10 mL chloroform was added drop by drop to the thiophene-
CHCl3 mixture and then sonicated for 15 min. Subsequently, the reaction mixture was
magnetically stirred for 3 h. A brown powder thus formed was filtered and washed
using water and acetone. The resultant polythiophene obtained was then dried in a
vacuum oven at 60°C. Yield = 0.62 g. Elemental analysis (anal., wt %): C, 44.97; S,
26.71; H, 2.89.
2.3. Results and discussion
2.3.1. Synthesis of polythiophene and polythiophene-MWCNT nanocomposites
Polythiophene-multiwalled carbon nanotube nanocomposites (PTCNTS) were
prepared by in-situ chemical oxidative polymerization of thiophene in the presence of
multiwalled carbon nanotubes (MWCNT) and surfactant sodium bis (2-ethyl hexyl)
sulfosuccinate (AQT) in chloroform solvent (see Figure 2.5.). Polythiophene (PT) was
polymerized using ferric chloride as an oxidant in chloroform with and without using
surfactant AOT were represented as PT-25 and PT-25[AOT-0]. Surfactant AOT was
added to the reaction medium to form micelles that stabilize the monomer and act as a
dopant in the conducting polymer structure. In PT-25, thiophene was added to the
solution of AOT in chloroform solvent; consequently, a thiophene-AOT complex
micelles combination was obtained (see Figure 2.6.).>>°" Polymerization of thiophene
and in-situ nanocomposite formation were carried out using FeCls. The addition of
AOQOT surfactant resulted in improved dispersion of MWCNT in chloroform by reducing

the bundling forces between nanotubes.*°

30



Polythiophene-MWCNT core-shell nanocomposites
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Figure 2.5. Schematic representation of the synthesis of polythiophene-MWCNT
nanocomposite (PTCNT) in presence of AOT.
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Table 2.1. Polythiophene (PT) and PTCNT nanocomposite samples with the amount of
thiophene, AOT and MWCNT, monomer to surfactant mole ratio, monomer to FeCls

mole ratio and yield obtained in the preparation.

Thiophe
AOT MWCNT Monomer/AOT | Monomer/FeCls | Yield
Sample ne
(mmol) (mg) mole ratio mole ratio (mg)
(mmol)
PT-25 12.50 0.50 0 1:1/25 1:12 584
PT-25[AOT-0] 12.50 0 0 NA 1:1.2 620
PTCNT-100 12.50 0.50 100 1:1/25 1:1.2 829
PTCNT-200 12.50 0.50 200 1:1/25 1:12 1115
PTCNT-300 12.50 0.50 300 1:1/25 1:1.2 1166
PTCNT-400 12.50 0.50 400 1:1/25 1:1.2 1211
PTCNT-
12.50 0 300 NA 1:1.2 960
300[AOT-0]

In-situ chemical oxidative polymerization of thiophene was carried out in the
presence of MWCNT to result in polythiophene-MWCNT nanocomposites in one step.
Polythiophene (PT-25) was prepared by chemical oxidative polymerization technique
using FeClz as an oxidant in the presence of surfactant AOT in chloroform medium.
Oxidative polymerization of thiophene without surfactant AOT forms polythiophene
PT-25[AOT-0]. The monomer (thiophene) to surfactant (AOT) mole ratio was taken as
1:1/25, twenty-five times lower than monomer concentration and denoted as PT-25.
The monomer (thiophene) to oxidant (FeCls) mole ratio was 1:1.2, a slight excess ferric
chloride than monomer.*424 Chemical oxidative polymerization of thiophene in the
presence of MWCNT resulted in the simultaneous production of PTCNT
nanocomposites with respective compositions. The amount of MWCNT was varied as
100 mg, 200 mg, 300 mg and 400 mg (~10 to 40 weight % of thiophene monomer) to
prepare four different compositions of nanocomposites such as PTCNT-100, PTCNT-
200, PTCNT-300 and PTCNT-400 respectively. PTCNT-300 [AOT-0] was also
prepared using the same synthetic procedure of PTCNT-300 without supplementing the
AQOT surfactant. The addition of ferric chloride to the AOT-thiophene mixture in
chloroform resulted in a dark brown-colored polythiophene powder as the final product.
More than 80% yield (polythiophene product) was obtained from the synthesis after
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washing, filtration and drying. The quantity of each reagent taken for the preparation
of PT-0, PT-25 and PTCNT composites and corresponding yields obtained are given in
Table 2.1.

2.3.2. Characterization of PT and PTCNT nanocomposites

PTCNT-200

PTCNT-400

% Transmittance (a.u)

800 1200 1600 2000 2400
-1
Wavenumber (cm )

Figure 2.7. FT-IR spectra of MWCNT, PT-25, PTCNT-100, PTCNT-200, PTCNT-300
and PTCNT-400

Fourier transform infrared spectroscopy (FT-IR) analysis was carried out to
characterize polythiophene-MWCNT nanocomposites by preparing thin pellets of
samples with KBr. FT-IR spectra of PTCNT nanocomposites were compared with
MWCNT and polythiophene (PT-25) (see Figure 2.7.). Characteristic peaks of
MWCNT corresponding to aromatic asymmetric and symmetric stretching were very
weak owing to the good symmetric nature of carbon nanotubes resulting in poor dipole
moment changes. FT-IR spectrum of PT-25 exhibited peaks at 1658, 1526, 1326, 1112,
1025, 787 and 688 cm™. The strong peak appeared at 1658 and 1526 cm™ due to C=C
asymmetric and symmetric stretching contribution from thiophene ring moiety. The C-
S stretching and the C-S out of plane bending deformation mode vibrations arise at 688
and 787 cm™ respectively.®®%? FT-IR spectra of PTCNT composites (PTCNT-100,
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PTCNT-200, PTCNT-300 and PTCNT-400) have characteristic peaks of
polythiophene. The characteristic C-S vibrations of polythiophene at 688 cm™ and 787
cm ™ appeared weak in nanocomposites as the multiwalled carbon nanotube interaction
increased in the composite. At the same time, characteristic stretching vibrations of
thiophene ring moiety at 1658 and 1526 cm™ in the nanocomposites were more intense
than PT-25 due to the appearance of sp? hybridized aromatic asymmetric and symmetric

stretching of carbon nanotubes in the same regions.

Table 2.2. Elemental analysis data of sulfur, carbon and hydrogen in PT-25, PT-
25[AOT-0], PTCNT-100 and PTCNT-300

Element present (%) _
Sample C/S ratio
Sulfur Carbon Hydrogen
PT-25 31.21 53.73 3.74 1.72
PT-25[AOT-0] | 26.71 44.97 2.89 1.68
PTCNT-100 17.80 41.14 3.02 2.31
PTCNT-300 18.60 56.21 1.80 3.02

*C/S ratio is ratio of percentage of carbon and sulfur obtained from elemental analysis.

Elemental analysis (CHNS analysis) was conducted for PT-25, PT-25[AOT-0],
PTCNT-100 and PTCNT-300 in order to analyse the percentage of carbon, sulfur and
hydrogen present in the samples (see Table 2.2.). Among the samples, the overall
weight percentage of sulfur was highest in polymer PT-25. The higher percentage of
sulfur, carbon and hydrogen in PT-25 compared to PT-25[AOT-0] was due to the
incorporation of sulfur-containing AOT surfactant in the former via doping. The sulfur
amount is less for composites than polymers because grouping of PT with carbon
nanotubes decreases the fraction of sulfur in nanocomposite samples. The percentage
of sulfur in PTCNT-300 and PTCNT-100 are relatively in the same range. The
percentage of carbon was highest in PTCNT-300, as it contained the highest proportion
of carbon nanotubes. The percentage of hydrogen obtained from the analysis was
highest in polymeric form, whereas in carbon nanotube composites, the hydrogen
content decreases. The ratio of carbon to sulphur percentage from elemental analysis in
PT-25, PT-25 [AOT-0], PTCNT-100 and PTCNT-200 was calculated as 1.72, 1.68,
2.31 and 3.02 respectively. PT-25 exhibit higher carbon to sulfur ratio than PT-25

[AOT-0], due to the incorporation of AOT surfactant containing carbon bearing long
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hexyl and ethyl chains. In PTCNT-100, the carbon to sulphur ratio is greater compared
to PT-25. This might be due to incorporation of carbon nanotubes in PTCNT-100. The
carbon to sulfr ratio is further increases in PTCNT-200 and PTCNT-300 as we add

more amount of carbon nanotubes in former one (see Table 2.2).

Powder X-ray diffraction analysis was carried out to study the solid-state
ordering of PTCNT nanocomposites formed (see Figure 2.8. A). Diffraction pattern of
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Figure 2.8. (A) Powder X-ray diffraction patterns of PT-25, PTCNT-100, PTCNT-200,
PTCNT-300 and PTCNT-400. (B) A diagram exhibiting the ratio of Icnt (intensity of
the characteristic peak of MWCNT) to Ipt (intensity of characteristic X-ray diffraction

peak of polythiophene) for PTCNT composites.
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PT-25 showed an amorphous peak between 260 values 12° and 25° with a maximum
centered at 17.7°, representing the amorphous domain of polymer. MWCNT gave a
diffraction pattern at 20 value 26.10°, attributing to (002) diffraction plane between
concentric layers of multiwalled carbon nanotubes.®®® Characteristic peaks due to
(002) diffraction plane of carbon nanotubes is shown in the inset of figure 2.8.A.
Among the nanocomposites, the intensity of the characteristic diffraction peak from
(002) plane of carbon nanotubes increases for the increasing weight percentage of
MWCNT, due to which the peak is more prominent in PTCNT-300 and PTCNT-400.
The ratio of the intensity maximum of the characteristic peak of carbon nanotubes (IcnT)
to the intensity maximum of polythiophene diffraction peak (Irt) was calculated for
PTCNT-100, PTCNT-200, PTCNT-300 and PTCNT-400 as 0.82, 0.90, 1.07 and 1.17
respectively (see Figure 2.8. B). PTCNT-100 exhibited the lowest and PTCNT-400
had the highest Icnt/lpT Value. The intensity ratio increased with the increasing weight
percentage of MWCNT in the nanocomposites. The decrease of the amorphous domain
of polythiophene with MWCNT nanocomposites also denotes that the amorphous
domain is considerably suppressed via wrapping polymer chains around the MWCNT
walls. The area corresponding to amorphous region (20 = 12 to 25°) of PT-25 was
higher than PTCNT nanocomposites (see Figure 2.9 A). The suppressed amorphous
area of PTCNT nanocomposites reveals that the PTCNT composites exhibited better
solid state ordering compared to PT-25. The area under crystalline peak at 26 = 26.10°
of PTCNT composites increased with the addition of MCNT to the PT-25 (Figure 2.9
B).
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Figure 2.9. Area under the X-ray diffraction peaks of A) amorphous region and B)

crystalline region in PT-25 and PTCNT nanocomposites.
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2.3.3. Morphological characteristics of PT and PTCNT nanocomposites
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Figure 2.10. Scanning electron microscopic (SEM) images of PT-25, MWCNT,
PTCNT-100 and PTCNT-300

Scanning electron microscopic analyses were carried out to examine the
morphology of polythiophene and polythiophene-MWCNT nanocomposites (see
Figure 2.10.). Polythiophene appeared as sub-microspherical particles, whereas
PTCNTs (PTCNT-100 and PTCNT-300) exhibited fibre-like nanostructures.
Nanofibrous morphology observed in PTCNT nanocomposites was matching with the
inherent nanotubular structure of MWCNT. Nanocomposites attained nanofibrous
morphology since growing chain of polythiophene was attached on the surface of
dispersed MWCNT during polymerization. This revealed that MWCNT performed as
a template in the nanocomposite formation by regulating the morphology of PTCNTs
to a nanofibrous frame.
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PTCNT-100

Figure 2.11. TEM images of MWCNT and PTCNT-100 and size calculation

Transmission electron microscopic (TEM) analysis was used to ascertain the
nanocomposite size and other physical characteristics (see Figure 2.11. and Figure
2.12.). Multiwalled carbon nanotubes contained an inner unfilled lighter area,
indicating the tubular structure in its TEM images. An outer layer of carbon nanotube
was visible as a dark area covering the inner tube.***? The average inner diameter of
carbon nanotube and PTCNT-100 nanocomposites was 5 nm. The outer diameter of
MWCNT was observed to be 12+2 nm, whereas the outer diameter in PTCNT-100
composites was observed to be increased from 3 to 15 nm compared to pristine CNT.
The thick outer layer of PTCNT-100 composite was observed around the surface
MWCNT. The result indicated that polythiophene was grown as an outer shell around
the surface of carbon nanotubes. Therefore, the polythiophene-MWCNT
nanocomposite could be understood as a core-shell nanotubular structure; a thick outer

shell was growing up around the inner tubular MWCNT core.
2.3.4. Role of AOT in the formation of nanocomposite

The role of AOT in the formation of nanocomposites PTCNTSs was ascertained
using transmission electron microscopy. PTCNT-300-[AOT-0] appeared as phase-
separated; on the other hand, PTCNT-100 and PTCNT-300 seemed to have the same
nanofibrous morphology of MWCNT without having a separated polythiophene matrix.
(see Figure 2.12.).*%2 This revealed the importance of surfactant AOT for the
PTCNT’s nanotubular structure formation. The composite prepared without adding
AOT surfactant largely retained bulk polymer mass separated from the carbon nanotube
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surfaces. The AOT supports the growth of polythiophene chains around the tubular

MWCNT template for effective core-shell nanocomposite formation.

| PTCNT-300 [AOT-0]
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Figure 2.12. Transmission electron microscopic (TEM) images of MWCNT, PTCNT-
300 [AOT-0], PTCNT-100 and PTCNT-300

The difference in the WXRD patterns of PTCNT-300 and PTCNT-300 [AOT-
0] confirmed the notable role of surfactant AOT in the nanocomposite formation (see
Figure 2.13.). The broad, amorphous peak of polythiophene was observed to be more
suppressed in PTCNT-300 than in PTCNT-300 [AOT-0]. The graph was plotted for the
intensity ratio of (002) plane of MWCNT (lcn) to amorphous polythiophene (Ipt) (see
Figure 2.13. inset). The lcnt/lpr value was higher for PTCNT-300 than PTCNT-
300[AQT-0] due to the suppression of the amorphous peak of polythiophene by pi-pi
stacking interaction with MWCNT. Due to the inappropriate orientation of both
components, the phase-separated polythiophene could not interact effectively with
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MWCNT by weak non-covalent forces. The double-tailed AOT upholds the stacking
interaction between polythiophene and MWCNT for the generation of core-shell

PTCNT nanocomposites.

PTCNT-300 PTCNT-300 AOT 0

2000 PTCNT-300 AOT-0
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Figure 2.13. WXRD patterns of PTCNT-300 and PTCNT-300[AOT-0]. Diagram
exhibiting the ratio of Icnt (intensity of characteristic peak of MWCNT) to Ipt (intensity
of characteristic X-ray diffraction peak of polythiophene) for PTCNT-300 and PTCNT-
300[AOT-0] (inset)

2.3.5. Mechanism of composite formation

The formation mechanism of PTCNT nanocomposites was proposed based on
the evidence obtained from FT-IR spectra, WXRD patterns and morphological
analyses. Thiophene was polymerized in the presence of double tail surfactant sodium
bis (2-ethyl hexyl) sulfosuccinate; the nearly spherical shaped polymer microparticles
were formed. AOT and thiophene monomer in soluble form combined to form micellar
aggregates complex in chloroform medium. Thiophene monomer gets oriented with the
shape of micelles in chloroform, thereby stabilizing the monomer with spherical
micelles. The addition of MWCNT to the AOT- thiophene micellar complex resulted
in the migration of aggregates to the surface of MWCNT with the help of mild
sonication. Entanglements of carbon nanotubes also get released up to a limit with the
help of sonication-assisted micellar aggregate’s interaction with the surface of

nanotubes. Then the oxidative polymerization of thiophene with FeClsz causes the
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polymer to grow up on the outer surface of MWCNT. As a result, a thick nano-layer
instead of sub-microspheres formed in pure polymeric form. The mechanism of the PT

and PTCNT composite formation is represented in Figure 2.14.
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Figure 2.14. Mechanism of the formation of PT-25 and PTCNT nanocomposites
2.3.6. Enhancement of properties

The electrical conductivity of the samples was measured using Keithley four-
probe electrical conductivity meter. The average conductivity measured at four points
of the pelletized sample was taken as values. A graph was plotted for the average value
of conductivity against the corresponding samples (see Figure 2.15.). Conductivity of
PT-25[AOT-0], PT-25, PTCNT-100, PTCNT-200, PTCNT-300 and PTCNT-400 and
MWCNT were 4.7x10°, 7.3 x 103, 3.58 x10%, 3.98x 10!, 2.2x 102, 3.40x 10" and
8.66 S/cm respectively. %418 PT-25 exhibited a higher value of conductivity relative to
PT-25[AQT-0]. The enhancement in conductivity was due to the effective doping that
occurred at the thiophene rings of PT-25. The AOT successfully enacted the role of
dopant on the polymeric chains. The conductivity of PTCNT composites was observed
as 1.5 times higher order of magnitude than PT-25. The conductivity enhancement in
PTCNT nanocomposites was due to the effective charge transport between conducting

polythiophene and multiwalled carbon nanotubes.
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Figure 2.15. Electrical conductivity of PT-0, PT-25, PTCNT-100, PTCNT-200,
PTCNT-400 and pristine MWCNT.

The inherent bundling nature of MWCNT made its dispersion uneasy. Mild
sonication has power limits to separate the CNT bundles because of the lengthier CNT
structure; however, strong sonication might shorten the CNT length and damage the
CNT surface. MWCNT does not exhibit good dispersion in chloroform and water (see
Figure 2.16. A and B). One of the effective ways to create the dispersible nature of
carbon nanotubes was making MWCNT into nanocomposites with structurally similar
polymers. Conducting polythiophene was utilized here to modify the surface of CNT
to attain dispersible nature. Polythiophene-multiwalled carbon nanotube
nanocomposites exhibited stable dispersion in chloroform with the assistance of mild
sonication. Non-covalent forces working between polythiophene and MWCNT helped
to overcome the self-aggregating nature of MWCNT. PTCNT nanocomposites have
poor dispersion in an aqueous medium due to the polythiophene coating, which is
hydrophobic in water (see Figure 2.16. A and B). The PTCNT-300[AOT-0], which
was devoided AOT and poorly soluble in chloroform and water, exhibited a slight
improvement in water dispersibility after adding AOT via sonicating for 15 minutes.
Improvement could be attributed to the post-doping effect of AOT on polythiophene
and its surfactant effect.
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CHLOROFORM (A)
PT-25 = | PTCNT-100, | PTCNT-300

V\ PTCNT-400

N PTCNT-300

PTCNT-200

PTCNT-300

Absorbance (a.u)

PTCNT-100

300 400 500
Wavelength (nm)

Figure 2.16. Dispersions of MWCNT, PT-25, PTCNT-100 and PTCNT-300 in
chloroform (A) and water (B). UV-vis absorption spectra of PTCNT-100, PTCNT-200,
PTCNT-300 and PTCNT-400 recorded in chloroform medium (C).

UV-vis absorption spectra of PTCNT-100, PTCNT-200, PTCNT-300 and
PTCNT-400 in chloroform were shown in Figure 2.16. C. Stable dispersions of
PTCNT composites in chloroform enabled to record UV-vis absorption spectra. A well-
resolved characteristic peak corresponding to polythiophene was obtained at 340 nm
due to the polaron-r transition in polythiophene chains.*%% UV-vis peak of PTCNT
composites corresponding to carbon nanotubes (<275 nm) could not be resolved since
it merged with the UV-solvent cut-off peaks of CHCI3 solvent (240 and 260 nm).%":68
Poor dispersibility of polythiophene and MWCNT carbon nanotubes hampered our
efforts to take UV-vis absorption in chloroform. The dispersible nature of MWCNT
was found to be improved by the addition of AOT surfactant.

Thermal stability of the samples PT-25, PTCNT-100 and PTCNT-300
were studied by thermogravimetric analysis (TGA). Thermograms of PT-25, PTCNT-
100 and PTCNT-300 were recorded at a heating rate of 20°C/min in a nitrogen
atmosphere (see Figure 2.17.). The polymer samples exhibited 10% weight loss when
the temperature reached 250-280°C.%8° The composites PTCNT -100 and PTCNT-300
showed higher thermal stability than the polymer PT-25 in higher temperatures due to
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incorporating a more thermally stable carbon nanotube. The weight percentage of
polymer composite decreased to 65-75% in the temperature range of 500-600°C due to

carbon decomposition from the polymer chain.
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Figure 2.17. Thermogravimetric analysis of PT-25, PTCNT-100 and PTCNT-300

PTCNT binary composites have two major components; polythiophene (PT)
and multiwalled carbon nanotubes (MWCNT). Thiophene was used as a monomer to
obtain the polymeric component in the nanocomposite. Polythiophene thick coating
prevents the self-aggregation of carbon nanotubes and produces dispersion in
chloroform. The use of conducting polymer helped to maintain appreciably good
conductivity value for composite by involving charge transport with carbon nanotube.
Another component is MWCNT which was added as such to the reaction mixture.
MWCNT was used as a permanent template for achieving morphologically distinctive
nanofibrous structures. The major contribution of conductivity of nanocomposite came
from carbon nanotubes’ electronic structure. The presence of MWCNT is also the
reason for the improved thermal stability of PTCNT nanocomposites. AOT was used
in less proportion in the preparation stage to act as a surfactant supplement and dopant.
The role of double tail surfactant sodium bis (2-ethyl hexyl) sulfosuccinate in

nanocomposite formation and enhanced properties were notable based on different
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analytical techniques such as X-ray diffraction, transmission electron microscopic
imaging, UV-vis absorption spectra, monitoring dispersion stability and conductivity
measurements. AOT acted as a stabilizing agent, dopant and surfactant in
nanocomposite preparation stage. It also helps for stacking interaction between polymer
and CNT; thereby responsible for the core-shell morphology of nanocomposite.
Dispersion of nanocomposites were achieved with the help of stabilizing agent AOT.
These stable dispersions enabled to record well-resolved peak in the UV-vis spectrum
of nanocomposites (see Figure 2.18.).
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Figure 2.18. lllustration of the role of polythiophene, MWCNT and AOT in the PTCNT

nanocomposite formation.

2.2. Conclusion

In conclusion, we have prepared polythiophene-multiwalled carbon nanotube
nanocomposites (PTCNTS) via in-situ chemical oxidative polymerization of thiophene
in the presence of AOT surfactant (monomer to surfactant mole ratio: 1:1/25).
Polymerization was carried out using the oxidant FeClz in chloroform medium. FT-IR
spectroscopy characterizes the stretching and bending vibrations of polythiophene and
MWCNT indicating the formation of the nanocomposite. The percentage of sulfur in
elemental analysis validated the systematic increase of weight percentage of carbon
nanotube in PTCNTSs. X-ray diffraction pattern of nanocomposites exhibited a broad,
amorphous peak of polythiophene with 20 ranging from 12°-25° and a sharp peak from
(002) plane of MWCNT centered at 26°. In WXRD scan, an increase in the intensity of
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MWCNT diffraction peak and a decrease in the intensity of the amorphous peak of
polythiophene was observed by adding a higher weight percentage of carbon nanotubes
in the composites. Scanning electron micrographs of PTCNT-100 and PTCNT-300
displayed characteristic nanofibrous morphology. Transmission electron microscopic
(TEM) images exhibited core-shell morphology to PTCNT-100 and PTCNT-300;
CNT’s tubular core was covered with a thick polythiophene shell. The outer shell
diameter of nanocomposites was observed to be 3 to 12 nm increase than the outer tube
diameter of pristine MWCNT. AOT has an inevitable role as a surfactant and dopant in
forming core-shell morphology and n-x stacking interaction of PT with MWCNT in the
nanocomposites. The well-resolved peak corresponding to the polaron-z transition in
the polythiophene chain was obtained in the UV-vis spectrum of nanocomposites.
Electrical conductivity enhancement in AOT-doped polythiophene (PT-25) and AOT-
undoped polythiophene revealed the role of anionic surfactant AOT for stabilizing
charges formed on conducting polymer chains on oxidation. The nanocomposite
conductivity was 1.5 times higher-order in magnitude than PT-25 because effective
charge transport occurred between conductive polythiophene and CNT. The
nanocomposites also showed better thermal stability up to 500°C. In summary, results
obtained from various analyses and enhanced properties of nanocomposites indicate the
major role of AOT in the effective formation of solid state-ordered, conducting and
dispersible core-shell PTCNT nanocomposites.
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Polythiophene-functionalized MWCNT nanocomposites

3.1. Introduction

Comprehensive knowledge of conducting polymers and carbon nanotubes
available in the literature is beneficial for developing conducting nanocomposites of
conducting polymers with carbon nanotubes. The critical parameters for such nano
composite preparation include compatibility of component phases and changes in
optoelectrical and mechanical properties.1*® However, the creation of nanocomposites
confronts some technical difficulties also. The difficulty in improving the solubility or
dispersibility of individual components in the reaction medium due to the hydrophobic
nature of carbon nanotubes and conducting polymer is a significant obstacle for
preparing nanocomposites.!®!! Aggregation tendency of carbon nanotubes in bundled
form is another factor that hinders the formation of dispersed CNTs for nanocomposites

preparation.®1°

Suitable surface functionalization techniques can minimize the aggregation
tendency of carbon nanotubes. The surface functionalization of carbon nanotubes can
be carried out by a covalent or non-covalent approach. Small functional groups
introduced to the surface of carbon nanotube can be further derivatised to larger
chemical entities'?'31% or grafting of polymer on the surface of CNT through covalent
bonding!®!’ or non-covalent orientation of small molecules on the surface of CNT*81°
and non-covalent wrapping of polymer chains on CNT surface.r>? Different
functionalization practices of carbon nanotubes are shown in Figure 3.1. Covalent
attachment of hydrophilic functional groups is better practice than relatively weak non-
covalent modification for providing higher solvent compatibility and strong interfacial
interaction with other matrices in its composite state.}*1°2! Excessive covalent
functionalization or functionalization under harsh conditions could create good
coverage of functional groups, however it might severely damage the intrinsic
molecular structure of CNT and produce smaller carbonaceous fragments,41520
Therefore, covalent modification of CNT furnishing  moderate degree of
functionalization would be more preferable.?-23 Non-covalent functionalization is an
attractive method to cover a large area of carbon nanotubes by suitably orienting the
molecular or polymer moieties by weak non-covalent interactions such as hydrogen
bonding, m-rt stacking interactions, van der Waals force of attraction, etc. Non-covalent

functionalization strategy provide less firmness to composite framework than the
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covalent method because of weak non-bonded forces of attraction between the
components. %24 But the advantage of non-covalent method of functionalization is that

it does not significantly destruct the n-conjugated network structure.®2°

large side chain chemical group

v

Small functional groups

@oF "A. )

Polymer chains

Covalent functionalisation
With small functional groups

Covalent functionalisation H

with molecules X

e |
T e

Polymer chain
Non-covalent functionalisation
with molecules

Polymer wrapping

Polymer growth from
CNT surface

Figure 3.1. Different surface functionalization strategies on carbon nanotubes.

We could observe that covalent and non-covalent approaches to CNT
functionalization impart their advantages and possess some limitations also. Hence, it
would be more noteworthy to adopt the combined use of both covalent and non-
covalent functionalization strategies for modifying carbon nanotubes. The strategy and
protocol selected should be simple to execute and easy to be scaled up.19202324.26 yyan
and Chan-Park reported that covalent combined with non-covalent functionalization of
single-walled carbon nanotubes synergistically improved both carbon nanotube
dispersion and nanotube phase transfer /matrix interfacial strength, leading to superior
mechanical reinforcement in polymer nanocomposites (see Figure 3.2. (1)).2° Clave et
al. reported immobilisation of organic molecules in the internal hydrophobic cores of
micelles followed by in-situ polymerisation around the nanotube scaffold. They
adopted the combined use of covalent and non-covalent approaches for the specific
modification of carbon nanotubes.'® Berger and co-workers introduced a phase transfer

method for polymer-wrapped single-walled carbon nanotubes to create luminescent
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aryl defects. They proposed that the material as an efficient near-infrared light emitting
diode as thin film (see Figure 3.2. (2)).12 The combined use of covalent and non-
covalent functionalization promoted solvent compatibility of the compound by
minimizing the drawbacks arising from both the functionalization strategies.'>1%26:27 |n
that way, mild covalent modification of CNT prior to non-covalent attachment of bulky
conjugated polymer would be a better strategy to strengthen the interfacial interaction

between the less destructed state of nanotubes and the polymer.21519

1)

epoxidation Plyy-BDA
sonication

® = Covalent bond between O-SWNTSs and Pl,,-BDA backbone

® = Covalent hand hetween RDA side-chain and CF.

/ = p-SWNTs / = O-SWNTs
.i\\ = Ply,-BDA &j CE network

2) (v

[O X0
® Y ]
oN: o© &
‘\/O\) BF,
KOAc )

b 3, toluene/MeCN (80:20 vol-%)

O X = OMe, Br, NO;; Y = H

v : X=H,Y=Cl
i) SWNT wrapped by PFO-BPy sp’ functionalized (6,5) SWNT

in toluene

Figure 3.2. Combined covalent cum non-covalent functionalization of carbon
nanotubes with molecular and polymer entities adapted from 1)Yuan and Chan-Park
2012 and 2) Berger et al. 2019.
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Table 3.1. Defect group functionalization and their relevance seen in the literature.

Sl Method of Defect group/s | Other materials Relevance of work | Ref.
no. | functionalization incorporated
1 Electrochemical Aryl groups - Solubility 28
reduction enhancement,
Switching and
memory behaviour
2 Chemical (at 80-90°C) | Alkyl groups - Large diamagnetic 29
terminated with susceptibility based
carboxylic acid on theoretical study
groups and
their extended
amides
3 Chemical Carboxylic acid | Polyvinyl alcohol Polymer 30
group nanocomposite
preparation
4 Free radical reaction Alkyl groups - Improved solubility, | 31
and its high degree of
derivatives functionalization
5 chemical Carboxylic acid | Different polymeric | Enhanced solubility | 32
group and oligomeric and strong
compounds luminescence
emissions
6 Nitrogen glow C=N group - Microwave 33
discharge generated nitrogen
plasma as source of
nitrogen containing
functional groups
7 Chemical (argon ion Free radical - Controlled 34
treatment) groups functionalization
using 2 ke VV Ar*
8 Chemical Carboxylic acid | Derivatized Nanocomposite 35
groups polyimide formation with
higher dispersibility
9 chemical amine - Improved CO; 23
adsorption
10 | chemical Carboxylic acid | Polyvinyl alcohol Increase in 36
group mechanical strength
11 | Microwave excited Oxygen - Good dispersion in 37
Ar/O; surface wave containing water
plasma treatment functional
groups
12 Chemical Carboxylic acid | polythiophene Bilayer 9
groups photovoltaics
13 | Chemical Oxygen - Studied advantages | 39
(Hydrothermal functional of nitric acid
oxidation) groups oxidation
14 | Chemical Amide groups | Single chain variable | Detection of 38
having fragment protein prostate cancer
phenolic linker
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Insertion of functional groups on the surface of CNT helps to improve its
disentanglement and solvent compatibility in polar solvents.31*23° Some of the defect
group functionalization approaches selected from the literature and their relevance are
summarised in Table 3.1. The tabulated data showed that functionalized carbon
nanotubes, independently and in a composite state, have their own relevance in terms
of property enhancement or in suitable applications.®23283° Carboxylic acid groups and
other oxygen-containing functional groups could be inserted on the CNT surface by
adopting simple acid treatment methods. Here the polar nature of such defect functional
groups can facilitate the formation of dispersible carbon nanotubes in polar
medium.!*2® Acid treatment would be attractive as a simple functionalizing strategy
without damaging the intrinsic chemical structure of CNT and enhancing the water
dispersion by the involvement of hydrogen bonding between carboxylic acid functional
groups and water molecules. Polymers or other structurally related molecules are
usually being selected for further modifications in the acid-functionalized carbon
nanotubes.3828 Polymer can be combined with functionalized CNT by covalent or

non-covalent modification (see Figure 3.3.).122627

In this chapter, carboxylic acid functionalization of multi-walled carbon nanotubes
were carried out using oxidative treatment with HNOs followed by a non-covalent
approach of nanocomposite preparation with conducting polythiophene in the presence
of AOT surfactant. In effect, covalent functionalization followed by non-covalent
modification was implemented here as a preparation strategy for nanocomposites.
Defect group functionalization improved the non-covalent compatibility of carbon
nanotubes with polythiophene matrix via enhancing non-covalent surface interactions.
FT-IR and Raman spectra were recorded to analyse the acid functionalization of
MWCNT. The MWCNT-COOH and PTCNT-COOH nanocomposites were
characterized using FT-IR analysis, elemental analysis, X-ray photoelectron
spectroscopy, X-ray diffraction analysis and pH measurements. Morphological
analyses were also conducted with FE-SEM and HR-TEM imaging. UV-vis absorption
spectra were recorded in the dispersed state of the nanocomposite in chloroform
medium. Thermal stability and electrical conductivity were also measured. The chapter
has given immense attention for describing the formation of polythiophene-
functionalised MWCNT core-shell nanocomposite with enhanced electrical

conductivity and thermal stability.
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Non-covalent modification
H-bonding
N-Stacking attraction
van der Waals interactions

t

CNT
functionalization
with polymer

4

Covalent modification

* with any suitable moiety

* By converting to acyloxy group,
amide group, etc.

Figure 3.3. Non-covalent functionalization (modification) and covalent

functionalization (modification) of CNT with polymer.
3.2. Experimental

3.2.1. Materials and reagents: Thiophene, ferric chloride, sodium bis (2- ethyl hexyl)
sulfosuccinate (AOT) and multi-walled carbon nanotubes were purchased from Sigma
Aldrich and used without further purification. Deionized water, conc. HNOs,

chloroform and acetone were purchased from Merck chemicals, India.

3.2.2. Measurements and instruments: FT-IR spectra of the samples were recorded
using KBr pellet method by Shimadzu IR Affinity 1 spectrometer. The elemental
analyses (CHNS) of the samples were carried out using elementar vario EL 11l element
analyser. Powder X-ray diffraction (P-XRD) analyses of the samples were conducted
using PANALYTICAL, Aeris research with 20 values ranging from 5°-90°. pH studies
were carried out with HM digital PH-80 Temp hydrotester. Scanning electron
microscopic (SEM) imaging were conducted using JEOL Model JSM-6390LV

scanning electron microscope. Transmission electron microscopic (TEM) images were
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recorded with JEOL/JEM 2100 instrument having a capacity of 200 KV with
magnification 2000x-1500000x. Electrical conductivity of the samples were measured
using DFP-RM-200 with constant current source Model CCS-01 and DC
microvoltmeter. UV-visible absorption spectra of the samples were recorded with
HPLC grade chloroform and double deionized water as solvent using Shimadzu UV-
Visible spectrophotometer 1800 series. Thermogravimetric analysis (TGA) was carried
out using Perkin Elmer, Diamond TG/DTA.

3.2.3.  Synthesis of MWCNT-COOH 5M: MWCNT (0.40 g) was added to nitric acid
(5 M, 50 mL) taken in an RB flask and then sonicated for 15 min for making dispersion.
The reaction mixture was refluxed at 100 °C for 7 h with magnetic stirring. The refluxed
reaction mixture was washed with deionized water until the pH of the filtrate became
neutral. This was then washed with acetone, filtered and dried in vacuum oven at 60° C
for 3 h. Yield: 0.36 g. FT-IR (KBr, cm™) 1465, 1504, 1648, 1698, 1741.

3.2.4. Synthesis of PTCNT-COOH 300: Monomer thiophene (1 mL, 12.50 mmol)
and surfactant AOT (0.22 g, 0.50 mmol) was dissolved in chloroform (20 mL) and
sonicated for 5 min. MWCNT-COOH (0.30 g) was added to the AOT-thiophene
mixture in chloroform and sonicated for 10 min. The dispersed form of FeClz in 10 mL
chloroform was added drop by drop to the AOT-thiophene-MWCNT-COOH mixture
and then sonicated for 15 min. Subsequently, the reaction mixture was magnetically
stirred for 3 h. Polymer nanocomposite thus obtained was filtered and washed using
water and acetone. The resultant composite was then dried in a vacuum oven at 60°C.
Yield: 0.82 g. FT-IR (KBr, cm™) 1667, 1536, 1028 (w), 779 (w), 668. Elemental
analysis (anal., wt %): C, 41.14; S, 17.80; H, 3.02.

PTCNT-COOH 100 and PTCNT-COOH 200 were prepared using the same
procedure as above by changing the quantity of MWCNT to 0.10 and 0.20 g,
respectively. The figures mentioned in sample codes PTCNT-COOH 100, PTCNT-
COOH 200 and PTCNT-COOH 300 represent the amount of multi-walled carbon
nanotubes used in milligrams for the preparation of respective nanocomposites.
Preparation of PTCNT-COOH 100 and PTCNT-COOH 200 yielded 1.16 g and 1.22 g

of nanocomposites, respectively.

3.2.5. Synthesis of PT2CNT-COOH 300: Monomer thiophene (0.5 mL, 6.25 mmol)
and AOT (0.11 g, 0.25 mmol) were dissolved in chloroform (10 mL) and sonicated for
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5 min. To the monomer-AOT solution mixture, MWCNT-COOH (0.075 g) was added
and sonicated for 10 min. Ferric chloride (1.22 g, 7.50 mmol) dispersed in 5 mL
chloroform was added drop by drop to monomer-surfactant-MWCNT mixture and
sonicated for 15 min. After that, it was stirred using a magnetic stirrer for 3 h. The
resultant polymer-nano composites were washed using water and acetone and finally
filtered by suction pump. The composite obtained was dried in vacuum oven at 60°C
for 3 h. Yield: 0.193 g.

PT3CNT-COOH-300 was prepared using the same procedure by changing the amount
of thiophene to 0.75 mL (9.36 mmol). The yield obtained for PT3CNT-COOH 300 was
0.278 g.

3.3.  Results and Discussion
3.3.1. Synthesis and characterization of functionalized MWCNT-COOHs

HNO, [5 M]
Reflux 100°C

CIZOOH

MWCNT-COOH

Figure 3.4. Schematic representation of the preparation of MWCNT-COOH

Carboxylic acid-functionalized multi-walled carbon nanotubes were
prepared by refluxing MWCNT with nitric acid at 100°C for 7 h. Different reagent
conditions adopted for acid functionalization involve treatment with 5 M HNO3, 10
M HNOs, and combined use of 5 M HNO3 along with NaNOs, producing
functionalized MWCNTs named MWCNT-COOH 5M, MWCNT-COOH 10M and
MWCNT-COOH-N 5M respectively. Treatment with nitric acid creates defective

sites on the walls of carbon nanotubes and produce different functional groups like
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carboxylic acid, hydroxyl group, aldehyde and keto group, etc.?® Inherent
agglomeration tendency of carbon nanotubes always hinders the processability in
applications. Literature studies reveals that the acid functionalization of carbon
nanotubes is an uncomplicated and cost-effective way to improve the dispersion in
polar solvents.}*% Schematic representation of the synthesis of MWCNT-COOH
5Mis given in Figure 3.4.
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Figure 3.5. FT-IR spectra of Pristine MWCNT, MWCNT-COOH 5M, MWCNT-COOH
10M and MWCNT-COOH-N 5M

Structural changes on the walls of multi-walled carbon nanotubes were studied
by fourier transform infrared spectroscopy by making thin pellets of samples with KBr
powder. FT-IR spectra of pristine MWCNT, MWCNT-COOH 5M, MWCNT-COOH
10M and MWCNT-COOH-N 5M are shown in Figure 3.5. Pristine MWCNTSs have
shown characteristic peaks at 1528 and 1641 cm™ due to in-plane vibrations of graphitic
walls of carbon nanotubes and C=C stretching vibrations of carbon nanotubes,
respectively.*>* Good symmetry of the carbon nanotube produces weak dipole moment
changes and hence poor signals.*> MWCNT-COOH 5M, MWCNT-COOH 10M and
MWCNT-COOH-N 5M exhibited strong infrared signals compared with pristine
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MWCNT. Functionalized MWCNT-COOH samples showed peaks at 1465, 1528,
1648, 1698 and 1741cm™ due to C-O bending of aliphatic alcohol, in-plane vibrations
of graphitic walls, C=C stretching vibrations, C=0 stretching vibrations of carbonyl
(keto or aldehyde functional group) and carboxylic groups respectively.**** The broad
peaks corresponding to hydrogen-bonded -OH functional groups, including water
molecules attached to CNT, were present in the range 3612 - 3744cm™.*® The above
outcomes indicated that the chemical treatment with HNO3 produces defective sites
functional groups on carbon nanotubes, including carboxylic acid groups. A
comparison of the FT-IR spectra of MWCNT-COOH 5M, MWCNT-COOH 10M and
MWCNT-COOH-N 5M suggested that MWCNT-COOH 5M exhibits good
functionalization peaks with minimum use of nitric acid. Thereby MWCNT-COOH 5M
was used for further preparations of polythiophene-MWCNT composites. The name
MWCNT-COOH 5M is abbreviated as MWCNT-COOH for the remaining studies.
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Figure 3.6. Raman spectra of purified MWCNT and MWCNT-COOH

Raman spectroscopy of purified MWCNT and functionalised MWCNT-COOH
has been carried out to determine the degree of disorder in the graphitic structure of
multi-walled carbon nanotube (see Figure 3.6.). Carbon nanotubes was purified by
sonicating MWCNT with 0.5 M HNOs for 15 min followed by magnetic stirring for 30
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min at room temperature. Pristine MWCNT may contain amorphous carbon and
catalytic impurities, which could be removed with acid washing. The characteristic
peaks of multi-walled carbon nanotube termed as G band and D-band were present at
1576 cm™ and 1348 cm™, respectively. The G band was due to in-plane tangential
stretching of the graphitic carbon-carbon bonds in graphene sheets and the D band was
due to the presence of amorphous carbon and disordered structure in CNT.**3 The
In/lg ratio for purified MWCNT and functionalized MWCNT-COOH were found to be
1.28 and 1.34 respectively. The acid washing removes the impurities of pristine
MWCNT, however, acid oxidation produced functionalization of carbon nanotube
along with the removal of impurities, which resulted in a higher Ip/lg ratio for
functionalised MWCNT-COOH.*142

3.3.2. Synthesis and characterization of PTCNT-COOH nanocomposites

MWCNT-COOH AOT Q

FeC 13/ Chloroform

PTCNT-COOH

Figure 3.7. Schematic representation of the synthesis of PTCNT-COOH

nanocomposites.

Polythiophene—functionalized multi-walled carbon nanotube nanocomposites
(PTCNT-COOHSs) were prepared by in situ oxidative chemical polymerization of
thiophene monomer in the presence of functionalized multi-walled carbon nanotubes
(MWCNT-COOH) using ferric chloride as the oxidizing agent and sodium bis(2-
ethylhexyl) sulfosuccinate (AOT) as anionic surfactant. Thiophene-AOT micellar
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complexes get attached to the walls of multi-walled carbon nanotubes through non-covalent
interaction and get polymerized by oxidizing agents to result in water-dispersible core-
shell nanostructured polythiophene-functionalized MWCNT-COOH
nanocomposites.***” The highly dispersed nature of MWCNT-COOH in CHClIs helps
to orient thiophene-AOT micellar complexes near the locality of functionalized multi-
walled carbon nanotubes, which in turn facilitates the polymerization of thiophene to
take place quickly on the surface of multi-walled carbon nanotubes.** Scheme for the
synthesis of PTCNT-COOH composite is represented in Figure 3.7. Details regarding
the concentration of thiophene, AOT, and ferric chloride and the amount of MWCNT-
COOH and the yield obtained were given in Table 3.2.

Table 3.2. Millimoles of thiophene, AOT, and ferric chloride, amount of functionalized
MWCNT-COOH, mole ratio of monomer/AOT, mole ratio of monomer/FeCls,

elemental composition of samples and yield.

Samples Thiophene | AOT FeCl; MWCNT - | Monomer Monomer/| Elemental Yield
(mmol) (mmol) | (mmol) | COOH IAOT FeCls Composition (%) (mg)
added mole ratio | mole ratio
(mg)
C H S

PTCNT-COOH | 12.50 0.50 15.00 100 1:1/25 1:1.2 6152 | 041 26.72 | 490
100
PTCNT-COOH | 12.50 0.50 15.00 200 1:1/25 1:1.2 - - - 600
200
PTCNT-COOH | 12.50 0.50 15.00 300 1:1/25 1:1.2 66.58 | 0.31| 17.53 | 700
300

The FT-IR spectroscopic studies of PT-25, pristine MWCNT, MWCNT-COOH
and PTCNT-COOHs (100, 200 and 300) were carried out (see Figure 3.8.). The PT-25
has two major characteristic peaks that appeared at 787 and 688 cm™ due to C-H out-
of-plane deformation and C-S stretching of thiophene ring moiety.*®. PTCNT-COOHs
(100, 200 and 300) have shown well matched strong infrared signals with
functionalized multi-walled carbon nanotubes (MWCNT-COOH). Functionalized
MWCNT-COOH samples have shown peaks at 1465, 1528, 1648, 1698 and 1741cm™
due to C-O bending of aliphatic alcohol, in-plane vibrations of graphitic walls, C=C
stretching vibrations, C=0 stretching vibrations of carbonyl (keto or aldehyde

functional group) and carboxylic acid groups respectively.**® PTCNT-COOHs
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nanocomposites (100, 200 and 300) have the two extra peaks of polythiophene at 785
and 675 cm™ corresponding to C-H out of plane deformation and C-S stretching of
polythiophene chains in addition to the peaks in MWCNT-COOH.*

Pristine MWCNT
e

MWCNT-COOH

C=0 strech

.;--\é,..____ PTCNT-COOH 100 :

C-S__strech

PTCNT-COOH 300

% Transmittance (a.u.)
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1
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Figure 3.8. FT-IR spectra of pristine MWCNT, MWCNT-COOH, PTCNT-COOH
100, PTCNT-COOH 200, PTCNT-COOH 300 and PT-25.

The pH studies of aqueous dispersed forms of the samples such as
functionalized MWCNT-COOH, PTCNT-COOH 100, PTCNT-COOH 200 and
PTCNT-COOH 300 were carried out using a pH meter. The pH value of MWCNT-
COOH was obtained as 4.8, which is acidic due to the dissociation of H" ion from
carboxylic acid groups. The pH values of PTCNT-COOH 300, PTCNT-COOH 200
and PTCNT-COOH 100 gradually increased to 5.4, 6.2 and 6.7, respectively. This
increase in pH (decrease in acidity) was attributed to the lesser amount of MWCNT-
COOH added (300 to 100 mg) to each composite systems but not due to the
suppression of dissociation of the hydrogen ions by the polythiophene layer.
Therefore, free carboxylic acid groups on MWCNT-COOH make relatively more
acidic, whereas in nanocomposites (PTCNT-COOHS) decrease in acidity was due

to composite formation. Elemental analysis (CHNS analysis) was taken to analyze
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the compositional ratio of carbon, hydrogen and sulfur present in the composites of
PTCNT-COOH 100 and PTCNT-COOH 300. PTCNT-COOH 300 has a lesser
compositional weight percentage of sulfur due to a higher proportion of CNT
compared to that of PTCNT-COOH 100.
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Figure 3.9. XPS spectra of pristine MWCNT, MWCNT-COOH, PTCNT-COOH 100
and PTCNT-COOH 300.

The X-ray photoelectron spectroscopy (XPS) was employed for the detailed
elemental study of pristine MWCNT, functionalized MWCNT-COOH, PTCNT-COOH
100 and PTCNT-COOH 300 and to obtain an understanding of their functionalization
ratio (see Figure 3.9.). Pristine MWCNT has shown an intense high peak at 283.25 eV
and a very weak intensity peak at 531.45 eV corresponding to C 1s and O 1s,
respectively. MWCNT-COOH exhibited an intense peak at 283.45 eV corresponding
to C 1s and a relatively intense peak at 531.6 eV corresponding to O 1s. Furthermore,
an enhancement in the XPS peak intensity was observed for the O 1s peak of
functionalized MWCNT-COOH compared with pristine MWCNT, which attributes the
formation of oxygen containing functional groups as defective sites. “* Samples like
PTCNT-COOH 100 and PTCNT-COOH 300 have their spectral profiles with
characteristic peaks of sulfur at 226.95 (S 2s) and 162.75 (S 2p) eV in addition to C 1s
and O 1s peaks, which confirms the presence of polythiophene in PTCNT-COOHs.4%
The PTCNT-COOH 100 nanocomposite contains a high polythiophene compositional
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ratio, which was evident from its dominating sulphur peak intensity compared with

PTCNT-COOH 300.
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Figure 3.10. Powder X-ray diffractograms of (A) MWCNT-COOQOH, PT-25, PTCNT-
COOH 100, PTCNT-COOH 200, PTCNT-COOH 300 and pristine MWCNT (in inset).
(B) Comparison of X-ray diffraction diagram of PTCNT-COOH 300, PT2CNT-COOH
300 and PT3CNT-COOH 300.

X-ray diffractograms of functionalized MWCNT-COOQH, polythiophene (PT),
PTCNT-COOH 100, PTCNT-COOH 200 and PTCNT-COOH 300 have been analysed
to understand the extent of solid-state packing of polymer matrix on CNT (see Figure
3.10. A). The functionalized MWCNT-COOH mainly exhibited an intense peak at 26
value 25.85° attributing to the (002) diffraction plane of MWCNT having graphitic
structure.3* Typical polythiophene (PT) has the broad amorphous peak centered at
18.68°.30%1 A Polythiophene-functionalized multi-walled carbon  nanotube
nanocomposites such as PTCNT-COOH 100, PTCNT-COOH 200 and PTCNT-COOH
300 exhibited a broad peak centered at 18.53° beside the (002) plane diffraction peak
of carbon nanotube graphitic structure at 26.02°. On moving from PTCNT-COOH 100
to PTCNT-COOH 300, the intensity of broad amorphous peak of polythiophene goes
down and the intensity of the (002) plane diffraction peak goes up. This result points
out that PTCNT-COOH 300 provides more surface area on the CNT backbone
compared to PTCNT-COOH 200 and PTCNT-COOH 100 for covering polythiophene
nanolayer around the nanotube surface.*>* The low compositional ratio of thiophene
in PTCNT-COOH 300 was reversed by increasing the thiophene monomer in feed (see
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Figure 3.10. B for XRD pattern of PT2CNT-300 and PT3CNT-300). As the ratio of
thiophene in feed increases on the CNT surface, the intensity of the amorphous
polythiophene peak increases. X-ray diffraction patterns of polythiophene-CNT
nanocomposites indicate that larger surface area of carbon nanotubes delivers more

ordering in the polymer arrangement as nanolayer on CNT’s surface.
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Figure 3.11. FE-SEM images of (A) MWCNT-COOH, MWCNT (in inset), (B) PTCNT-
COOH 100, (C) PTCNT-COOH 300 and (D) HR-TEM image of PTCNT-COOH 300

The morphological characterisations of functionalized MWCNT-COOH and
PTCNT-COOHSs (100 and 300) were analysed using scanning electron microscopy (see
Figure 3.11.). FE-SEM images of pristine MWCNT (inset of Figure 3.11. A) revealed
its aggregated bundled nature, whereas surface oxidized MWCNT-COOH produced
well separated carbon nanotubes after purification and washing (see Figure 3.11. A).
These functionalized carbon nanotubes (MWCNT-COOH) could act as nano-tubular
templates to accommodate in-situ formed polythiophene. The length of CNTs were not
much cut shortened on acid treatment. In particular, binary nanocomposites such as
PTCNT-COOH 300 composite have shown an increase in thickness without any phase

separation (see Figure 3.11. C). Detailed morphological features and the inner
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dimensions of the nanocomposite (PTCNT-COOH 300) have been investigated using
transmission electron microscopy (TEM) (see Figure 3.11. D). TEM images revealed
the remarkable thick outer layer having outer diameter of 14.80 £ 5 nm and inner tube
diameter of 4.20 = 2 nm. Higher outer to inner diameter ratio suggested that
polythiophene was attached on the surface of the MWCNT as an outer layer through
weak non-covalent interactions to form a thicker PT shell on the CNT core. An
illustration of polythiophene chains orientation over MWCNT-COOH is represented in
Figure 3.12.

monomer

AOT micelles in CHCI3

< PTCNT-COOH

0 Q 0
300 &

Figure 3.12. Illustration of the utilisation of defect group functionalization for the
orientation of polythiophene over MWCNT surface.

69



Chapter 3

T

CHCI, Ethanol Acetone

H,0
crer vereve ol Frcreve creve

Absorbance{a.u.)

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)
Figure 3.13. Dispersion of MWCNT-COOH in different solvents (A) and aqueous
dispersions of different nanocomposites (B). UV-vis spectra of PTCNT-COOH 100 in
chloroform [a], PTCNT-COOH 300 in chloroform [b], PTCNT-COOH 300 in ethanol
[c] and MWCNT-COOH in water [inset](C).

The pristine multi-walled carbon nanotubes were usually insoluble in common
solvents, mainly due to the bundling nature of carbon nanotubes and lack of
functionalization. However, the covalent functionalization of multi-walled carbon
nanotube by acid oxidation introduces polar groups such as carboxylic acid, hydroxyl
and carbonyl groups which enhance the solubility, especially in polar solvents. The
functionalised MWCNT-COOH covered with conducting polymers also reduces the
bundling effect via repulsion between the tethered polymer chains creating an energy
barrier against aggregation by controlling intertube potential.>? Theoretical aspects of
simulation study based on the interaction of conducting polymers with carbon
nanotubes also communicate that those non-covalent interactions could better enhance
the dispersibility and hence the processability.>*** Sonication of functionalized
MWCNT-COOH and PTCNT-COOHs (100, 200 and 300) nanocomposites in water,
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ethanol and chloroform have produced fairly stable dispersions (see Figure 3.13. A and
B). The functionalized multi-walled carbon nanotubes (MWCNT-COOH) have shown

absorption maximum at 260 nm due to aromatic n-m* absorption of carbon nanotube.%*

The UV-vis spectra of PTCNT-COOH 100 in chloroform and PTCNT-COOH 300 in
ethanol and chloroform have shown well resolved peak at 360 nm in addition to a peak
at 280 nm. The characteristic peak at 360 nm was due to polaron- = transition of
polythiophene, which was intense for PTCNT-COOH 100.%% The sample PTCNT-
COOH 100 possesses less amount of functionalized MWCNT-COOH (100 mg) than
PTCNT-COOH 300 (300 mg), therefore thick layer present in PTCNT-COOH-100
must have resulted in strong absorption of polaron transition (see Figure 3.13. C).*
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Figure 3.14. Four probe electrical conductivity of PTCNT-COOH 100, PTCNT-COOH
200, PTCNT-COOH 300, MWCNT-COOH and pristine MWCNT.

The electrical conductivities of pelletized pristine MWCNT, MWCNT-COOH,
PTCNT-COOH 100, PTCNT-COOH 200 and PTCNT-COOH 300 were measured
using four probe electrical conductivity meter (see Figure 3.14.). Electrical
conductivities of pristine MWCNT, MWCNT-COOH, PTCNT-COOH 100, PTCNT-
COOH-200 and PTCNT-COOH 300 measured were 8.66 S/cm, 2.80 S/cm, 4.42x10
Slcm, 5.30x10 S/cm and 1.64 S/cm respectively. Multi-walled carbon nanotubes
exhibited a drop in electrical conductivity on acid functionalization. The decrease in
electrical conductivity was due to the development of defective sites for functional
group formation on the m-conjugated backbone.®” Association of polythiophene with
MWCNT-COOH also decreased the overall conductivity in nanocomposites (PTCNT-
COOH 100, PTCNT-COOH 200 and PTCNT-COOH 300) due to the presence of high
weight percentage of polythiophene which is individually less conducting than
MWCNT. A comparison of the electrical conductivity of PTCNT-COOH with PTCNT
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nanocomposites was given in Table 3.3. The electrical conductivities of both PTCNT-
COOH and PTCNTs undergo increment with an increase in functionalized or non-
functionalized carbon nanotubes. Among the nanocomposites with lesser carbon
nanotube content, PTCNT-100 has better conductivity than PTCNT-COOH 100,
whereas, in nanocomposites with higher carbon nanotube, PTCNT-COOH-200 and
PTCNT-COOH-300 has better conductivity than PTCNT composites. The enhanced
electrical conductivity of these polythiophene-functionalized carbon nanotube
nanocomposites (PTCNT-COOH 200 and PTCNT-COOH 300) might be due to the
effective electron transport between conducting polythiophene and carbon nanotubes
within the well-formed core-shell nanostructure.®®>® In addition to some of the non-
covalent interactions present in PTCNT composites (discussed in Chapter 2), the
formation of core shell morphology was furthermore reinforced in PTCNT-COOH
composites by hydrogen bonding between functional groups formed on acid treatment
and sulfur atoms in the polythiophene chains.

Table 3.3. Comparison of conductivity values of PT-25, MWCNT, MWCNT-COOH,
PTCNT and PTCNT-COOH nanocomposites

Sample Conductivity Sample Conductivity
(Slcm) (S/cm)
PT-25 7.3x10°3 - -
PTCNT-100 3.58 x101 PTCNT-COOH 100 4.42x107?
PTCNT-200 3.98x 101 PTCNT-COOH 200 5.30x10*
PTCNT-400 3.40x 101 PTCNT-COOH 300 1.64
MWCNT 8.66 MWCNT-COOH 2.80
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Figure 3.15. TGA (A) and DTA (B) analysis of MWCNT-COOH, PTCNT-COOH 100
and PTCNT-COOH 300
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Thermal stability of MWCNT-COOH, PTCNT-COOH 100, PTCNT-COOH
300 were analysed in the scan rate of 20°C/min with nitrogen atmosphere (see Figure
3.15.). Functionalized MWCNT-COOH exhibited only 10% weight loss up to 620°C
due to its graphitic network structure. PTCNT-COOH 100 and PTCNT-COOH 300
nanocomposites showed 10% weight loss up to 350°C. PTCNT-100 and PTCNT-300
nanocomposites (discussed in Chapter 2) exhibited approximately 15% weight loss up
to 350°C. Therefore, PTCNT-COOH composites have shown comparably higher
thermal stability than PTCNT composites up to 350°C. Thermal degradation up to this
temperature was due to polymer degradation from the carbon chain. A better polymer
interaction with a carbon nanotube via non-covalent interaction in PTCNT-COOH
might have facilitated higher thermal stability than PTCNT nanocomposites. At higher
temperature regions (beyond 400°C), the thermal degradation is due to the breakdown
of the carbon nanotube structure. At this stage, PTCNTSs have slightly better thermal
stability than PTCNT-COOQOHSs because the thermal degradation of MWCNT-COOH
was faster than pristine MWCNT. Discrete stages of decomposition during the
temperature scan were examined with differential thermal analysis. The decomposition
of functionalizezd MWCNT-COOH was observed from 510°C with a one step
decomposition. PTCNT-COOH 100 and PTCNT-COOH 300 were observed to
decompose in two steps; starting from 260°C to 340°C due to the degradation of
polythiophene and the other one starting from 470°C owes to the structural

decomposition of CNT.%8:>°

The advantages of enhanced properties of PTCNT-COOH nanocomposites
compared to individual components (MWCNT-COOQOH and polythiophene) can pave
the way for utilisation of composite in numerous applications (see Figure 3.16.). The
preparation of easily processable materials is a major area of research these days.
Achievement of stable dispersion would create debundled carbon nanotubes in its
composite structure, which further enhances the processability of the material when
they are used in various applications. Stable aqueous dispersions would be more
attractive than other dispersion mediums because the solvent water is accepted as
universal and green solvent. The prepared nanocomposites PTCNT-COOHSs have given
stable dispersions in water or other polar solvents and have attractive properties like
good electrical conductivity and thermal stability, with striking relevance in various

applications.
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Bundled MWCNT
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Figure 3.16. Illustration of debundling effect of carbon nanotubes by carboxylic acid

functionalization followed by non-covalent functionalization with polymer

3.4. Conclusion

In a nutshell, polythiophene-functionalized carbon nanotube nanocomposites
(PTCNT-COOHSs) were synthesised by in-situ chemical oxidative polymerisation of
thiophene monomer using ferric chloride as oxidising agent in the dispersion of
functionalized MWCNT-COOH in chloroform and AOT as the surfactant.
Functionalized MWCNT-COOH was prepared by refluxing with 5 M nitric acid. The
formation of polythiophene-MWCNT-COOH composite was primarily ascertained
with fourier transform Infrared spectra and X-ray photoelectron spectroscopy. The pH
studies indicated the acidic nature of MWCNT- COOH and PTCNT-COOHs due to
presence of carboxyl acid functional groups on the CNT surface. X-ray photoelectron
spectroscopic peaks confirmed the functionalization of MWCNT-COOH with oxygen
containing functional groups and presence of polythiophene in PTCNT-COOH
nanocomposites. The variation in XPS peak intensity shows the proportional
correlation between polymer and CNT components in PTCNT-COOH composites. X-

ray diffractograms revealed the formation of polythiophene nanolayer on the MWCNT-
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COOH surface via non-bonding interactions like n-x stacking assembling and hydrogen
bonding interactions. Field emission scanning electron microscopic images revealed
the nanotubular morphology of PTCNT nanocomposites as same as that of multi-walled
carbon nanotubes, but with more thickened walls on nanocomposite. The thicker outer
tube diameter of PTCNT-COOH 300 was measured as 14.80 £ 5 nm by TEM analysis.
Polythiophene chains in ordered arrangement on MWCNT-COOH walls were
established as an energy barrier against tubular aggregation. The well dispersed state of
MWCNT-COOH and PTCNT-COOHs in less aggregated form has given well-resolved
peaks for UV-visible absorption spectra in water and ethanol medium. PTCNT-COOH
nanocomposites were also found to be exhibited good electrical conductivity up to the
order of 10" S/cm and good enough thermal stability up to 480°C. PTCNT-COOH
composites have high dispersibility in green solvent water and other properties suitable

for various applications.
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Preparation of Silver Nanoparticles Entangled Ternary Nanocomposites

4.1. Introduction

The preparation of higher-order structural architectures from binary
nanocomposites would be advantageous for their better performance or for exploring
more areas of application.!® Functionalized multiwalled carbon nanotube
nanocomposites with conducting polymer via the formation of core-shell morphology
can act as an effective synergistic host to accommodate different materials. A sizeable
surface-to-volume ratio in nanostructured conducting polythiophene-CNT
nanocomposites would be beneficial to incorporate additional nanofillers to the surface

of its lightweight framework.*°

(b) (c)
MWCNT/zn0/f > 7
Chitosan ternary st -’
nanocomposites ¢ ¢ ¢ '
Polyaniline layer MWCNT
d by Carbon nanotubes . .
p L 'H Silver nanoparticles )
- . . L I5) MnO, nanoparticles Polythiophene layer
Chitosan ™ L L 2 Carbon nanotubes (structural 0 sil icl
©MWCNT-COOH 7,0 nanoparticles \ PEDOT-PSS frame of composites) - Silver nanoparticles

Figure 4.1. Metal nanoparticles incorporation with different polymer-carbon nanotube
nanocomposites and their scanning electron microscopic images (adapted from (a)
malekkiani et al. 2022 (b) Hou et al. 2010 (c) Tang et al. 2016 and (d) Patole et al.
2015.)

Incorporating metal nanoparticles as fillers into conducting polymer-carbon
nanotube nanocomposites find new applications by gaining additional properties with
enhanced performance. Structurally different morphologies can be obtained for such
ternary nanocomposites based on synthetic routes, types of polymer, and the nature of
the incorporated metal. Some of the reports of ternary systems of polymer-carbon
nanotube nanocomposites with metal nanoparticles are shown in figure 4.1.%° Silver
nanoparticles are an attractive choice among metal fillers as it exhibits high electrical
and thermal conductivity.'® Distinct characteristics of silver nanoparticles rendering

different applications such as catalysis, surface-plasmon resonance, antimicrobial
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action, surface-enhanced Raman scattering tags, therapeutic usages, electrochemical
applications, electromagnetic interference (EMI) shielding etc.'"*3 However, the long-
term use of bare silver nanoparticles as such is not viable due to the high surface charges
on nanoparticles, which create low negative fermi potential and get aggregated easily.*
Stable silver nanoparticles require suitable capping agents to avoid their tendency of
aggregation.'? Inorganic or polymeric stabilizing supports can be effectively used

against aggregation and promote the silver nanoparticle’s stability.}4°

\
* Non-selective attachment of
nanoparticles both inside and outside of
» carbon nanotubes
J

™
Selective attachment of nanoparticles
inside of carbon nanotubes

Outer protection of nanoparticles

Large inner diameter of carbon nanotubes

=

Inner protection of nanoparticles
Small inner diameter of carbon nanotubes

=

Selective attachment of nanoparticles on
the opened tube’s ends of carbon
nanotubes
Mainly obtained by vapour phase
deposition

=

10

* Selective attachment of nanoparticles
outside of carbon nanotubes

Figure 4.2. Different possibilities for the formation of carbon nanotube-metal

nanoparticle nanocomposites.

The incorporation of silver nanoparticles with polymer materials can generally
be carried out in two different ways. One method is the in-situ synthesis of silver
nanoparticles in the presence of a polymer scaffold. The second method is the ex-situ
attachment of silver nanoparticles to the desired polymer material.*>!® Preparation of

silver nanoparticles with polymerization in a single step is also reported rarely.}” An
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advantage of in-situ preparation is the uniform attachment of soluble silver ions with
the pre-structured polymer framework, producing a homogeneous distribution of
nanoparticles with the solid matrix.'® Selection of suitable polymer material should also
required for excellent properties. Conducting polythiophene exhibits good
environmental stability and compatibility with silver nanoparticles.'® Polymer alone or
in hybrid/composite form could be used as a suitable scaffold to accommodate silver
nanoparticles. The structural features of scaffolding materials are essential to control
the size, shape and assembly of metal nanoparticles formed.**?° Among different
scaffolding materials to accommodate in-situ formed silver nanoparticles, core-shell
structured polythiophene-carbon nanotube binary nanocomposites would be attractive
for its typical characteristics such as one-dimensional nano-structural confinement,
conducting host framework, good thermal stability and ability to form a stable aqueous
dispersion. Methods of area specific and area non-specific attachment of metal
nanoparticles in carbon nanotubes are schematically represented in Figure 4.2. The
selective area attachment of nanoparticles on inner walls, outer walls and/or end caps

are possible, and they possess unique benefits leading to specific applications.?12°

Adopting green approaches for silver nanoparticles embedded polythiophene-
functionalized multiwalled carbon nanotube ternary nanocomposites can render several
benefits, such as cost-effectiveness, good dispersibility in the aqueous phase, high
electrical conductivity, and thermal stability.?®?” Applications of prepared silver
nanocomposites will be determined by their processability and other properties.?
Studies on ternary nanocomposites incorporating stable silver nanoparticles into
polythiophene-functionalized multiwalled carbon nanotubes were rarely reported.
Patole et al. reported the preparation of PEDOT/PSS-ethylenediamine functionalized
multiwalled carbon nanotube-silver nanoparticle nanocomposites by reduction of
AgNO3 using NaBH4 in dichloromethane medium for improving electrical conductivity
and thermal properties of polycarbonate matrix. Studies on the bicomponent systems,
such as polythiophene-silver nanocomposites or carbon nanotube-silver
nanocomposites, were conducted by various researchers. A recent literature review by
Al-Refai et. al. based on polythiophene nanocomposites discusses the advantages and
relevance of incorporating nanomaterials such as metal nanoparticles and carbon

nanotubes into polythiophene matrix.?® The ternary structural combination of silver
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nanoparticles into a polythiophene-carbon nanotube nanocomposite framework could

open up various applications with cohesive properties.

In the present chapter, we have put forward a facile and green synthetic
approach for developing silver nanoparticles embedded in polythiophene-
functionalized multiwalled carbon nanotube nanocomposites by reduction of silver
nitrate using ascorbic acid (Vitamin-C) in an agueous medium. Binary nanocomposite
(PTCNT-COOH 300) acted as a nanofibrous template in which silver nanoparticles
grew to form a ternary nanocomposite. Here, the polythiophene-functionalized
multiwalled carbon nanotube nanocomposites act as a stable framework to
accommodate and protect highly labile silver atoms as solid nanoparticles; otherwise,
it might agglomerate in the absence of a strong capping agent. Interestingly, the tangled
silver nanoparticles embedded ternary polythiophene-functionalized MWCNT
nanocomposites having good dispersibility in water, high electrical conductivity, good

solid-state ordering, and high thermal stability were established.

4.2. Experimental

4.2.1. Materials and reagents used: Silver nitrate and multiwalled carbon nanotubes
(MWCNT) were purchased from Sigma Aldrich. Ascorbic acid, sodium hydroxide,
hydrochloric acid, acetic acid, ammonium hydroxide, acetone and deionized water were

purchased from Merck chemicals India.

4.2.2. Measurements and instruments: Fourier transform-infrared spectra of the
samples were recorded by Shimadzu IR Affinity 1 spectrometer using the KBr pellet
method. Raman spectra of samples were taken by LabRam spectrometer by HORIBA
JOBIN YVON using argon ion laser of wavelength 514.5 nm. UV-vis spectra of the
samples were recorded by Shimadzu UV-Visible spectrophotometer, UV 1800 series
in the range 200-800 nm with HPLC grade chloroform, ethanol and deionized water.
The powder wide-angle X-ray diffraction of the samples was measured using
PANALYTICAL, Aeris research with 20 values ranging from 5 to 80°. The field
emission scanning electron microscope (FE-SEM) images were recorded by ZEISS
YIGMA™ field emission scanning electron microscope. The transmission electron
microscopic analysis was carried out by JEOL/JEM 2100 instrument having a capacity
of 200 KV and with magnification 2000X — 1500000X. Thermogravimetric analysis

(TGA) of the samples was measured using Perkin EImer, Diamond TG/DTA in an inert
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atmosphere of nitrogen at a heating rate of 20°C. The four-probe electrical conductivity
of the samples was measured using DFP-RM-200 with constant current source Model
CCS-01 and DC microvoltmeter. The pH measurements were carried out using HM
digital PH -80 Temp hydro tester. The XPS analysis was carried out using PHI 5000
Versa Probe 111 instrument. Both wide scan spectra (in the range of 150-600 eV) and

narrow scan spectra of individual elements were carried out with XPS spectra.

4.2.3. Synthesis of PTCNT-COOH 300 Ag: The sample PTCNT-COOH 300 (0.16 g)
was dispersed in 500 mL of deionized water by sonication. Ascorbic acid (8.81 g, 5.00
mmol) was added to the above binary composite, followed by the addition of NaOH
solution (10 M, 20 mL, 21.00 mmol) with magnetic stirring for 5 min and allowed to
equilibrate the pH for 3 h. Fresh AgNOs solution (5 mL, 0.30 M, 1.50 mmol) was added
to this mixture under strong stirring conditions for 30 s, followed by gentle stirring for
30 min at room temperature. The mixture was kept undisturbed for 12 h and then
washed with deionized water (till the pH of the filtrate became neutral from alkaline).
The ternary nanocomposite mixture was finally washed with acetone and dried in a
vacuum oven at 70° C. Yield: 0.28 g. FT-IR (KBr, cm™) 693, 787, 1534, 1646, 1695,
and 1747.

4.2.4. Synthesis of MWCNT-COOH Ag: MWCNT-COOH (0.16 g) was dispersed
in 500 mL of deionized water by sonication. Ascorbic acid (8.81g, 5.00 mmol) was
added to the above dispersion followed by the addition of NaOH solution (10 M, 20
mL, 21.00 mmol) with magnetic stirring for 5 min and allowed to equilibrate the pH
for 3 h. Fresh AgNOs solution (5 mL, 0.30 M, 1.50 mmol) was then added to this
mixture under strong stirring conditions for 30 s followed by gentle stirring for 30 min
at room temperature. The mixture was kept undisturbed for 12 h and then washed with
deionized water (till the pH of the filtrate became neutral from alkaline). The binary
silver nanocomposite mixture was finally washed with acetone and dried in a vacuum
oven at 70°C. Yield: 0.31 g. FT-IR (KBr, cm™) 1550, 1646, 1705, 1754.

4.2.5. Leaching study of PTCNT-COOH 300 Ag with different pH: PTCNT-
COOH 300 Ag (0.010 g) was dispersed in HCI (15 mL, 1M, pH: 0.8) by sonication for
5 min. Then it was magnetically stirred for 3 h. It was washed with water, filtered and
the residue obtained was dried in a vacuum oven at 60°C for 1 h. The above residue
was subjected to record UV-Vis spectra by dispersing in water.
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The above procedure was repeated by changing the medium into CH3COOH (1M,
pH:2.8), water (pH:7.0), NH4OH (1M, pH:11.5) and NaOH (1M, pH:12.8).

4.3. Results and Discussion

4.3.1 Synthesis and characterization of PTCNT-COOH 300 Ag and MWCNT-
COOH Ag

Weak attractive forces

Ascorbic Acid
(Vit-C)
NaOH (10 M)

Water dispersed Silver nanoparticles decorated
PTCNT-COOH 300 PTCNT-COOH 300 Ag

Figure 4.3. Schematic representation of the synthesis of PTCNT-COOH 300 Ag

The ternary silver nanocomposite PTCNT-COOH 300 Ag was prepared by
reducing silver nitrate solution to silver nanoparticles using ascorbic acid as the
reducing agent in the presence of aqueous dispersed PTCNT-COOH 300
nanocomposites. The formation of PTCNT-COOH 300 Ag is schematically represented
in Figure 4.3. (see Table 4.1. also) Ascorbic acid (vitamin C) is a green and bio-
friendly reducing reagent. Silver nitrate reduction was carried out in the presence of
stable aqueous dispersion of PTCNT-COOH composites discussed in chapter 3.
Sonication for 15 min produced stable dispersion of binary PTCNT-COOH 300
nanocomposites. Here, the PTCNT-COOH 300 functioned as a hard template to
accommodate the reduced form of silver nanoparticles by providing a large enough
surface area in its nanotubular assembly. The synthesis was carried out in basic pH=10.
Control on pH was carried out by adding NaOH solution. The same procedure was also

used to synthesize binary silver nanocomposites named MWCNT-COOH Ag formed
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by reduction of silver nitrate in presence of functionalized MWCNT-COOH

(conducting polythiophene is not present).

Table 4.1. Atomic concentration of samples from XPS spectra, pH of the samples,

morphology of samples, thermal stability of samples, and electrical conductivity of

samples.
Samples Compone | Type of | Atomic Concentration from pH Shape Ther Conduc
nts Nano XPS (%) mal tivity
composi Stabil | (S/cm)
tes C1ls O2s|S2p | Ag3d ity
Q)
MWCNT- 9442 | 558 4.8 nanotubes | 560 2.80
COOH
PTCNT- Thiophene | Binary 88.63 | 5.70 | 5.68 5.4 PT 340 1.64
COOH- + covered
300 MWCNT- Nanotubes
COOH
MWCNT- | MWCNT- | Binary Nanoparti | 750 12.40
COOH Ag | COOH cles
+ Ag +
nanotubes
PTCNT- Thiophene | Ternary | 86.66 | 7.75 | 4.22 | 2.37 7.0 Nanoparti | 620 80.76
COOH + cles +
300 Ag Ag + PT
MWCNT- covered
COCH Nanotubes
120 -
-
S 1101
(C
o 1
8 100 - MWCNT-COOH-Ag
c
:g 90 -
» 804 MWCNT-COOH
c
o
= 704
S
60 T T T T
600 900 1200 1500 1800

Wavenumber (cm™)

Figure 4.4. FT-IR spectra of MWCNT-COOH, MWCNT-COOH Ag and PTCNT-
COOH 300 Ag.
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PTCNT-COOH 300 Ag and MWCNT-COOH Ag were subjected to FT-IR
studies to characterize the formation of respective nanocomposites (see Figure 4.4.).
The functionalized MWCNT-COOH Ag have shown peaks of MWCNT-COOH at
1534 cm?, 1646 cm™, 1695 cm™ and 1747 cm™ corresponding to in-plane vibrations of
graphitic walls, C=C stretching vibrations, carbonyl groups and C=0 stretching
vibration in acid groups respectively. PTCNT-COOH 300 Ag sample has shown
characteristic peaks of thiophene at 787 cm™ and 693 cm™ due to C-H out-of-plane
deformation mode and C-S stretching mode of the thiophene ring in addition to the
peaks of MWCNT-COOH. MWCNT-COOH Ag and PTCNT-COOH 300 Ag samples
have shown a decline in carbonyl stretching frequency at 1695 and 1747 cm, which
could be attributed to the nanocomposites formation with silver. 232 FT-Raman spectra
of PTCNT-COOH 300 Ag and MWCNT-COOH Ag in powder form were recorded
using 514.5 nm argon laser (see Figure 4.5.). MWCNT-COOH Ag has shown
characteristic G band and D band at 1576 cm™ and 1348 cm?, respectively. In the case
of PTCNT-COOH 300 Ag, an additional intense peak was observed at 1450 cm™ due
to symmetric in-phase vibration of the polythiophene chain, which showed the presence

of polythiophene in the ternary nanocomposite.323

600

w

o

o
1

PTCNT-COOH 300 Ag

N

(=]

(=]
1

Intensity (a.u.

100
MWCNT-COOH Ag

5l|)0 I 10|00 I 15|00 I 20|00 I 25|00 I 3000
- -1
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Figure 4.5. FT Raman spectra of MWCNT-COOH Ag and PTCNT-COOH 300 Ag
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Figure 4.7. WXRD pattern of PTCNT-COOH 300 Ag and MWCNT-COOH Ag

The X-ray photoelectron spectra of PTCNT-COOH 300 and PTCNT-COOH
300 Ag have shown peaks at 162.75 eV, 226.95 eV, 283.25 eV and 531.45 eV
corresponding to binding energies of S 2p, S 2s, C 1s and O 1s respectively. In addition,
ternary silver nanocomposites PTCNT-COOH 300 Ag have shown peaks of silver
atoms at 367.45 and 373.45 eV representing binding energies of 3d®? and 3d°?
respectively, which indicates the formation of silver nanoparticles in the
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nanocomposites (see Figure 4.6.).3* Wide angle X-ray diffraction studies of PTCNT-
COOH 300 Ag and MWCNT-COOH Ag have also been carried out to confirm the
formation of silver nanoparticles in conducting polythiophene-functionalized MWCNT
nanocomposites (see Figure 4.7.). Both the samples have shown highly crystalline
peaks at 20 values 38.15°, 44.33°, 64.52°and 77.46°, which represent Bragg’s reflections
from (111), (200), (220) and (311) planes of Ag nanoparticles in nanocomposites.* The
weak peak at 20 value 26.69° was due to diffraction from (002) plane of the graphitic
structure of CNT.*® The presence of highly crystalline silver nanoparticles increases the

overall solid state ordering of the samples.

Chloroform Water Ethanol

Chloroform Water Ethanol

L D

increase in concentration

N\

N\

hNT-COOH 300 Ag in water

(2 LA E R R RR RN R

Absorbance (a.u.)
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MWCNT-COOH Ag in ethanol

PTCNT-COOH 300 Ag in ethanol "
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Figure 4.8. Dispersion of PTCNT-COOH 300 Ag (A) and MWCNT-COOH Ag (B) in

different solvents. UV-vis spectra of PTCNT-COOH 300 Ag and MWCNT-COOH Ag

in water and ethanol (C). UV-vis spectra of PTCNT-COOH 300 Ag in water with

different concentrations (D).

MWCNT-COOH Ag and PTCNT-COOH 300 Ag could be easily dispersed in

water and ethanol, allowing us to record the UV-vis absorption spectra (see Figure
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4.8.). The tendency of formation of stable dispersions was retained in ternary composite
by keeping an energy barrier against aggregation. Whereas, in the case of binary silver
nanocomposite the dispersion get settled down after 30 min. The UV-vis absorption
spectra have shown absorption maxima at 285 nm due to the m-rt* absorption from
multiwalled carbon nanotube. The ternary nanocomposites PTCNT-COOH 300 Ag
samples in water and ethanol have shown polaron- & peak at 360 nm. Surprisingly, the
longer wavelength peak at 360 nm was extended as shoulder up to 550 nm, which could

be attributed to the surface plasmon resonance of silver nanoparticles."®

4.3.2. Morphological analysis of ternary and binary silver nanocomposites

EHT = 5.00 kv Signal A = InLens Date :13 Nov 2019
WD = 54 mm Mag= 72.95 KX Time :12:06:21

Figure 4.9. FE-SEM images of MWCNT-COOH Ag (A), dispersed PTCNT-COOH 300
Ag (B), PTCNT-COOH 300 Ag (C (cropped image) and E) and electron diffraction
pattern of PTCNT-COOH 300 Ag (D)
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The field emission scanning electron microscopic images of MWCNT-COOH
Ag and PTCNT-COOH 300 Ag and dispersed PTCNT-COOH 300 Ag exhibited silver
nanoparticles embedded the conducting polymer-carbon nanocomposites (see Figure
4.9. (A),(B), (C) and (E)). The striking observation made from field emission-scanning
electron microscopy images of PTCNT-COOH 300 Ag was that embedded silver
nanoparticles exhibited a tangled nature and spaces were observed between each
nanotube of ternary nanocomposites. The predominant involvement of the non-covalent
interaction of PTCNT-COOH 300 with silver nanoparticles (Ag) was evident from

these images. Here nanocomposite were appeared without aggregation of silver atoms.

Figure 4.10. Transmission electron microscopic images of PTCNT-COOH 300 Ag

(A) and its size calculation (by taking the average size of 10 nanoparticles) (B)

Transmission electron microscopic analysis of the nanoparticles has revealed
the formation of tangled solid silver nanoparticles over PTCNT-COOH
nanocomposites with an average size of 25 + 5 nm obtained as an average of 10-12
nanoparticles (see Figure 4.10.). Entangled silver nanoparticles embedded over
polythiophene-functionalized multiwalled carbon nanotube appear as aggregated silver
particles. However, there were isolated nanoparticles in the PTCNT-COOH fibrous
matrix and a close look at the silver nanoparticles revealed that they were embedded in
the nanocomposite matrix. PTCNT-COOH 300 Ag has a ring-like electron diffraction
pattern with bright spots, which indicates that Ag nanoparticles are crystalline (see
Figure 4.9. (D)).%

It is important to note that silver nanoparticles have nearly spherical shapes even
though they exist in tangled fashion, as seen in Figure 4.11. In the case of ternary silver

nanocomposites formation, the Ag* ions from silver nitrate were attracted to sulfur
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atoms in the heterocyclic polythiophene chains and get reduced to silver nanoparticles
by accepting electrons from ascorbic acid present in the aqueous dispersion. Ascorbic
acid itself is converted to semidehydroascorbic acid radical ion and then to
dehydroascorbic acid.>**° Anchoring of silver nanoparticles to the surface of the
nanocomposites occurs via its complex formation with the sulfur atoms and the
carboxylate group contained in PTCNT-COOH nanocomposites.**#? The sulfur atoms
in closely packed polythiophene chains can assist the silver nanoparticles to decorate
over the PTCNT-COOH 300 in a tangling fashion along with the carboxylic group of

functionalized carbon nanotubes using the non-covalent force of interactions.

MWCNT
Polythiophene

2

Ag
nanoparticles

AgNO;,
Vitamin-C

PTCNT-COOH 300 PTCNT-COOH 300 Ag

Figure 4.11. Scheme for the formation of silver nanoparticle embedded ternary nano

composite.

4.3.3. Electrical conductivity and thermal stability of ternary and binary

nanocomposites

The four-probe electrical conductivity of the samples was recorded by DFP-
RM-200 four-probe set-up with a constant current. The electrical conductivity of the
samples was measured at four different points and the average value has been reported.
The electrical conductivity of the PTCNT-COOH 300, MWCNT, MWCNT-COOH Ag
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Figure 4.12. Four probe electrical conductivity measurements of PTCNT- COOH 300,
PTCNT-COOH 300 Ag and MWCNT-COOH Ag and pristine MWCNT (A). The
schematic illustration of polythiophene as a connecting bridge between MWCNT-
COOH and silver nanoparticles (B).

and PTCNT-COOH 300 Ag were 1.64, 8.66, 12.40 and 80.76 S/cm, respectively (see
Figure 4.12. (a)). The electrical conductivity of polythiophene was less than pristine
multiwalled carbon nanotube and polythiophene-functionalized multiwalled carbon
nanotube binary nanocomposites. Effective charge transfer of the charge carriers in
binary and ternary nanocomposites resulted in higher electrical conductivity. The silver
nanoparticles loaded polythiophene-functionalized MWCNT nanocomposites were an
interesting case of ternary conducting polymer nanocomposite due to conducting
polythiophene layer. The conducting polythiophene layer acts as a conductive bridge
that transfers electrical charges between more conducting silver and multiwalled carbon
nanotube via a hopping mechanism. Therefore the overall electrical conductivity of the
system increases (see Figure 4.12 (b)).

Thermal stability of PTCNT-COOH 300, MWCNT-COOH Ag and PTCNT-
COOH 300 Ag have been carried out using thermogravimetric analysis at a heating rate
of 20°C per minute under an inert nitrogen atmosphere (see Figure 4.13.). The thermal
stability of PTCNT-COOH 300 Ag was found to be higher than PTCNT-COOH 300.
Sample PTCNT-COOH 300 Ag has shown 10 % weight loss at 620°C.*3
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Figure 4.13. Thermograms (A) and differential thermograms (B) of PTCNT-COOH
300, MWCNT-COOH Ag and PTCNT-COOH 300 Ag

Accommodation of silver nanoparticles in ternary composite PTCNT-COOH 300 Ag
enhances the thermal conductivity of the system.* The high thermal conductivity of
multiwalled carbon nanotube and silver nanoparticles might have played a crucial role
in enhancing thermal stability by building a perfect heat transfer network in ternary
nanocomposites even though it contains a high percentage of thermally less stable
polythiophene.* The highest thermal stability obtained for MWCNT-COOH Ag for
10% weight loss was 750 °C, which was devoid of the polymer sample. Therefore, the
thermal stability and thermal conductivity of PTCNT-COOH 300 (binary composite)
and functionalized MWCNT-COOH could be increased significantly by making
entangled sliver nanoparticle ternary nanocomposites.*® Differential thermal analysis
exhibited that decomposition of functionalized MWCNT-COOH was observed from
510° C. Whereas decomposition rate of PTCNT-COOHs was observed in two stages,
one stage from 260 to 340°C due to degradation of polythiophene and the other one
starting from 470°C due to the CNT structural decomposition (see Figure 4.13. (b)).
Good thermal stability of MWCNT-COOH Ag and PTCNT-COOH 300 Ag was
observed with a much lower rate of decomposition, so they can perform as suitable

materials in high temperature applications.

The pH sensitivity of the ternary nanocomposite system has been checked by
the leaching tendency of embedded silver in ternary nanocomposite in acidic, basic and
neutral media (see Figure 4.14.). The stability of the ternary nanocomposites at
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Figure 4.14. UV-vis spectra of PTCNT-COOH 300 Ag after 3 h of stirring and washing
with different media of different pH.

different pH has been checked via UV-vis absorption spectroscopy by noting the
changes in the surface plasmon peak (> 360 nm). The study revealed that silver
nanoparticles have good stability against leaching in basic medium (high pH).
Compared to NaOH medium, leached silver nanoparticles percentage in other media
such as NH4OH, H20 and CH3COOH are 11.79%, 29.23% and 60% respectively.
Badawy et al. reported that electrostatically stabilized silver nanoparticles exhibit high
degree of aggregation at low pH (acidic conditions). The surface charge densities will
be less negative at low pH of the medium and resulted higher particle-particle
interaction. As pH of the medium decreases the silver nanoparticles get aggregated
easily and into larger particles. The larger particles get leached out easily from the
surface of composite.*’ Ternary nanocomposites can be effectively utilized for catalytic

applications in a basic medium and therefore, they can be a durable catalyst with
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Table 4.2. Comparison study of our work with similar systems reported in the literature.
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multiple uses.”®*® Present work has significant advantages over other systems,
especially in cost, efficiency and many other improved properties related to
conductivity and thermal stability in nanocomposites. Synthesis of tangled silver
nanoparticles embedded on polythiophene-functionalized multiwalled carbon
nanotubes have been adopted in the cheapest and greener medium. Comparison of
ternary and binary silver nanocomposites with other literatures are given in Table 4.2.
The binary and ternary nanocomposites have been prepared efficiently on a laboratory
scale with reproducibility and with improved processability. Therefore, the ternary
nanocomposites prepared will open a doorway to different applications such as high-

performance electrochemical electrodes, polymer supercapacitors, sensors, SERS tags,

DispeQ

thermoelectric materials, catalytic applications and so on.**->3

T »

e e

PTCNT-COOH 300 NaOH (10M) PTCNT-COOH 300 Ag
Advantages of synthetic approach Advanttages of silver nanocomposites
»  Useofgreen solventwater asthe reaction medium *  Composites formed as decorated with semi-spherical

» Use of green reagent ascorbic add (vitamin-C) as reducing silver nanoparticles
et *  Highlyenhanced electrical conductivity

* No need any additional capping agent or stabilizing agent for *  Veryhighthermalstabiiity
siver nanopartides * Good dispersibility in aqueous and other less polar

Use of CNT/CNT-polythiophene framework as template as media
e Stable siver nanopartides over CNT-polymer

well as stabilizing agent for silver nanoparticles

Figure 4.15. lllustration of the formation of water-dispersible ternary nanocomposite

and its advantageous outcomes.
4.4. Conclusion

In summary, the present work demonstrated a facile and green synthetic
approach to prepare water-dispersible, highly conductive and thermally stable ternary
silver nanoparticles embedded polythiophene-functionalized multiwalled carbon
nanotube nanocomposite (PTCNT-COOH 300 Ag) by efficiently utilizing the aqueous
dispersion of binary polythiophene-functionalized multiwalled carbon nanotube
nanocomposites (PTCNT-COOH 300) as a nanofibrous platform as well as the co-
component matrix in its ternary composite. Here, we could effectively establish a facile
synthesis of PTCNT-COOH 300 Ag from the dispersed state of PTCNT-COOH 300
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binary composite by reduction of silver nitrate using ascorbic acid in green solvent
water. A binary multiwalled carbon nanotube-silver nanocomposites (MWCNT-COOH
Ag) were also synthesised using a similar in-situ reduction strategy. Formation of
PTCNT-COOH 300 Ag and MWCNT-COOH Ag were primarily characterized by FT-
IR spectroscopy, FT-Raman spectroscopy, XPS analysis and X-ray diffraction pattern
analysis. The formation of crystalline silver nanoparticles in PTCNT-COOH 300 Ag
was confirmed by WXRD analysis by noting the sharp crystalline peaks at 38.15,
44.33°, 64.52°and 77.46 indicated by Bragg’s reflections from (111), (200), (220) and
(311) planes. Scanning and transmission electron microscopic analysis gave
information about the formation of embedded silver nanoparticles on PTCNT-COOH
300 with an average size of 25 + 8 nm in PTCNT-COOH 300 Ag. UV-vis spectra of
PTCNT-COOH 300 Ag and MWCNT-COOH Ag have shown surface plasmon
resonance of silver nanoparticles as a shoulder up to 550 nm. Tangled silver
nanoparticles formed in the ternary nanocomposites were embedded over
polythiophene-functionalized multiwalled carbon nanotube by the complex formation
of sulfur atoms of thiophene moiety with silver. PTCNT-COOH 300 Ag exhibited
higher electrical conductivity and thermal stability (two times higher) than PTCNT-
COOH 300 for 10% weight loss due to the presence of embedded silver nanoparticles.
The important and promising outcomes of the present investigations were summarized
in Figure 4.15. The silver nanocomposites could effectively utilize catalytical,
antibacterial, electrical and thermal applications based on their dispersibility,

reusability, enhanced electrical conductivity and thermal stability.
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p-Nitrophenol Reduction and Antibacterial Activity

5.1. Introduction

Heterogeneous catalysis has tremendous applications in many organic
transformations, as seen in many industrial and academic research.'”’ Heterogeneous
transition metal nanocatalysts have attracted significant attention because of their mild
reaction conditions, recyclability, enhanced catalytic performance, and simple separation
strategies.>?! Among different transition metal nanocatalysts, silver nanoparticles, in
particular, possess special features such as easiness of synthesis, good catalytic activity,
remarkable electrical and optical properties, less toxicity and cost effectiveness.??* Silver
nanoparticles could function as stable nanocatalysts for desired applications via stabilizing
them with capping molecules, surfactants, and polymer matrices.?#?>?® Heterogeneous
catalysts have good prospects in recovery and reusability than homogeneous catalysts.
However, the former inherently exhibits poor solubility/dispersibility.?” 28 Bare colloidal
nanoparticles have an aggregation effect with time which reduces catalytic activity with
storage.® ° Besides that, colloidal nanoparticles require a tedious process to purify from the
mother liquid. In contrast, heterogeneous catalysts can be purified by simple washing and
filtration. Moreover, the irreversible nature of homogeneous silver colloidal systems
restricts them to single catalytic use. Therefore, facile, green, and cost-effective metal
nanoparticle-supported heterogeneous nanocomposites with good dispersibility in water or

other solvents deserve immense attention in recent times. Lee and co-workers studied silver

1. REDUCTION 2. COALESCENCE 3. METASTABLE STATE 4 COALESCENCE FINAL NANOPARTICLES - - -
Exist in colloidal state

e ST ] Separation of catalyst from
L W’ L =L S / i i i
=& T g - g S 4 reaction medium is not easy

Faster aggregation tendency

* . Oxidative group
tAgtion

Obtained in solid form

bundle

Easy separation of catalyst
after use

# Nucleation and growth

Less aggregation tendency

Early stage  SWCNT-embedded AgNPs

Figure 5.1. Hlustration of formation of colloidal silver nanoparticles without having host
material (A) and formation of CNT-hosted silver nanoparticles (B) (Adapted from Lee et
al. 2021).

nanoparticles embedded in single-walled carbon nanotube nanocomposites for wearable
electronics and sensor applications in which carbon nanotubes function as hosts for silver

nanoparticles against agglomeration (see Figure 5.1.).2° Polymer/carbon nanomaterial
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hosted metal nanocatalysts have been recognized as green catalysts because of the energy
benefits in catalytic use and catalytic recyclability without significant loss of
nanoparticles.®® The polyelectrolyte-carbon nanotube host system nanocomposites could
provide good dispersibility, charged cationic or anionic side chains, and mechanical
stability.*® Conducting polymers were recently used for the preparation of conducting
polymer-multiwalled carbon nanotube nanocomposites by in situ polymerization.
Conducting polythiophene-MWCNT nanocomposites have high electrical conductivity,
good optical properties, biocompatibility, environmental/thermal stability, and better host
interactions with metal nanoparticles.>! The stability of metal nanoparticles against
oxidation, agglomeration and leaching from the supporting framework remained as the
critical issues to be addressed for the performance of heterogeneous polymer/carbon

nanomaterial supported metal nanocatalysts.?-

Absorbance(a.u.)

300 40 500

Wavelength(nm)

Figure 5.2. UV-Vis spectra of p-nitrophenol, p-nitrophenolate ion and reduced product p-

amino phenolate ion by adding a reducing agent and a suitable catalyst.

Catalytic reduction of p-nitrophenol using sodium borohydride as a hydride source
in the presence of different nanocatalysts is considered as a typical model reaction due to
mild reaction conditions, moderate reaction kinetics, and simple experimental setup.3-38

The changes that occurred in UV-vis spectra in different stages during the catalytic

110



p-Nitrophenol Reduction and Antibacterial Activity

reduction of p-nitrophenol is shown in Figure 5.2. The high reaction rate was not achieved
until we used an excessive sodium borohydride to exhibit pseudo-first-order and more than
the minimum quantity as a catalyst. Therefore, catalytic reduction of p-nitrophenol requires
some reaction conditions improvements to obtain enhanced catalytic conversion with
minimum reagents and catalyst (see Figure 5.3.). Acceleration of the reaction kinetics with
some metal salts or other reagents has been conducted previously in the literature.3%-42 The
mechanism of the catalytic reduction of p-nitrophenol for substantiating the source of
hydrogens remains ambiguous.>>#347 Recently, Zhao et al. investigated the catalytic
reduction of p-nitrophenol with sodium borohydride using a deuterium isotope experiment.
Their work substantiated the requirement of polar protic solvents, and it acts as the source
of hydrogen rather than a hydride reducer.*® Fountoulaki et al. studied kinetic isotope
effects on catalytic reduction of p-nitrophenol using NaBH4 and NaBDa, which has given
evidence for B-H bond cleavage at rate-determining step and in-situ formation of Au-H.*
More validating evidence is required to understand the role of water and other protic

solvents for the hydrogenation of p-nitrophenol.

Reductant Nano-Catalyst

[ # > Low amount of Nano-Catalyst
- (0.1 mol%) NH,

‘ ; ’ '15 .
rl ‘é ; Solvent free o ‘r
A Temperature
(Room temperature)

: Atmospheric pressure
(Open atmosphere)

@ Catalyst recyclable

@ A green transformation

Figure 5.3. Accounting the benefits of nanocatalysts in model nitrophenol reduction

reaction (adapted from Bhairi et al. 2018)

The present chapter focuses on the reduction reaction of p-nitrophenol to p-

aminophenol in the presence of ternary (TNC) and binary nanocatalysts (BNC); both
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contain silver nanoparticles embedded on different hosts, polythiophene-functionalized
multiwalled carbon nanotubes nanocomposite, and functionalized multiwalled carbon
nanotubes, respectively. The kinetics of binary silver nanocatalyst (k = 0.0364 s) were
two to three times faster than ternary nanocatalyst (k = 0.0134 s?). The optimum
nanocatalyst concentration for reducing p-nitrophenol at concentration 1 x10* M was
determined to be 0.06 mg/mL. We have carried out the reaction kinetics of nitrophenol in
polar protic and aprotic solvents miscible with water. The glycerol-water mixture (5%-
30%) acts as energizing solvent for nitrophenol reduction with NaBH4. By employing a
green solvent combination of 10% glycerol, the catalytic activity factor enhanced to 936.50
s'g? (3 times higher activity than in water as solvent); therefore, we could reduce catalyst
concentration and sodium borohydride concentration approximately to one-sixth. A
plausible mechanism demonstrated for the nitrophenol reduction using sodium borohydride
and active hydrogens in the solvent. Ternary silver nanocatalyst has shown better
dispersion than binary nanocatalyst, which lead us to study the antimicrobial properties.
The ternary nanocomposites with a lower atomic percentage of silver nanoparticles was
attached to the less cytotoxic polythiophene layer act as an efficient antibacterial agent
against Escherichia coli bacteria.®®*® In summary, binary silver nanocatalyst (BNC)
functioned as an efficient catalyst for reducing p-nitrophenol, whereas ternary nanocatalyst
(TNC) acts as excellent antibacterial material against Escherichia coli bacteria in

solution.51-6
5.2. Experimental

5.2.1. Materials and reagents: Sodium borohydride was purchased from Sigma Aldrich.
Para-nitrophenol was purchased from LOBA chemicals. Para-aminophenol was purchased
from NICE chemicals. Acetone, glycerol (anhydrous), ethylene glycol, and 1,4-dioxane
were purchased from Merck chemicals, India. Deionized water was used as a solvent in
catalysis and for nutrient broth preparation (a mixture of peptone, NaCl, and yeast extract

from NICE chemicals and beef extract from Merck chemicals, India).

5.2.2. Measurements and Instruments: UV-vis absorption spectra of the samples were
recorded by Shimadzu UV-VIS spectrophotometer, UV 1800 series in the range 250-500
nm with deionized water. The powder wide-angle X-ray diffraction of the samples was
measured using PANALYTICAL, Aeris research X-ray diffractometer with 20 values

ranging from 10 to 80°. Field emission scanning electron microscopy (FE-SEM) and EDX
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element mapping images were recorded using ZEISS XIGMA™. XPS analysis was
conducted using PHI 5000 Versa Probe 1I, ULVAC-PHI Inc, USA X-ray photoelectron
spectrometer. Optical densities of E. coli inoculated samples were recorded in an

antibacterial assay using AU2701 UV-VIS double beam spectrophotometer, systronics.

5.2.3. Reaction kinetics using different nanocatalyst concentrations: Different
concentrations of ternary silver nanocatalysts (TNCs) were prepared by dispersing 0.5 mg,
1.0 mg, 1.5 mg and 2.5 mg of TNCs in p-nitrophenol solution (25 mL, 1.0 x10* M) via
sonication to obtain 0.02 mg/mL, 0.04 mg/mL, 0.06 mg/mL and 0.10 mg/mL respectively.
The respective concentrations abbreviated as TNC-0.02, TNC-0.04, TNC-0.06, and TNC-
0.10, where the figures show the concentrations in mg/mL. Similarly, binary nanocatalysts
(BNCs) designated as BNC-0.02, BNC-0.04, BNC-0.06, and BNC-0.10 for same

concentrations.

A typical procedure is showed below to determine the reaction Kinetics using
nanocatalyst concentration TNC-0.06. Ternary nanocatalyst TNC (1.5 mg) was dispersed
in p-nitrophenol (25 mL, 1.0 x10** M) by sonication for 15 min. Freshly prepared NaBH4
solution (2 mL, 1.0 x10°* M) was added to 2 mL of a sonicated mixture of p-nitrophenol
and TNC (0.06 mg/mL) taken in a vial, after that shaken for 10 s. We have mixed p-
nitrophenol-nanocatalyst reaction mixture and sodium borohydride solution in equal
volume for all catalytical studies, therefore the final concentrations of p-nitrophenol,
sodium borohydride, and nanocatalyst reduced to half (Table 5.1.). UV-vis absorption
spectra were recorded automatically in regular intervals of time by the preset program. UV-
vis absorption spectra of p-nitrophenol reduction using different nanocatalyst
concentrations TNC-0.02, BNC-0.02, TNC-0.04, BNC-0.04, BNC-0.06, TNC-0.10, and
BNC-0.10 were recorded using the same reaction conditions. The rate constants were
calculated from the linear fit plots of UV-vis absorbance of the final mixture.

5.2.4. Recycling studies using nanocatalysts: TNC (7 mg) was dispersed in p-
nitrophenol solution (5 mL, 2.33 x10° M) by sonication for 15 min. Freshly prepared
NaBHjs solution (5 mL, 2.33 M) was added to the above mixture. The reaction mixture was
shaken well for one minute, then kept undisturbed for 10 min, and centrifuged. After
centrifugation for three min, filtrate decanted, and then UV-vis absorption spectra were
recorded. The residue (nanocatalyst) was washed with deionized water, and catalytical

activities continued for four more consecutive cycles using the same method. A similar
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procedure was repeated using BNC nanocatalyst (7 mg) instead of TNC for six catalytic

cycles.

5.2.5. Recycling effects of nanocatalysts on morphology and composition: The
nanocatalyst TNC (25 mg) was dispersed in p-nitrophenol solution (25 mL, 1.66 x10° M)
by sonication for 15 min. Freshly prepared NaBH4 solution (25 mL, 1.66 M) was added
and shaken well for one minute to the above mixture. It was kept undisturbed for 10 min to
complete the reaction and then filtered. The nanocatalyst residue obtained was again
dispersed in p-nitrophenol solution (25 mL, 1.66 x10 M) and repeated the process up to
the 9™ cycle in the same manner. After the third, sixth, and ninth catalytic cycles, a portion
(one-third of the initial amount of catalyst) of the residue was separated and centrifuged to
recover the catalyst. The residue was washed with water and acetone, then dried in a
vacuum oven at 60°C for 1 hour. The morphology and composition of nanocatalysts
recorded using powder X-ray diffraction, X-ray photoelectron spectroscopy, and scanning
electron microscopy. The same procedure was repeated using BNC nanocatalyst to find

any difference in morphology and composition.

5.2.6. TNC catalyzed reduction in different volume percentages of glycerol-water
mixtures: TNC (1.5 mg) was dispersed in p-nitrophenol solution (25 mL, 1.0 x10* M) by
sonication for 15 min. NaBHj4 solution (5 mL) prepared in different volume percentages of
the glycerol-water mixture was added to the P-NP-TNC mixture (5 mL) taken in different
vials. The final percentage volumes of glycerol in water were 5% v/v, 10% v/v, 20% v/v,
30% v/v, 40% v/v and 50% v/v. The time for reaction completion was obtained from the
change in colour of the reaction mixture from greenish-yellow to colourless. The same
procedure was repeated for BNC catalyzed reduction of p-nitrophenol in different volume
percentages of solvent mixtures. The other solvent mixtures such as ethylene glycol in
water, ethanol in water, and 1, 4-dioxane in water were similarly used as solvent media for

catalytic reduction of P-NP using nanocatalysts.

5.2.7. Calibration curve of 4-aminophenolate to find the relative yield of product:
Different concentrations of p-aminophenol (5 x10“ M, 1x10* M, 5x10° M, 1x10° M,
5x10° M, 1x10° M, 5x107 M, 1x10”7 M) were taken in 10 mL deionized water. Freshly
prepared NaBH4 solution (10 mL, 1x10? M) is added to each concentration of p-

aminophenol. UV-vis spectra of all above concentrations were recorded to get a calibration
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curve and it can be used to quantify the concentration of p-aminophenol formed in unknown

samples.

5.2.8. Large scale reduction of p-nitrophenol: Binary nanocatalyst BNC (1.8 mg) was
dispersed in 10 mL p-nitrophenol solution (0.15 g, 0.108 M, 15 g/L) and sonicated for 15
min. To this NaBH4 solution (10 mL, 2.695 M, P-NP: NaBH4 molar ratio is 1:25) freshly
prepared in 10% glycerol-water mixture was added and magnetically stirred for one hour.
The completion of the reaction was observed from the colour change of greenish yellow
colour of p-nitrophenol to the colourless p-aminophenolate product in one hour.
Completion of the reaction was also monitored by recording UV-vis spectra of colourless

p-aminophenolate product formed after one hour.

5.2.9. Antibacterial study using ternary nanocatalyst TNC: The nutrient broth was
prepared by dissolving NaCl (0.5 %), peptone (0.5 %), beef extract (0.3 %) and yeast
extract (0.3 %) in double-distilled water. The pH was adjusted to 7.4 and sterilized by
autoclaving at 15 Ibs pressure (121°C) for 15 min. The stock solution of dispersed TNC
(200 pg/mL) was prepared in 50 mL nutrient broth by sonication for 30 min. Different
concentrations of TNC nanocatalyst such as 1 x10™ pg/mL, 5x10 pg/mL, 1 pg/mL, 5
pg/mL, 10 pg/mL, 20 pg/mL, 30 pg/mL, 40 pg/mL, 80 pg/mL, 120 pg/mL, 160 pug/mL
were prepared by adding 5 pL, 25 pL, 50 pL, 250 pL, 500 pL, 1000 pL, 1500 uL, 2000
pL, 4000 pL, 6000 pL and 8000 pL of stock solution (200 pg/mL) to nutrient broth to
obtain 10 mL of total volume. The stock solution also took for antibacterial activity.

Samples containing broth mixtures were sonicated for 10 min. All tubes were
inoculated with 50 pL of actively growing E. coli culture and incubated overnight in a
thermal shaker at 37 °C. After incubation, microbial growth in each tube was studied using
a UV-vis double beam spectrophotometer by measuring optical density at 660 nm. Positive

and negative controls were used to validate the results.

The same experiment was repeated using lactose broth instead of nutrient broth. The
preparation of lactose broth is as follows: lactose (0.5 %), peptone (0.5 %) and beef extract
(0.3 %) were dissolved in 1 L of double distilled water. The pH was adjusted to 6.9 and
sterilized by autoclaving at 15 Ibs pressure (121 °C) for 15 min.
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5.3. Results and Discussion

5.3.1. Comparison of TNC and BNC nanocatalysts

Silver nanoparticles embedded ternary nanocatalyst (TNC) and binary
nanocatalyst (BNC) were obtained by reducing silver nitrate solution using ascorbic acid
as a reducing agent. Polythiophene-functionalized MWCNT nanocomposites and
functionalized multiwalled carbon nanotubes were used as host materials for silver
nanoparticles in TNC and BNC. Functionalization of multiwalled carbon nanotube was
achieved by refluxing MWCNT (0.40 g) with nitric acid (5 M, 50 mL) at 100°C.
Functionalization of multiwalled carbon nanotubes reduces the aggregation tendency of
MWCNT in nanocomposites and significantly improves processability. Polythiophene-
functionalized multiwalled carbon nanotube (PTCNT-COOH) binary nanocomposites
were used to prepare ternary silver nanocatalyst (TNC) which contains conducting
polythiophene layer. The forces of attraction between functionalized multiwalled carbon
nanotube and polythiophene were predominantly non-covalent attractive forces such as -
interaction, hydrogen bonding and van der Waals forces. Silver nanoparticles were directly
attached to the functionalized multiwalled carbon nanotubes (MWCNT-COOH) in binary
silver nanocatalysts (BNC). The preparation, properties, and characterization of PTCNT-
COOH 300 Ag (TNC) and MWCNT-COOH Ag (BNC) have been discussed in chapter 4.°°

(a) Uncatalysed Reaction

Na BH, Without catalyst
ON 4®7°” —3 ON ona &> HZN—QONa

Kinetic barrier :
p-nitrophenol p-nitrophenolate p-aminophenolate

F ;
e
e

-=
(b) TNC/BNC Silver Nanocatalyst Catalysed Reaction
ONN 4@70H
NaBH, «
+! = —_— OZNOONa —> HN ONa

p-nitrophenolate p-aminophenolate

p-nitrophenol ‘ -
+ Catalyst mixture
— _—

Figure 5.4. Schematic representation of (a) reactions of p-nitrophenol with NaBH4 and (b)

silver nanocatalysts (BNC/TNC) catalyzed reaction of p-nitrophenol using NaBHa.
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Table 5.1. Name of nanocatalyst, initial concentrations of P-NP, NaBHa, nanocatalyst,
final concentrations of P-NP, NaBH4, nanocatalysts, solvents, rate constant (k), and the

activity factor.

Sl Catalyst? Initial concentrations of Final concentration kP Acti
No. reaction mixtures of reaction mixture Solvent (sh vity
fact
P-NP | NaBHs TNC/ P-NP NaBH4 | BNC/ or¢
in2 in2mL BNC indmL | in4dmL | TNC (s?
mL (M) (mg/m | (mM) M) | (mg/ gt
(mM) L) mL)
1 TNC-0.02 0.01 0.10 0.02 0.005 0.05 0.01 water 1.40x10° | 35.00
TNC-0.03 0.01 0.10 0.03 0.005 0.05 0.015 10% - -
glycerol
+ water
TNC-0.04 0.01 0.10 0.04 0.005 0.05 0.02 water 4.90x10° | 61.25
TNC-0.06 0.01 0.10 0.06 0.005 0.05 0.03 water 1.34x10% | 1133
4
5 TNC-0.10 0.01 0.10 0.10 0.005 0.05 0.05 water 3.99x102 | 199.5
0
6 BNC-0.01 0.01 0.10 0.01 0.005 0.05 0.005 10% 1.87x102 | 936.5
glycerol 0
+water
BNC-0.02 0.01 0.10 0.02 0.005 0.05 0.01 water 1.10x10% | 27.50
8 BNC-0.03 0.01 0.10 0.03 0.005 0.05 0.015 10% - -
glycerol+
water
9 BNC-0.04 0.01 0.10 0.04 0.005 0.05 0.02 water 1.59x102 | 198.7
5
10 BNC-0.06 0.01 0.10 0.06 0.005 0.05 0.03 water 3.64x10° | 303.3
4
11 BNC-0.10 0.01 0.10 0.10 0.005 0.05 0.05 water 5.40x102 | 270.0
0

2 Ternary nanocatalyst (TNC) or binary nanocatalyst (BNC) taken in different concentrations. ® The rate
constant obtained from the time dependent UV-vis studies. ® The ratio rate constant divided by the weight of
the catalyst used.

Heterogeneous ternary and binary nanocatalysts were utilized to convert p-nitrophenol to
p-aminophenol in an agueous medium. Due to the kinetic energy barrier, the reduction of
nitrophenols to aminophenols did not proceed without a catalyst. Therefore, adding sodium
borohydride to p-nitrophenol produces a greenish-yellow solution of p-nitrophenolate ion
(see Figure 5.4.).% On the other hand, in the presence of ternary or binary nanocatalysts,
colourless p-aminophenolate ions were formed from the greenish-yellow coloured p-
nitrophenolate ion. The sonication process helps to adsorb the p-nitrophenol to the active

sites of nanocatalysts.>®
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Figure 5.5. UV-vis absorption spectra for reduction of p-nitrophenol using catalyst TNC-
0.02 (A), BNC-0.02 (B), TNC-0.04 (C), BNC-0.04 (D) TNC-0.06 (E), BNC-0.06 (F), TNC-
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118



p-Nitrophenol Reduction and Antibacterial Activity

- R’=0.9933 0.0 R’=0.9907
P<0.0001 P<0.0001
-0.4 -0.4 -
"‘c —
< o8 <
< < 0s
£ =
1.24
1.2
16 A B
0 ZOIO 4(|]0 660 860 10b0 12|00 1400 0 260 460 GOIO 860 10|00 12'00 1400
8 Time(s) Time(s)
R?=0.9853 0 2
P<0.0001 Rmgots .
u P=1.7999x10
-1 4 -1 4
Aé ’B
-2
< 5 <
< <
£ £ 3
34
C 41D
T T T T T T T T T T T X T Al T T T T
0 100 200 300 400 500 600 700 800 0 50 100 150 200 250 300 350
Time(s) Time(s)
0 R’= 0.9847 0 R’=0.9851
P< 0.0001 : P< 0.0001
-1 -4
< 2 < 2
Ed <
£ £
=3 4 -3 4
44 E +|F
0 5|0 1(‘)0 1;0 260 2.’;0 360 3.’;0 400 0 S‘O 160 1.’;0 260 2.":0 30'0 3."70 400
Time (s) Time (s)
14 u R’=0.9249 0.5 2
P=0.03827 = R’=0.7542
04 P=0.13153
1.0
A4
- 1.5
—
< 2 <,
< g
: P S—
= B 25 .
-4
-3.0
-5 H [ n
. ! ! . a 3.5 T T T T T
40 60 80 100 120 140 160 180 200 10 20 30 40 50 60
Time(s) Time(s)
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using TNC-0.02 (A), BNC-0.02 (B), TNC-0.04 (C), BNC-0.04 (D) TNC-0.06 (E), BNC-0.06
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Figure 5.7. UV-vis absorption spectra of silver nano colloids after one day of synthesis(A)

and silver nano colloids after 7 days of synthesis(B).

The catalytic conversion of p-nitrophenol to p-aminophenol was monitored by UV-
vis absorbance spectroscopy by noting the decrease in p-nitrophenolate ion peak at 400 nm
in successive time intervals after the start of the reaction. Silver nanocatalysts were named
TNC-0.02, BNC-0.02, TNC-0.04, BNC-0.04, TNC-0.06, BNC-0.06, TNC-0.10, and BNC-
0.10, in which digits represent the concentration of ternary or binary nanocatalysts in
mg/mL initially taken in aqueous P-NP solution for catalytic studies (see Table 5.1.). The
p-nitrophenolate ion peak at 400 nm was produced immediately by adding sodium
borohydride solution. As time progresses, the p-nitrophenolate ion peak intensity decreases
with a concomitant increase of the new peak at 298 nm, corresponding to the p-
aminophenolate ion (see Figure 5.2.).% The complete suppression of the peak at 400 nm
indicated the reaction completion. Time-dependent UV-vis absorption spectra of
nanocatalyst concentration TNC-0.02, BNC-0.02, TNC-0.04, BNC-0.04, TNC-0.06, BNC-
0.06, TNC-0.10, and BNC-0.10 were recorded (see Figure 5.5.). The rate constants for this
catalytically driven reaction were obtained by plotting In (A/Ao) against time (see Figure
5.6.). The reaction follows pseudo-first-order kinetics; therefore, the rate constant can be
obtained from the line’s slope from linear regression fit.®®! The resultant rate constants
were 0.0014 s, 0.0011 s, 0.0049 s?, 0.0159 s, 0.0134 s, 0.0364 s?, 0.0399 s* and
0.0540 s respectively for the catalytic concentrations TNC-0.02, BNC-0.02, TNC-0.04,
BNC-0.04, TNC-0.06, BNC-0.06, TNC-0.10 and BNC-0.10. Activity factor (the ratio of
rate constant to the weight of catalyst used) were also calculated as 35.00 s g%, 27.50 s *
gl 61.25s1g? 198.75s 1 g?, 113.34s 1 g?, 303.34s 1 g?, 199.50 st gt and 270.00 s 1
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Figure 5.8. UV-vis absorption spectra of reduction of p-nitrophenol using NaBH4 using
homogeneous colloidal silver nanoparticles as catalyst (A) and its linear relationship plot
of In(A/Ao) against time on first day after the synthesis of silver nano colloid (B). UV-vis
absorption spectra of reduction of p-nitrophenol using NaBHs using homogeneous
colloidal silver nanoparticles catalyst (C) and its linear relationship plot of In(A/Ao) (D)
against time on seventh day after the synthesis of silver nanocolloid. UV-vis absorption
spectra of reduction of p-nitrophenol using NaBH4 using PTCNT-COOH 300 as catalyst
(E) and reduction of p-nitrophenol using NaBH4 using MWCNT-COOH as catalyst (F).

gt for TNC-0.02, BNC-0.02, TNC-0.04, BNC-0.04, TNC-0.06, BNC-0.06, TNC-0.10 and
BNC-0.10 respectively (see Table 5.1.). Rate constants of TNC-0.02 and BNC-0.02 are
almost equal, but as nanocatalysts’ concentration increases, approximately 2 to 3 times

greater catalytic activity was obtained for BNC rather than TNC. Silver nanoparticles
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decorated TNC, and BNC nanocatalysts relay on electrons flow from NaBH4 to p-
nitrophenol (P-NP) through silver nanoparticles for catalytic reduction. The slow kinetics
of TNC compared with BNC could be attributed to the electrical movement of electrons
into conducting polythiophene layer.>®2 Control experiments conducted using silver
nanoparticles (Ag NPs) have shown characteristic surface plasmon resonance peaks at 400
nm in freshly prepared conditions (see Figure 5.7. A). The rate constant for p-nitrophenol
reduction using Ag NPs (~ 0.03 mg/mL final concentration) was found (k = 1.82 x103 s
to be approximately in the same range that obtained for TNC-0.02 and BNC-0.02 (see
Figure 5.8. A and B). In colloidal silver nanoparticles, the surface plasmon resonance peak
was overlapped with the nitrophenolate ion peak, making it difficult to note the reaction
completion (see Figure 5.8. A). The reduction reaction carried out after the ageing of Ag
NPs solution for seven days has shown a slight decrease in the rate constant and settling of
nano colloidal silver nanoparticles (see Figure 5.8. C). Besides, the UV-vis absorption
spectra of colloidal silver nanoparticles taken after seven days do not possess surface
plasmon resonance peaks (see Figure 5.7. B). Although colloidal silver nanoparticles in
freshly prepared conditions act as good catalysts, their aggregation tendency, stability, and
recyclability were major issues. Control experiments conducted using MWCNT-COOH
and PTCNT-COOH 300 without silver nanoparticles have not shown catalytic activity (see
Figure 5.8 E and F). Functionalized multiwalled carbon nanotubes/polymer play a vital
role as a heterogeneous framework to accommodate silver nanoparticles to prevent

agglomeration, rapid oxidation, and leaching.

5.3.2. Optimization of nanocatalyst amount.
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Figure 5.9. Plot of (A/Ao) against time for TNC catalysed reactions (A) and BNC catalysed
reactions (B) for different concentrations of catalyst 0.02 mg/mL, 0.04 mg/mL, 0.06 mg/mL,

and 0.10 mg/mL taken in p-nitrophenol solution.
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Table 5.2. Comparing catalysts, concentrations of reagents, rate constants, and activity
factors obtained in the present study with recent other literature reports.

Sl Catalyst | Catalyst | p-aminophenol NaBH4 Rate constant | Activity factor R
No. Amount (k) ef.
Conc. | Vol. Conc. | Vol. st mint | stg! | minig?
(mL) (mL)

1 Ag NPs 1.00 mg 0.10mM | 0.2mL 01M 2mL 0.0054 - 5.40 - 1)
—PANI/
MWCNT

2 Ag@MW 10 mg 0.10mM 15mL 5mM 15mL 0.0079 - 11.64 - 2)
CNTs-
polymer

3 NiS- 0.017 0.1mM 3mL 0.08 M - - 1.78 - - ?3)
NiCo0,0,4 mg/mL
@c

4 Ag CD- 5mg 012mM | 15mL | 12mM | 1.5mL - 0.674 - - 4)
MA@Fe
MNps
(AgNC)

5 30 mg 0.10 mM 20mL | 40mM 10 mL - 4.96 - - (5)
Pd@PUN

6 Ag@PD 0.005 20mM 50l | 02M | 20mL - 0.837 - 1.67 x10° | (6)
A@poly( mg/mL
M-POSS)

7 PSMAA/ 2mg 0.1mM 2mL 60mM | 0.5mL | 0.0082 - - - @
Ag

8 Fes04- 2 mg/mL 0.125 2mL 05M 0.1 mL - 0.56 - - 8)
CS-Ag mM
NPs

9 TNC- 0.06 0.01 mM 2mL 01M 2mL 0.0134 0.804 113.34 6.8 x10°
0.06 mg/mL g

=

10 BNC- 0.06 0.01mM 2mL 0.1M 2mL 0.0364 2.184 303.34 | 1.8x10* é

0.06 mg/mL c“f

The optimum nanocatalyst concentrations of TNC and BNC for reducing p-
nitrophenol (1.0 x10* M) were selected by plotting A/Ao against time for different catalyst
concentrations (see Figure 5.9.). The optimum nanocatalyst concentration has been
selected based on the minimum quantity of a nanocatalyst needed to catalyze reaction at a
measurable speed. In general, for all catalyst concentrations, as the time increases, the A/Ao
value decreases and reaches a steady minimum in the curve, corresponding to the
completion of the reaction. The time required to reach a steady minimum for TNC-0.04,
TNC-0.06, and TNC-0.10 were 550 s, 315 s, and 150 s, and that for BNC-0.04, BNC-0.06
and BNC-0.10 were 225 s, 150 s, and 50 s respectively. Therefore, even though TNC-0.10
and BNC-0.10 have given faster reaction kinetics than TNC-0.06 and BNC-0.06, the latter

was selected as optimum catalyst concentration due to lower catalyst concentration and
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measurable speed. By considering other literature works reported recently on p-nitrophenol

reduction using different metal incorporated nanocomposites, one of the leading catalytic
activities observed in both BNC and TNC catalyzed reduction (see Table 5.2. for

comparison with other reports).

5.3.3. Recycling studies.
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Figure 5.10. UV-vis absorption spectra of TNC 0.06 catalysed (A) and BNC-0.06 catalysed

reaction (B) for successive catalytic cycles. Catalytic conversion percentage of TNC-0.06

(C) and BNC-0.06 (D) in successive catalytic cycles.

The recycling studies of the nanocatalysts TNC and BNC were carried out, and

catalytic efficiency in the recycling process was recorded via UV-vis absorption spectra

(see Figure 5.10.). TNC was recycled and analyzed for five consecutive cycles and BNC

for six consecutive cycles by fixing the reaction time as 10 min for each cycle. Here catalyst

was recovered by centrifugation and reused for the next catalytic cycle after washing with

water. The catalytic conversion (%) of p-nitrophenol to p-aminophenol has been

determined using the equation,

Conversion (%) = (1 - Ai) x 100
0
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Where Ag and A are the absorption maxima of the p-nitrophenolate ion at the initial time
(to) and monitoring time (t), respectively. Catalytic conversion (%) for successive cycles
indicated better BNC efficiency than TNC for six catalytical cycles (see Figure 5.10. C
and D). TNC has shown catalytic conversion of 47.56 % in the 5™ catalytic cycle, whereas
BNC has shown 92.80 % conversion in the 6™ cycle in identical conditions. The conversion
(%) obtained from the UV-vis absorbance spectroscopy have revealed that nanocatalyst
BNC activates the reaction more than TNC in multiple cycles. Nanocatalysts recovered
from the reaction mixture via centrifugation and washing before subsequent uses. TNC
being better dispersive than BNC via sonication, have more leaching effect of silver than
the latter case.

5.3.4. Elemental composition and morphology of recycled nanocatalysts.
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Figure 5.11. X-ray diffraction patterns of TNC and recycled TNCs (A), BNC and recycled
BNCs (B) after 3™, 6™ and 9™ catalytic cycles. FE-SEM images of TNC (C) and BNC (D)
as pristine nanocatalyst (enlarged portion is shown in inset).

We have subjected the recycled catalysts to powder X-ray diffraction studies to
trace changes during the recycling (see Figure 5.11. A and 5.11. B). TNC and BNC
obtained after the third, sixth, and ninth cycles were named TNC-3RC, TNC-6RC, TNC-

125



Chapter 5

9RC, BNC-3RC, BNC-6RC, BNC-9RC; the figure represents the recycle number.
Comparison of powder X-ray diffraction patterns of pristine catalysts with recycled
catalysts revealed that intensity of crystalline diffraction peaks corresponding to silver
nanoparticles at 20 values 38.15°, 44.33°, 64.52°and 77.46" were decreased considerably
after the 6" catalytic cycle (see Figure 5.11. A and 5.11. B).*> A substantial decrease in
intensity of diffraction peaks of silver nanoparticles was noticeable on the 9™ catalytic cycle
of TNC than BNC. The more decrease in TNC nanocatalyst intensity than the BNC
nanocatalyst in higher catalytic cycles was due to the loss of a higher amount of silver
nanoparticles during separation, washing, and sonication. The diffraction pattern of BNC-
3RC has given crystalline peaks other than silver nanoparticles matching with the
crystalline form of sodium metaborate formed as a by-product from sodium borohydride
(see Figure 5.12.).2483%5 The inner core structure of the recycled nanocatalysts TNC-3RC
and BNC-3RC were determined using X-ray photoelectron spectroscopy (see Table 5.12.).
Functionalized multiwalled carbon nanotubes contain 94.42 atomic percent of C 1s and
5.58 atomic percent of O 2s.>’ Recycled binary nanocatalyst BNC-3RC have shown
characteristic peaks of C 1s (284.77 eV), O 1s (532.47 eV), Na 1s (1072.27 eV), Ag 3d
(374.44 eV) and B 1s (192.77 eV) with atomic percentage of 91.0%, 6.6 %, 1.3 %, 0.8 %
and 0.2% respectively. On the other hand, TNC-3RC have shown characteristic peaks of C
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Figure 5.12. WXRD patterns of (A) byproduct separated from the reaction residue, (B)
BNC-3RC and (C) BNC-3RC after repeated centrifugation and washing.
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1s (284.78 eV), O 1s (532.18 eV), Na 1s (1074.08 eV), Ag 4s (102.11 eV), B 1s (192.77
eV)and S 2p (166.47 eV) with atomic percentage 76.9 %, 21.9 %, 0.3 %, 0.5 %, 0.2 % and
0.1 % respectively. The higher atomic percentage of C1s in BNC-3RC (91.0 %) than TNC-
3RC (76.9 %) was mainly due to the binary components, which consists of functionalized
multiwalled carbon nanotubes and silver nanoparticles only. The presence of sodium
metaborate hydrates as a by-product, intermediate layer of conducting polythiophene, and
dopants influence the total atomic percent of TNC (see Figure 5.13.). The atomic
composition of silver atoms of BNC-3RC was higher than TNC-3RC, which matches with
powder x-ray diffraction data. The decrease in the atomic percentage of silver could be due

to the separation of silver nanoparticles in the recycling process.
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Figure 5.13. XPS spectra of TNC-3RC and BNC-3RC.
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Silver nanoparticles embedded pristine TNC and BNC nanocatalysts were
subjected to field emission scanning electron microscopy. TNC contains silver

nanoparticles with an average size of 25 +5 nm, which exists in a tangled manner on the

PTCNT-COOH 300 framework, whereas BNC contains nanoparticles with an average size
of 45 =5 nm supported on MWCNT-COOH (see Figure 5.11. C and D for FESEM images
of TNC and BNC before catalytic use). The surface morphology and elemental distribution
of the recycled catalyst surface have been traced by scanning electron microscopy and
energy dispersive X-ray (EDX) analysis (see Figure 5.14. C, D, E and F). FE-SEM images
of recycled nanocatalysts TNC-3RC and BNC-3RC have shown hexagonal crystalline
faces over the nanocatalysts (Figure 5.14. A and 5.14. B). The EDX elemental dot mapping
showed a sodium atom percentage of 11.84 % on the TNC surface and 14.18 % on the BNC
surface. The presence of sodium atoms and higher oxygen mass percentage from dot
mapping images indicated the formation of sodium metaborate hydrates deposited in the
hexagonal phase over the nanocatalyst surface. The recycled nanocatalyst TNC-3RC and
BNC-3RC contain 1.61 and 1.00 atomic percent of silver atoms within the EDX analysis
limitations (see Table 5.3.). A mechanistic view of recycled nanocatalyst (TNC or BNC)
represented after catalytic hydrogenation of p-nitrophenol using sodium borohydride
(shown in Figure 5.14. G). TNC and BNC could be reused for many cycles; however, the

metaborates trapped in nanocatalysts could mask the catalytic activity.

Table 5.3. The atomic percentage of C, O, Na, B, Ag, and S in TNC-3RC and BNC-3RC.

Element From XPS analysis?
TNC-3RC BNC-3RC
(atom %) (atom %)
C 76.9 91.0
(0] 21.9 6.6
Na 0.3 13
B 0.2 0.2
Ag 0.5 0.8
S 0.1
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Figure 5.14. FE-SEM images of TNC-3RC (A) and BNC-3RC (B), EDX colour mapping of
sodium in TNC-3RC (C), sodium in BNC-3RC (D), silver in TNC-3RC (E) and silver in
BNC-3RC (F). Schematic representation of the existence of metaborate by-product over a
recycled catalyst (G).

5.3.5. Optimization of solvent-water mixture for reduction.

The kinetic and mechanistic aspects of BNC and TNC catalyzed p-nitrophenol
reduction were systematically studied using different solvent-water mixtures like glycerol-
water, ethylene glycol-water, ethanol-water, and 1,4-dioxane-water. The different catalyst
concentrations like TNC-0.03, BNC-0.03, TNC-0.06, and BNC-0.06 were used to reduce
p-nitrophenol (1.0 x10* M, 5 mL) by the addition of NaBH4 (1.0x10"* M, 5 mL) in the
presence of different volume % of solvent-water mixtures. The time of decolourization was
noted as the time to complete the reaction. The reaction completion time versus different
volume percentages of solvent-water mixtures (5 % v/v, 10 % v/v, 20 % v/v, 30 % v/v, 40
% v/v and 50 % v/v) were plotted (see Figure 5.15.). The reduction reaction has shown a
faster reaction in glycerol-water, and ethylene glycol-water mixture, especially in the 5% -
30% percent volume, and after that, the reaction slows down as the medium’s viscosity
increases. In the ethanol-water mixture, the reaction rate was slower than in the above two

mixtures and decolourization time increased as the volume percentage of ethanol increased.
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The least reactivity was observed in 1,4-dioxane-water mixture, which could be easily
understood from the non-availability of the active hydrogen in it. Therefore, the order of
catalytic reactivity obtained in different solvent-water mixtures was glycerol-water >

ethylene glycol-water > ethanol-water > 1,4-dioxane-water.
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Figure 5.15. Time of decolourization plotted against different volume percentage of
solvent-water mixture using P-NP: NaBH4 molar ratio 1:1000 with TNC-0.06, BNC-0.06,
TNC-0.03 and BNC-0.03 catalysts.

5.3.6. Optimization of [P-NP]: [NaBH4] molar ratio.

Catalytic hydrogenation of p-nitrophenol was conducted by varying the molar ratio
of [P-NP]: [NaBH4] using TNC-0.06 and BNC-0.06 in a 10% v/v glycerol-water mixture.
The [P-NP] to [NaBH4] molar ratio has varied from 1:50, 1:100, 1:150, 1:250, 1:500 to
1:1000 in water and 10 % glycerol-water mixture by fixing the concentration of P-NP
solution as 1 x10* M. The decolourization time in catalytic reduction versus NaBH4 to P-
NP molar ratio was plotted (see Figure 5.16. A). The decolourization studies have revealed
that reaction follows pseudo-first-order kinetics approximately at a mole ratio 500 in water,

which was reduced to 250 in the glycerol-water mixture.® A major disadvantage of
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Figure 5.16. Time of decolourization plotted against different NaBH4 concentrations in
water and 10% glycerol-water mixture using TNC-0.06 and BNC-0.06 catalysts (A). UV-
vis absorption spectra of reduction of p-nitrophenol using catalyst TNC-0.06 [PNP: NaBH4
molar ratio 1:100](B) using BNC-0.06 [PNP: NaBH4 molar ratio 1:100] (C) and BNC-
0.03 [PNP: NaBHs molar ratio 1:200] [D] in 10% glycerol-water solvent mixture. UV-vis
absorption spectra of reduction of p-nitrophenol using catalyst BNC-0.01 [PNP: NaBH4
molar ratio 1:200 (E) and linear relationship plot of In(A/Ao) against time for BNC-0.01

for PNP: NaBH4 molar ratio 1:200 (F) in 10% glycerol-water solvent mixture.

nitrophenols with sodium borohydride in water was the excess utilization of NaBH4 to

obtain a reasonable reaction rate. Therefore, minimizing the NaBH4 for p-nitrophenol
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reduction can ensure more economic gain to the synthetic strategy and reduced toxicity
effects. The UV-vis absorption spectra were recorded to show the minimum utilization of
catalyst with P-NP to NaBH4 molar ratio 1:100 in 10% glycerol- water mixture TNC-0.06,
BNC-0.06, BNC-0.03 catalyst concentrations were shown in Figure 5.16. B, C and D. In
the presence of a 10% glycerol-water mixture, BNC-0.03 exhibited the same kinetics as
BNC-0.06 in water with P-NP to NaBHs molar ratio 1:1000. More interestingly, the
catalytic reduction of p-nitrophenol executed with a minimal concentration of BNC-0.01
catalyst and P-NP to NaBH. molar ratio of 1: 200, excellent activity factor of 936.5 s'g!
was obtained in a 10% glycerol-water solvent mixture (see Figure 5.16. E and F).

5.3.7. The proposed mechanism for catalytic reduction.
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Figure 5.17. Change in pH of glycerol-water mixture (20%) by the addition of NaBHa.

The catalytic reduction of p-nitrophenol using NaBH4 as the reductant remains
controversial. TNC and BNC catalytic performance in different solvent mixtures led us to
gain some mechanistic evidence about the hydrogen source used to reduce p-nitrophenol.
Many possible ways of reduction mechanisms were discussed in the literature.3®43-# |t was
already reported in the literature that the reduction of p-nitrophenol did not occur in
nonpolar solvents.3*4344 But the involvement of protic solvents using NaBH as a reducing
agent for p-nitrophenol reduction is still inexplicit in its research. In the present experiment,

it was noticeable that solvent mixtures like glycerol- water and ethylene glycol-water have
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shown higher activity than water. Other solvent mixtures such as ethanol-water and 1,4-
dioxane-water mixture have shown a slower reduction rate than water, giving prime
evidence of active solvent hydrogen involvement in the nitro group’s hydrogenation
reaction. Sodium borohydride undergoes hydrolysis with water or solvolysis with other
solvents containing active hydrogens and produces hydrogen gas.®® Rate of hydrogen
molecule production due to solvolysis in the investigated solvent-mixtures at 5% v/v - 30%
v/v follow the order glycerol-water > ethylene glycol-water > water > ethanol-water > 1,4-
dioxane-water. Three active hydrogens per molecule present in glycerol could be the reason
for production of three hydrogen molecules by combining with hydride ions from sodium
borohydride. Ethylene glycol has two active hydrogens; water and ethanol have one active
hydrogen each, from which a corresponding number of hydrogen molecules could be
produced by solvolysis. The ethanol-water mixture has comparably less capacity to form
hydrogen molecules than water since NaBH4 exhibited low solubility in ethanol than water.
The 1,4-dioxane with hydrogens in closed chains was not active as other solvents. The 1,4-
dioxane-water mixture, therefore, has minimal hydrogen production capacity. A direct
influence was visible towards active hydrogens’ contribution from different solvent
molecules to reduce the nitro group. Neither the sodium borohydride nor the active
hydrogen-bearing solvent molecules alone could directly ensure the nitrophenol
hydrogenation completely. The active hydrogens in solvent molecules combine with the
hydride ion from sodium borohydride to produce hydrogen molecules, making reduction
reaction feasible. The pH of NaBHj4, glycerol, and glycerol-NaBHs mixture in water was
checked using a pH meter. The pH of 20% glycerol was 7.2, and that of NaBH4 solution
(1x101 M) was 10.3. The NaBH. solution (1x10 M) was added to the glycerol (25 mL,
20%) solution, the pH of the corresponding solution mixtures was checked with the
addition of 2 mL each. A graph was plotted with the volume of NaBH4 solution added
against the pH of the reaction mixture (see Figure 5.17.). The reaction mixture’s pH
increased by NaBH, addition and reached a pH of 9.5 by adding 50 mL 1 x10"* M NaBH4
solution. The reduction mainly happened in alkaline conditions; therefore, the production
of hydrogen molecules by the reaction of NaBH4 with active solvent hydrogen was the
major factor rather than the change in pH. The dielectric constant of solvent mixtures on
the reduction rate was studied.®”-%° Solvent mixtures used in the present study have lower
dielectric constants than water; however, reaction rates in the glycerol-water mixture and

ethylene glycol-water mixture exhibited a higher reaction rate than in water. A plausible
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mechanism has been shown in Figure 5.18. Two probable reasons could be attributed here
for catalytical hydrogenation of nitro group by the silver nanocatalyst. Active hydrogen
species could be produced via solvolysis of the glycerol-water mixture with sodium
borohydride has the primary role in enhancing the catalytic reduction rate.?:"®"* This
reactive hydrogen species gets adsorbed on the catalyst’s surface to convert p-nitrophenol
to p-aminophenol.?:"2 Second possibility was the conventional way of catalytical
hydrogenation by the hydrogen molecules produced in the solvolysis.*®*’ Faster kinetics of
the p-nitrophenol reduction in glycerol-water mixture using NaBH. as reductant indicates
that the major path could be highly energetically reactive hydrogen species involved in

reduction.

Figure 5.18. Mechanism of active solvent enhanced green catalytic reduction of p-

nitrophenol using NaBH4 in 10% glycerol-water mixture.
5.3.8. Relative yield and industrial-scale reduction of p-nitrophenol.

The relative yield of the p-aminophenolate ion was obtained from the calibration
curve of known concentrations of p-aminophenolate (see Figure 5.18.). Different p-

aminophenol solution concentrations were prepared from 5.0 x10“ M to 1.0 x10” M. For
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Figure 5.19. Calibration plot of p-aminophenol in different concentrations (1 x107" M to 5
x10*M) (A), UV-vis absorption spectra of the standard solution of p-aminophenolate ion,
p-aminophenolate obtained from catalytic reduction using TNC-0.06 and BNC-0.06 (in 1
%10 M) (B), reduction of p-nitrophenol in concentrated solution (10 mL, 15 g/L) using P-
NP: NaBH4 molar ratio 1:25 and BNC-0.18 (0.18 mg/mL) in 10% glycerol-water mixture
(C), and UV-vis spectrum p-aminophenolate produced by bulk concentration scale

reduction (D).

measuring the absorbance of the p-aminophenolate ion, a freshly prepared NaBH4 solution
(10 mL, 1.0 x10' M) was added to each known concentration of p-aminophenol. The
absorbance of p-aminophenolate ion obtained from nano catalytic reduction of p-
nitrophenol (1.0 x10* M) almost matched the known concentration of aminophenol,
indicating complete conversion (see Figure 5.19. B). The synthetic utility of amino
phenolate product has been substantiated by diazotization reaction (inset of Figure 5.19.
B). Catalytical conversion of p-nitrophenol to p-aminophenol in 10% glycerol-water
mixture using minimum P-NP to NaBHs molar ratio (1:25), by taking nanocatalyst
concentration BNC-0.18 could be extended to high concentration scale up for industrial
catalysis (near to the saturation limit of p-nitrophenol in water). The reaction completion

was observed in green reaction conditions within one hour (see Figure 5.19. C for
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photographs). The reaction mixture’s UV-vis absorption spectra taken after one-hour
reaction time have shown a peak at 298 nm corresponding to p-aminophenolate ion (see
Figure 5.19. D). The absence of the p-nitrophenolate ion peak at 400 nm and the
appearance of a single peak at 298 nm validated the complete reduction of p-nitrophenol to
p-aminophenolate. Aminophenol’s widespread applications in commercial and industrial
fields demand bulk-scale hydrogenation of nitrophenol, which can be successfully prepared
using heterogeneous silver nanocatalysts and by the utilization of a less volume percentage

of glycerol.”™

5.3.9. Antibacterial activity:
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Figure 5.20. Photographs of mixtures of E. coli bacteria culture with different
concentrations of TNC taken after overnight incubation (A). The plot of optical density
versus the concentration of TNC for the antibacterial study at 660 nm (B).
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Antibacterial activity studies of the nanocomposite TNC have been carried out on
Escherichia coli, a frequently used model organism in life science research.”® Silver
nanoparticles act as good antibacterial agents depending on particle size and shape.?®>%
Ternary silver nanocatalysts (TNC) have been taken for antibacterial study in different
doses due to their ability to maintain appreciable dispersion for longer. Antibacterial
activity and minimum inhibitory concentration (MIC) of nanocomposite have been studied
by the tube dilution method. Different concentrations of TNC such as 1 x10 ug/mL, 5
x10" pg/mL, 1 pg/mL, 5 pg/mL, 10 pg/mL, 20 pg/mL, 30 pg/mL, 40 pg/mL, 80 pug/mL,
120 pg/mL and 160 pg/mL were prepared. The mixtures were dispersed in a boiling tube
for 10 min, and 50 pL actively growing E. coli culture was used as the inoculum for all
tubes. It was incubated in a thermal shaker overnight at 37 °C. Microbial growth in liquid
medium was characterized by increased turbidity, for that incubation tubes were examined
under bright light. The white turbidity resulting from E. Coli bacterial growth was almost
absent in the medium above 10 pg/mL concentration of TNC (Figure 5.20. A). The result
indicates that TNC exhibits good antibacterial activity against gram-negative E. Coli
bacteria. Quantitative antibacterial activity was assessed by measuring optical density at
660 nm using a UV-vis double beam spectrophotometer. A graph was plotted by taking
optical density versus the concentration of TNC used for antibacterial studies (see Figure
5.20. B). The nutrient broth-TNC mixture has high optical density for concentrations
between 5x10 pg/mL -10 pg/mL due to the bacterial growth; however, at 10 pg/mL of
the nanocatalyst, the optical density considerably suppressed due to the inhibition to the
growth of the bacterial culture. MIC of TNC was estimated as 10 pg/mL, comparable with
the reference range of commercial antimicrobial agents.””-’® TNC with one-dimensional
nanostructure in which silver nanoparticles are attached to MWCNT via less cytotoxic
polythiophene layer.#*°"62 Sjlver nanoparticles attached to the nanocomposite can be
biocidal by physicochemical interaction with bacterial cells.?® Comparison study of
antibacterial activity of MWCNT-COOH, PTCNT-COOH-300 Ag nanoparticles solution
(Ag NPs), BNC, and TNC against E. coli bacteria was carried out in lactose broth [lactose
broth was selected here to repeat antibacterial activity in another medium] (see Figure
5.21.). TNC has shown higher antibacterial activity against E. Coli bacteria in the dosage
of 10 pg/mL and above. Silver nanoparticles in the dosage of 10 pug/mL have lower

antibacterial activity than TNC, which may be due to the aggregation effect of some of the
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Figure 5.21. The plot of optical density against the concentration of TNC in lactose broth
used in the antibacterial study (A) and plot and photographs of comparison of antibacterial
activity of MWCNT-COOH, PTCNT-COOH 300, Ag NPs, BNC and TNC (B).

Ag NPs during the incubation period. BNC exhibited lower antibacterial activity than that
of TNC due to the incapability to maintain stable dispersion for the overnight incubation
period. MWCNT-COOH and PTCNT-COOH 300 have no observable antibacterial activity
in these 10 pg/mL - 30 pg/mL concentrations. The well-dispersed state of TNC made them
highly competent for bacterial inactivation, good dispersion provides more nano-surface
active sites for interacting with bacteria.*® The properties of excellent water dispersibility

and recovering nature could be combined with the high antibacterial activity of TNC;
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thereby, it could find unique applications in different applications such as water
disinfection, medical fields, and textile industries.*®“° In this chapter ternary and binary
nanocomposites demonstrated with their efficient catalytic activity and antibacterial
efficiency. We could also illustare involvement of active hydrogens in catalytic

hydrogenation of p-nitrophenol (see Figure 5.22.).
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Figure 5.22. Illustration of involvement of active hydrogens in catalytic hydrogenation of

p-nitrophenol

5.4. Conclusion

We have studied the active solvent hydrogens enhanced catalytic hydrogenation
of p-nitrophenol using NaBH4 using two types of heterogeneous silver nanocatalysts.
Polymer-supported silver nanoparticles embedded functionalized MWCNT ternary
nanocomposites (TNC) and silver nanoparticles directly embedded functionalized
MWCNT nanocomposites (BNC). The nanocatalyst BNC was found to exhibit higher
catalytic performance than TNC in conversion percentage and recyclable efficiency.
Separate control experiments using Ag NPs solution, MWCNT-COOH, and PTCNT-
COOH revealed Ag NPs act as a catalyst for the reduction and functionalized multiwalled
carbon nanotube (MWCNT-COOH) acts as a supporting framework for stabilizing silver

nanoparticles and polythiophene layer to improve the dispersing nature of the
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nanocomposites. Comparative study of the kinetics of p-nitrophenol reduction in water and
different solvent-water mixtures such as 1,4-dioxane-water, ethanol-water, ethylene glycol-
water, and glycerol-water have been demonstrated. The 10 % glycerol-water mixture was
an efficient green solvent mixture for the enhanced reduction rate. By utilizing the
minimum amount of catalyst (0.005 mg/mL) and P-NP: NaBH4 molar ratio 1:200 in a
glycerol-water mixture, a fast reduction of p-nitrophenol was obtained with an activity
factor of 936.50 s* g*. A plausible mechanism of hydrogen source for converting nitro
group to amino group by the solvolysis of NaBH4 in a protic solvent has been proposed.
Active hydrogens present in the solvent molecules were showing a direct impact on
accelerating P-NP reduction using NaBHs. High concentration scale preparation of p-
aminophenol by a simple green organic reaction set up with a modest reaction time of one
hour has been achieved by reducing p-nitrophenol (1.08 x10! M) using catalyst
concentration BNC-0.18 and NaBH4 (2.69 M). The ternary nanocatalyst TNC could also
act as an efficient antibacterial agent against the widely used model organism Escherichia

coli with a minimum concentration of 10 pg/mL.

References

1. Heveling, J. Heterogeneous Catalytic Chemistry by Example of Industrial Applications. J.
Chem. Educ. 2012, 89 (12), 1530-1536. https://doi.org/10.1021/ed200816g.

2. Liu, L.; Corma, A. Metal Catalysts for Heterogeneous Catalysis: From Single Atoms to
Nanoclusters and Nanoparticles. Chem. Rev. 2018, 118 (10), 4981-5079.
https://doi.org/10.1021/acs.chemrev.7b00776.

3. Mizuno, N.; Misono, M. Heterogeneous Catalysis. Chem. Rev. 1998, 98 (1), 199-217.
https://doi.org/10.1021/cr960401q.

4. Chandrasekhar, V.; Athimoolam, A. New Hybrid Inorganic-Organic Polymers as Supports
for Heterogeneous Catalysis: A Novel Pd(O) Metalated Cyclophosphazene-Containing
Polymer as an Efficient Heterogeneous Catalyst for the Heck Reaction. Org. Lett. 2002, 4
(12), 2113-2116. https://doi.org/10.1021/01026098z.

5. Friend, C. M.; Xu, B. Heterogeneous Catalysis: A Central Science for a Sustainable Future.
Acc. Chem. Res. 2017, 50 (3), 517-521. https://doi.org/10.1021/acs.accounts.6b00510.

6. Zhou, Y.; Huang, R.; Ding, F.; Brittain, A. D.; Liu, J.; Zhang, M.; Xiao, M.; Meng, Y_;
Sun, L. Sulfonic Acid-Functionalized a-Zirconium Phosphate Single-Layer Nanosheets as
a Strong Solid Acid for Heterogeneous Catalysis Applications. ACS Appl. Mater. Interfaces
2014, 6 (10), 7417-7425. https://doi.org/10.1021/am5008408.

7. Shi, J. On the Synergetic Catalytic Effect in Heterogeneous Nanocomposite Catalysts.
Chem. Rev. 2013, 113 (3), 2139-2181. https://doi.org/10.1021/cr3002752.

8. Liu, X.; Wen, X.; Hoffmann, R. Surface Activation of Transition Metal Nanoparticles for
Heterogeneous Catalysis: What We Can Learn from Molecular Dynamics. ACS Catal.
2018, 8 (4), 3365-3375. https://doi.org/10.1021/acscatal. 7b04468.

9. Zhao, P.; Feng, X.; Huang, D.; Yang, G.; Astruc, D. Basic Concepts and Recent Advances
in Nitrophenol Reduction by Gold- and Other Transition Metal Nanoparticles. Coord.
Chem. Rev. 2015, 287, 114-136. https://doi.org/10.1016/j.ccr.2015.01.002.

140


https://doi.org/10.1021/acs.chemrev.7b00776
https://doi.org/10.1021/acs.accounts.6b00510
https://doi.org/10.1021/am5008408
https://doi.org/10.1021/cr3002752
https://doi.org/10.1021/acscatal.7b04468
https://doi.org/10.1016/j.ccr.2015.01.002

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

p-Nitrophenol Reduction and Antibacterial Activity

Campelo, J. M.; Luna, D.; Luque, R.; Marinas, J. M.; Romero, A. A. Sustainable
Preparation of Supported Metal Nanoparticles and Their Applications in Catalysis.
ChemSusChem 2009, 2 (1), 18-45. https://doi.org/10.1002/cssc.200800227.

Astruc, D. Introduction: Nanoparticles in Catalysis. Chem. Rev. 2020, 120 (2), 461-463.
https://doi.org/10.1021/acs.chemrev.8b00696.

Deshmukh, S. P.; Dhodamani, A. G.; Patil, S. M.; Mullani, S. B.; More, K. V.; Delekar, S.
D. Interfacially Interactive Ternary Silver-Supported Polyaniline/Multiwalled Carbon
Nanotube Nanocomposites for Catalytic and Antibacterial Activity. ACS Omega 2020, 5
(1), 219-227. https://doi.org/10.1021/acsomega.9b02526.

Alshehri, S. M.; Almugati, T.; Almugati, N.; Al-Farraj, E.; Alhokbany, N.; Ahamad, T.
Chitosan Based Polymer Matrix with Silver Nanoparticles Decorated Multiwalled Carbon
Nanotubes for Catalytic Reduction of 4-Nitrophenol. Carbohydr. Polym. 2016, 151, 135-
143. https://doi.org/10.1016/j.carbpol.2016.05.018.

Ahmad, S.; Yang, C.; Xie, W.; Deng, Z.; Zhang, H.; Zhao, Y.; Su, X. Molten Salt-
Templated Synthesis of Ternary NiS—-NiCo204@C Composites as High Performance
Catalysts for 4-Nitro Phenol Reduction and Supercapacitor. Carbon N. Y. 2020, 158, 912—
921. https://doi.org/10.1016/j.carbon.2019.11.081.

Nariya, P.; Das, M.; Shukla, F.; Thakore, S. Synthesis of Magnetic Silver Cyclodextrin
Nanocomposite as Catalyst for Reduction of Nitro Aromatics and Organic Dyes. J. Mol.
Lig. 2020, 300. https://doi.org/10.1016/j.mollig.2019.112279.

Yang, X.; Jiang, X.; Bashir, M. S.; Kong, X. Z. Preparation of Highly Uniform
Polyurethane Microspheres by Precipitation Polymerization and Pd Immobilization on
Their Surface and Their Catalytic Activity in 4-Nitrophenol Reduction and Dye
Degradation.  Ind.  Eng. Chem. Res. 2020, 59 (7), 2998-3007.
https://doi.org/10.1021/acs.iecr.9b06367.

Kibar, G.; Ding, D. S. O. In-Situ Growth of Ag on Mussel-Inspired
Polydopamine@poly(M-POSS) Hybrid Nanoparticles and Their Catalytic Activity. J.
Environ. Chem. Eng. 2019, 7 (5). https://doi.org/10.1016/j.jece.2019.103435.

Liao, G.; Zhao, W.; Li, Q.; Pang, Q.; Xu, Z. Novel Poly (Acrylic Acid)-Modified
Tourmaline/Silver Composites for Adsorption Removal of Cu(ll) lons and Catalytic
Reduction of Methylene Blue in Water. Chem. Lett. 2017, 46 (11), 1631-1634.
https://doi.org/10.1246/cl.170785.

Liao, G.; Fang, J.; Li, Q.; Li, S.; Xu, Z.; Fang, B. Ag-Based Nanocomposites: Synthesis
and Applications in Catalysis. Nanoscale 2019, 11 (15), 7062-7096.
https://doi.org/10.1039/c9nr01408;.

Liao, G.; Li, Q.; Zhao, W.; Pang, Q.; Gao, H.; Xu, Z. In-Situ Construction of Novel Silver
Nanoparticle Decorated Polymeric Spheres as Highly Active and Stable Catalysts for
Reduction of Methylene Blue Dye. Appl. Catal. A Gen. 2018, 549, 102-111.
https://doi.org/10.1016/j.apcata.2017.09.034.

Liao, G.; Gong, Y.; Zhong, L.; Fang, J.; Zhang, L.; Xu, Z.; Gao, H.; Fang, B. Unlocking
the Door to Highly Efficient Ag-Based Nanoparticles Catalysts for NaBH4-Assisted
Nitrophenol Reduction. Nano Res. 2019, 12 (20), 2407-2436.
https://doi.org/10.1007/s12274-019-2441-5.

Sarkar, A. K.; Saha, A.; Midya, L.; Banerjee, C.; Mandre, N.; Panda, A. B.; Pal, S. Cross-
Linked Biopolymer Stabilized Exfoliated Titanate Nanosheet-Supported AgNPs: A Green
Sustainable Ternary Nanocomposite Hydrogel for Catalytic and Antimicrobial Activity.
ACS Sustain. Chem. Eng. 2017, 5 (2), 1881-1891.
https://doi.org/10.1021/acssuschemeng.6b02594.

Liu, R;; Hou, Y.; Jiang, S.; Nie, B. Ag(l)-Hived Fullerene Microcube as an Enhanced
Catalytic Substrate for the Reduction of 4-Nitrophenol and the Photodegradation of Orange
G Dye. Langmuir 2020, 36 (19), 5236-5242.
https://doi.org/10.1021/acs.langmuir.0c00580.

141


https://doi.org/10.1002/cssc.200800227
https://doi.org/10.1021/acs.chemrev.8b00696
https://doi.org/10.1021/acsomega.9b02526
https://doi.org/10.1246/cl.170785
https://doi.org/10.1039/c9nr01408j
https://doi.org/10.1016/j.apcata.2017.09.034
https://doi.org/10.1007/s12274-019-2441-5

Chapter 5

24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. Kolya, H.; Kuila, T.; Kim, N. H.; Lee, J. H. Bioinspired Silver Nanoparticles/Reduced
Graphene Oxide Nanocomposites for Catalytic Reduction of 4-Nitrophenol, Organic Dyes
and Act as Energy Storage Electrode Material. Compos. Part B Eng. 2019, 173.
https://doi.org/10.1016/j.compositesh.2019.106924.

Gonzélez, A. L.; Noguez, C.; Berének, J.; Barnard, A. S. Size, Shape, Stability, and Color
of Plasmonic Silver Nanoparticles. J. Phys. Chem. C 2014, 118 (17), 9128-9136.
https://doi.org/10.1021/jp5018168.

Tejamaya, M.; Romer, I.; Merrifield, R. C.; Lead, J. R. Stability of Citrate, PVP, and PEG
Coated Silver Nanoparticles in Ecotoxicology Media. Environ. Sci. Technol. 2012, 46 (13),
7011-7017. https://doi.org/10.1021/es2038596.

Astruc, D., Lu, F., & Aranzaes, J. R. (2005). Nanoparticles as recyclable catalysts: The
frontier between homogeneous and heterogeneous catalysis. Angewandte Chemie -
International Edition, 44(48), 7852-7872. https://doi.org/10.1002/anie.200500766

Yu, B.; Han, B.; Jiang, X.; Zhou, C.; Xia, K.; Gao, Q.; Wu, J. Toward High Activity and
Durability: An Oxygen-Rich Boron Nitride-Supported Au Nanoparticles for 4-Nitrophenol
Hydrogenation. J.  Phys. Chem. C 2019, 123 (16), 10389-10397.
https://doi.org/10.1021/acs.jpcc.9b00600.

Lee, J. W.; Cho, J. Y.; Kim, M. J.; Kim, J. H.; Park, J. H.; Jeong, S. Y.; Seo, S. H.; Lee, G.
W.; Jeong, H. J.; Han, J. T. Synthesis of Silver Nanoparticles Embedded with Single-
Walled Carbon Nanotubes for Printable Elastic Electrodes and Sensors with High Stability.
Sci. Rep. 2021, 11 (1). https://doi.org/10.1038/s41598-021-84386-4.

(&) Shifrina, Z. B.; Matveeva, V. G.; Bronstein, L. M. Role of Polymer Structures in
Catalysis by Transition Metal and Metal Oxide Nanoparticle Composites. Chem. Rev.
2020, 120 (2), 1350-1396. https://doi.org/10.1021/acs.chemrev.9b00137. (b) Bilalis, P.;
Katsigiannopoulos, D.; Avgeropoulos, A.; Sakellariou, G. Non-Covalent Functionalization
of Carbon Nanotubes with Polymers. RSC Adv. 2014, 4 (6), 2911-2934.
https://doi.org/10.1039/c3ra44906h.

Zahed, B.; Hosseini-Monfared, H. A Comparative Study of Silver-Graphene Oxide
Nanocomposites as a Recyclable Catalyst for the Aerobic Oxidation of Benzyl Alcohol:
Support Effect. Appl. Surf. Sci. 2015, 328, 536-547.
https://doi.org/10.1016/j.apsusc.2014.12.078.

Baruah, B.; Gabriel, G. J.; Akbashev, M. J.; Booher, M. E. Facile Synthesis of Silver
Nanoparticles Stabilized by Cationic Polynorbornenes and Their Catalytic Activity in 4-
Nitrophenol Reduction. Langmuir 2013, 29 (13), 4225-4234.
https://doi.org/10.1021/1a305068p.

Gangu, K. K.; Maddila, S.; Jonnalagadda, S. B. A Review on Novel Composites of
MWCNTs Mediated Semiconducting Materials as Photocatalysts in Water Treatment. Sci.
Total Environ. 2019, 646, 1398-1412. https://doi.org/10.1016/j.scitotenv.2018.07.375.
Liao, G.; Gong, Y.; Zhang, L.; Gao, H.; Yang, G. J.; Fang, B. Semiconductor Polymeric
Graphitic Carbon Nitride Photocatalysts: The “Holy Grail” for the Photocatalytic Hydrogen
Evolution Reaction under Visible Light. Energy Environ. Sci. 2019, 12 (7), 2080-2147.
https://doi.org/10.1039/c9ee00717b.

Ali, G. A. M.; Megiel, E.; Cieciorski, P.; Thalji, M. R.; Romanski, J.; Algarni, H.; Chong,
K. F. Ferrocene Functionalized Multi-Walled Carbon Nanotubes as Supercapacitor
Electrodes. J. Mol. Lig. 2020, 318. https://doi.org/10.1016/j.molliq.2020.114064.

Zhan, W.; Yu, S.; Gao, L.; Wang, F.; Fu, X.; Sui, G.; Yang, X. Bioinspired Assembly of
Carbon Nanotube into Graphene Aerogel with “Cabbagelike” Hierarchical Porous
Structure for Highly Efficient Organic Pollutants Cleanup. ACS Appl. Mater. Interfaces
2018, 10 (1), 1093-1103. https://doi.org/10.1021/acsami.7b15322.

Liu, T.; Sun, Y.; Jiang, B.; Guo, W.; Qin, W.; Xie, Y.; Zhao, B.; Zhao, L.; Liang, Z.; Jiang,
L. Pd Nanoparticle-Decorated 3D-Printed Hierarchically Porous TiO2Scaffolds for the
Efficient Reduction of a Highly Concentrated 4-Nitrophenol Solution. ACS Appl. Mater.
Interfaces 2020, 12 (25), 28100-28109. https://doi.org/10.1021/acsami.0c03959.

142


https://doi.org/10.1021/acs.chemrev.9b00137
https://doi.org/10.1039/c9ee00717b
https://doi.org/10.1016/j.molliq.2020.114064

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

p-Nitrophenol Reduction and Antibacterial Activity

Késtner, C.; Thinemann, A. F. Catalytic Reduction of 4-Nitrophenol Using Silver
Nanoparticles with Adjustable Activity. Langmuir 2016, 32 (29), 7383-7391.
https://doi.org/10.1021/acs.langmuir.6b01477.

Li, Z.; He, M.; Wen, Y.; Zhang, X.; Hu, M.; Li, R.; Liu, J.; Chu, J.; Ma, Z.; Xing, X.; Yu,
C.; Wei, Z.; Li, Y. Highly Monodisperse Cu-Sn Alloy Nanoplates for Efficient Nitrophenol
Reduction Reaction via Promotion Effect of Tin. Inorg. Chem. 2020, 59 (2), 1522-1531.
https://doi.org/10.1021/acs.inorgchem.9b03370.

Scholten, J. D.; Leal, B. C.; Dupont, J. Transition Metal Nanoparticle Catalysis in lonic
Liquids. ACS Catal. 2012, 2 (1), 184-200. https://doi.org/10.1021/cs200525¢.

Shirin, S.; Roy, S.; Rao, A.; Pillai, P. P. Accelerated Reduction of 4-Nitrophenol: Bridging
Interaction Outplays Reducing Power in the Model Nanoparticle-Catalyzed Reaction. J.
Phys. Chem. C 2020, 124 (35), 19157-19165. https://doi.org/10.1021/acs.jpcc.0c06237.
Neal, R. D.; Hughes, R. A.; Sapkota, P.; Ptasinska, S.; Neretina, S. Effect of Nanoparticle
Ligands on 4-Nitrophenol Reduction: Reaction Rate, Induction Time, and Ligand
Desorption. ACS Catal. 2020, 10 ), 10040-10050.
https://doi.org/10.1021/acscatal.0c02759.

Zhao, Y.; Li, R.; Jiang, P.; Zhang, K.; Dong, Y.; Xie, W. Mechanistic Study of Catalytic
Hydride Reduction of -NO2 to -NH2 Using Isotopic Solvent and Reducer: The Real
Hydrogen Source. J. Phys. Chem. C 2019, 123 (25), 15582-15588.
https://doi.org/10.1021/acs.jpcc.9b02684.

Fountoulaki, S.; Daikopoulou, V.; Gkizis, P. L.; Tamiolakis, I.; Armatas, G. S.; Lykakis, I.
N. Mechanistic Studies of the Reduction of Nitroarenes by NaBH4 or Hydrosilanes
Catalyzed by Supported Gold Nanoparticles. ACS Catal. 2014, 4 (10), 3504-3511.
https://doi.org/10.1021/cs500379u.

Das, R.; Sypu, V. S.; Paumo, H. K.; Bhaumik, M.; Maharaj, V.; Maity, A. Silver Decorated
Magnetic Nanocomposite (Fe304@PPy-MAA/AgQ) as Highly Active Catalyst towards
Reduction of 4-Nitrophenol and Toxic Organic Dyes. Appl. Catal. B Environ. 2019, 244,
546-558. https://doi.org/10.1016/j.apcath.2018.11.073.

Narayanan, R. K.; Devaki, S. J. Brawny Silver-Hydrogel Based Nanocatalyst for Reduction
of Nitrophenols: Studies on Kinetics and Mechanism. Ind. Eng. Chem. Res. 2015, 54 (4),
1197-1203. https://doi.org/10.1021/ie5038352.

Mogudi, B. M.; Ncube, P.; Meijboom, R. Catalytic Activity of Mesoporous Cobalt Oxides
with Controlled Porosity and Crystallite Sizes: Evaluation Using the Reduction of 4-
Nitrophenol. Appl. Catal. B Environ. 2016, 198, 74-82.
https://doi.org/10.1016/j.apcatb.2016.05.051.

Krystosiak, P.; Tomaszewski, W.; Megiel, E. High-Density Polystyrene-Grafted Silver
Nanoparticles and Their Use in the Preparation of Nanocomposites with Antibacterial
Properties. J. Colloid Interface Sci. 2017, 498, 9-21.
https://doi.org/10.1016/j.jcis.2017.03.041.

Zako, T.; Sakono, M.; Kobayashi, T.; Sérgjerd, K.; Nilsson, K. P. R.; Hammarstrém, P.;
Lindgren, M.; Maeda, M. Cell Interaction Study of Amyloid by Using Luminescent
Conjugated Polythiophene: Implication That Amyloid Cytotoxicity Is Correlated with
Prolonged  Cellular  Binding. = ChemBioChem 2012, 13 (3), 358-363.
https://doi.org/10.1002/chic.201100467.

Moreira, T.; Laia, C. A. T.; Zangoli, M.; Antunes, M.; Di Maria, F.; De Monte, S.; Liscio,
F.; Parola, A. J.; Barbarella, G. Semicrystalline Polythiophene-Based Nanoparticles
Deposited from Water on Flexible PET/ITO Substrates as a Sustainable Approach toward
Long-Lasting Solid-State Electrochromic Devices. ACS Appl. Polym. Mater. 2020, 2 (8),
3301-3309. https://doi.org/10.1021/acsapm.0c00440.

Moghayedi, M.; Goharshadi, E. K.; Ghazvini, K.; Ahmadzadeh, H.; Ranjbaran, L.;
Masoudi, R.; Ludwig, R. Kinetics and Mechanism of Antibacterial Activity and
Cytotoxicity of Ag-RGO Nanocomposite. Colloids Surfaces B Biointerfaces 2017, 159,
366-374. https://doi.org/10.1016/j.colsurfb.2017.08.001.

143



Chapter 5

52

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Murugan, E.; Vimala, G. Effective Functionalization of Multiwalled Carbon Nanotube with
Amphiphilic Poly(Propyleneimine) Dendrimer Carrying Silver Nanoparticles for Better
Dispersability and Antimicrobial Activity. J. Colloid Interface Sci. 2011, 357 (2), 354-365.
https://doi.org/10.1016/j.jcis.2011.02.009.

Liao, G.; He, F.; Li, Q.; Zhong, L.; Zhao, R.; Che, H.; Gao, H.; Fang, B. Emerging Graphitic
Carbon Nitride-Based Materials for Biomedical Applications. Prog. Mater. Sci. 2020, 112.
https://doi.org/10.1016/j.pmatsci.2020.100666.

Liao, G.; Gong, Y.; Yi, C.; Xu, Z. Soluble, Antibaterial, and Anticorrosion Studies of
Sulfonated Polystyrene/Polyaniline/Silver Nanocomposites Prepared with the Sulfonated
Polystyrene  Template. Chinese J. Chem. 2017, 35 (7), 1157-1164.
https://doi.org/10.1002/cjoc.201600816.

Marambio-Jones, C.; Hoek, E. M. V. A Review of the Antibacterial Effects of Silver
Nanomaterials and Potential Implications for Human Health and the Environment. J.
Nanoparticle Res. 2010, 12 (5), 1531-1551. https://doi.org/10.1007/s11051-010-9900-y.
Gozdziewska, M.; Cichowicz, G.; Markowska, K.; Zawada, K.; Megiel, E. Nitroxide-
Coated Silver Nanoparticles: Synthesis, Surface Physicochemistry and Antibacterial
Activity. RSC Adv. 2015, 5 (72), 58403-58415. https://doi.org/10.1039/c5ra09366.

Swathy, T. S.; Jinish Antony, M. Tangled Silver Nanoparticles Embedded Polythiophene-
Functionalized Multiwalled Carbon Nanotube Nanocomposites with Remarkable Electrical
and Thermal Properties. Polymer (Guildf). 2020, 189.
https://doi.org/10.1016/j.polymer.2020.122171.

Wang, Z.; Xu, C.; Gao, G.; Li, X. Facile Synthesis of Well-Dispersed Pd-Graphene
Nanohybrids and Their Catalytic Properties in 4-Nitrophenol Reduction. RSC Adv. 2014, 4
(26), 13644-13651. https://doi.org/10.1039/c3ra47721e.

Feng, Y.; Yin,J,; Liu, S.; Wang, Y.; Li, B.; Jiao, T. Facile Synthesis of Ag/Pd Nanoparticle
- Loaded Poly(Ethylene Imine) Composite Hydrogels with Highly Efficient Catalytic
Reduction of  4-Nitrophenol. ACS Omega 2020, 5 (7), 3725-3733.
https://doi.org/10.1021/acsomega.9b04408.

Liao, G.; Chen, J.; Zeng, W.; Yu, C,; Yi, C.; Xu, Z. Facile Preparation of Uniform
Nanocomposite Spheres with Loading Silver Nanoparticles on Polystyrene-Methyl Acrylic
Acid Spheres for Catalytic Reduction of 4-Nitrophenol. J. Phys. Chem. C 2016, 120 (45),
25935-25944. https://doi.org/10.1021/acs.jpcc.6b09356.

Gu, S.; Wunder, S.; Lu, Y.; Ballauff, M.; Fenger, R.; Rademann, K.; Jaquet, B.; Zaccone,
A. Kinetic Analysis of the Catalytic Reduction of 4-Nitrophenol by Metallic Nanoparticles.
J. Phys. Chem. C 2014, 118 (32), 18618-18625. https://doi.org/10.1021/jp5060606.

(a) Kaloni, T. P.; Giesbrecht, P. K.; Schreckenbach, G.; Freund, M. S. Polythiophene: From
Fundamental Perspectives to Applications. Chem. Mater. 2017, 29 (24), 10248-10283.
https://doi.org/10.1021/acs.chemmater.7b03035. (b) Swathy, T. S.; Jose, M. A.; Antony,
M. J. AOT Assisted Preparation of Ordered, Conducting and Dispersible Core-Shell
Nanostructured Polythiophene — MWCNT Nanocomposites. Polymer (Guildf). 2016, 103,
206-213. https://doi.org/10.1016/j.polymer.2016.09.047. (c) Jose, M. A., Varghese, S.,
Antony, M. J., (2016). In situ chemical oxidative polymerisation for ordered conducting
polythiophene nanostructures in presence of dioctyl sodium sulfosuccinate. Indian Journal
of Chemistry, 55A. 292-297

Pozun, Z. D.; Rodenbusch, S. E.; Keller, E.; Tran, K.; Tang, W.; Stevenson, K. J;
Henkelman, G. A Systematic Investigation of p -Nitrophenol Reduction by Bimetallic
Dendrimer Encapsulated Nanoparticles. J. Phys. Chem. C 2013, 117 (15), 7598-7604.
https://doi.org/10.1021/jp312588u.

Ortiz-Quifionez, J. L.; Pal, U. Borohydride-Assisted Surface Activation of
C0304/CoFe204 Composite and Its Catalytic Activity for 4-Nitrophenol Reduction. ACS
Omega 2019, 4 (6), 10129-10139. https://doi.org/10.1021/acsomega.9b00118.

Chen, W.; Ouyang, L. Z.; Liu, J. W.; Yao, X. D.; Wang, H.; Liu, Z. W.; Zhu, M. Hydrolysis
and Regeneration of Sodium Borohydride (NaBH4) — A Combination of Hydrogen

144


https://doi.org/10.1016/j.pmatsci.2020.100666
https://doi.org/10.1002/cjoc.201600816
https://doi.org/10.1007/s11051-010-9900-y
https://doi.org/10.1039/c5ra09366j

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

p-Nitrophenol Reduction and Antibacterial Activity

Production and  Storage. J. Power Sources 2017, 359, 400-407.
https://doi.org/10.1016/j.jpowsour.2017.05.075.

(a) Schlesinger, H. I.; Brown, H. C.; Finholt, A. E.; Gilbreath, J. R.; Hoekstra, H. R.; Hyde,
E. K. Sodium Borohydride, Its Hydrolysis and Its Use as a Reducing Agent and in the
Generation of Hydrogen. J. Am. Chem. Soc. 1953, 75 (1), 215-219.
https://doi.org/10.1021/ja01097a057. (b) Alhokbany, N.; Ahama, T.; Ruksana; Naushad,
M.; Alshehri, S. M. AgNPs Embedded N- Doped Highly Porous Carbon Derived from
Chitosan Based Hydrogel as Catalysts for the Reduction of 4-Nitrophenol. Compos. Part
B Eng. 2019, 173. https://doi.org/10.1016/j.compositesh.2019.106950.

Akerldf, G. Dielectric Constants of Some Organic Solvent-Water Mixtures at \Various
Temperatures. J.  Am.  Chem.  Soc. 1932, 54  (11), 4125-4139.
https://doi.org/10.1021/ja01350a001.

Mohsen-Nia, M.; Amiri, H.; Jazi, B. Dielectric Constants of Water, Methanol, Ethanol,
Butanol and Acetone: Measurement and Computational Study. J. Solution Chem. 2010, 39
(5), 701-708. https://doi.org/10.1007/s10953-010-9538-5.

Jouyban, A.; Soltanpour, S. Prediction of Dielectric Constants of Binary Solvents at
Various Temperatures. J. Chem. Eng. Data 2010, 55 (9), 2951-2963.
https://doi.org/10.1021/je1000632.

Brown, H. C.; Mead, E. J.; Rao, B. C. S. A Study of Solvents for Sodium Borohydride and
the Effect of Solvent and the Metal lon on Borohydride Reductions. J. Am. Chem. Soc.
1955, 77 (23), 6209-6213. https://doi.org/10.1021/ja01628a044.

Wang, W.; Niu, J.; Yang, Z. An Efficient Reduction of Unsaturated Bonds and Halogen-
Containing Groups by Nascent Hydrogen over Raney Ni Catalyst. J. Hazard. Mater. 2020,
389. https://doi.org/10.1016/j.jhazmat.2019.121912.

Song, J.; Huang, Z. F.; Pan, L.; Li, K.; Zhang, X.; Wang, L.; Zou, J. J. Review on Selective
Hydrogenation of Nitroarene by Catalytic, Photocatalytic and Electrocatalytic Reactions.
Appl. Catal. B Environ. 2018, 227, 386-408. https://doi.org/10.1016/j.apcatb.2018.01.052.
Clarke, C.J.; Tu, W. C.; Levers, O.; Brohl, A.; Hallett, J. P. Green and Sustainable Solvents
in Chemical Processes. Chem. Rev. 2018, 118 (2), 747-800.
https://doi.org/10.1021/acs.chemrev.7b00571.

Kitanosono, T.; Masuda, K.; Xu, P.; Kobayashi, S. Catalytic Organic Reactions in Water
toward  Sustainable  Society. Chem. Rev. 2018, 118 (2), 679-746.
https://doi.org/10.1021/acs.chemrev.7b00417.

Xiu, Z. M.; Zhang, Q. B.; Puppala, H. L.; Colvin, V. L.; Alvarez, P. J. J. Negligible Particle-
Specific Antibacterial Activity of Silver Nanoparticles. Nano Lett. 2012, 12 (8), 4271-
4275. https://doi.org/10.1021/n1301934w.

Andrews, J. M. Determination of Minimum Inhibitory Concentrations. J. Antimicrob.
Chemother. 2001, 48 (SUPPL. 1), 5-16. https://doi.org/10.1093/jac/48.suppl_1.5.
Ramalingam, B.; Parandhaman, T.; Das, S. K. Antibacterial Effects of Biosynthesized
Silver Nanoparticles on Surface Ultrastructure and Nanomechanical Properties of Gram-
Negative Bacteria Viz. Escherichia Coli and Pseudomonas Aeruginosa. ACS Appl. Mater.
Interfaces 2016, 8 (7), 4963-4976. https://doi.org/10.1021/acsami.6b00161.

Antony, R.; Marimuthu, R.; Murugavel, R. Bimetallic Nanoparticles Anchored on Core-
Shell Support as an Easily Recoverable and Reusable Catalytic System for Efficient
Nitroarene Reduction. ACS Omega 2019, 4 (5), 9241-9250.
https://doi.org/10.1021/acsomega.9b01023.

Deshmukh, S. P.; Patil, S. M.; Mullani, S. B.; Delekar, S. D. Silver Nanoparticles as an
Effective Disinfectant: A Review. Mater. Sci. Eng. C 2019, 97, 954-965.
https://doi.org/10.1016/j.msec.2018.12.102.

145


https://doi.org/10.1021/ja01350a001
https://doi.org/10.1007/s10953-010-9538-5
https://doi.org/10.1021/je1000632

Chapter 5

146



Chapter 6

Ternary and Binary Silver Nanocatalysts for
Reduction of Water Soluble and Insoluble
Azodyes and Azobenzene

147



Chapter 6

148



Catalytic Reduction of Azo dyes and Azobenzene

6.1. Introduction

Azo dyes are the major synthetic colourants used in many industries like textile,
printing, cosmetics, leather, paint, and fiber due to their good tinctorial properties and
attractive colours imparted with most types of stuff.1* They are generally considered
mutagenic and carcinogenic due to benzidine, naphthalene or similar aromatic systems
in their structure.>® It adversely affects the life cycle of aquatic and human life.
Moreover, synthetic organic azo dyes like methyl orange, congo red, etc. are non-
biodegradable in normal conditions, creating harmful effects on their discharge to the
environment.” Various methods classified into physical, chemical and biological
processes could be used to treat the dye effluents such as adsorption, solvent extraction,
photochemical, electrochemical, chemical reactions, bacterial reactions, etc.”** Azo
dyes exhibit prolonged photo and thermal stability. Therefore their treatment creates
some obstacles in the degradation methods used.** Implementation of some traditional
treatment techniques might also lead to drawbacks like low product yield (s), high cost,
formation of hazardous by-products or sludge, wastage of reagents and incomplete
purification. On the other hand, chemical and photochemical degradation of dyes can
efficiently achieve good degradation yields with the help of suitable catalysts.>!® The
use of heterogeneous nanocatalysts would be worthwhile due to their advantages such
as large area of active sites, recycling ability and cost effectiveness.!’2° Heterogeneous
catalytic reduction would be effective for the treatment of industrial dye effluents in

high concentration for waste-water management.

Azobenzene is the core moiety of azodyes for which chemoselective reduction
to hydrazobenzene or reductive cleavage to aniline or both reduction products are
obtained (see Figure 6.1.).273* Selective hydrazoarenes synthesis is important for
preparing polymers, pharmaceuticals, food additives, and dyes. Hydrazobenzene can
easily undergo rearrangement in strongly acidic conditions to obtain benzidine, an
important intermediate in synthetic organic chemistry.?>?° Hydrazobenzene is an
important precursor to produce 4.,4’-diaminobiaryls, azoarenes and azodyes.?’
Traditionally, hydrazobenzene can be achieved from nitrobenzene by reducing it with
Zn in methanol medium. However, more facile methods are later frequently reported

for nitrobenzene to hydrazobenzene conversion.
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Figure 6.1. Consecutive reduction in azo compounds to form chemo-selective product
hydrazo compounds and followed by non-selective amino aromatics products.

Hydrazobenzene was also prepared from another synthetic precursor
azobenzene by selective hydrogenation utilizing expensive methods such as industrial
photocatalytic reduction, electrochemical reduction using lead-containing electrodes
and reduction using hydrazines in the presence of noble transition metals, use of
substantial amounts of metal reductants such as Na, Mg, Zn etc., and rare earth metal
compounds incorporated methods.?3! More facile methods of azocompounds to
hydrazocompounds conversion are being in progress. Shiraishi and co-workers
demonstrated photocatalytic hydrogenation of azobenzene to hydrazobenzene using
ethanol on cadmium sulfide as a green synthesis. As a result of this hydrogenation, Cd°
is formed. They found that the saturated N-N bond in hydrazobenzene does not interact
with Cd°® (see Figure 6.2. (A)).? Pei et. al reported conversion of azobenzene to
hydrazobenzene using NaNbOg3 as a green strategy for the semi-hydrogenation. The
interaction between NaNbOs and hydrazobenzene is the root cause of this partial
hydrogenation and inability to produce aniline (see Figure 6.2. (B)).>° Use of
heterogeneous nanocatalysts for chemical reduction for azo- to hydrazo conversion is
very rarely reported. Recently Hong and co-workers carried out a subsidiary study of
azo benzene to hydrazo benzene conversion using NaBHs in ethanol medium with

polystyrene supported Au nanoparticles as heterogeneous nanocatalyst along with the
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main work of hydrazoarene formation from nitroarene (see Figure 6.3.).3' Some other
important reports of azo to hydrazo compounds conversion in literature are tabulated in

Table. 6.1 .-21:2325,32.33

(A)

(B)

Cis Azobenzene Hydrazobenzene Aniline
|-

) I

Figure 6.2. lllustration of photocatalytic transfer hydrogenation of azobenzene to
hydrazobenzene (A) with alcohol on cadminum sulfide (adapted from Shiraishi et al.)
2012 and (B) using NaNbOs catalyst (adapted from Pei et al. 2020)

N0z AUNPs@PS3 (1 mol%) H 4R
= NaBH, (10 equiv.) R-F H
=

50% EtOH, rt
Nitroarene Hydrazoarene
Ph (i)
- H H
N=N_ =" Ph—N-N-Ph
Ph . 99%
Azobenzene Hydrazobenzene

(i) AuNPs@PS3 (1.0 mol %), NaBH:(5 equiv.), 50% aqg. EtOH, rt

Figure 6.3. Synthesis of Hydrazoarenes formation from nitroarenes and azobenzene
(Adapted from Hong et al. 2021)
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Table 6.1. Literature reports of hydrogenation of azobenzene to hydrazobenzene

Sl. No. Conversion with reagents Type of reduction Ref.
(1) N’Ph 4-cyanopyridine or [Pd], H.. Ph
I B,Pin, > | Chemical reduction 21
ph/N Followed by H,0 or alcohol ph/N\H
(2) _Ph ) Ho. Ph
N B], [P], [B N
] (8], [P, [Bil > | Chemical reduction 32
pp NH;.BH, pherNy
& Ph H.. Ph
N7 Mg, NH,CI N7 25
H VieOH > I{I Chemical reduction
Phe” eOH, room temp. Phe Ny
@ e
Il . [ 33
Ph/N Hydrogen donor, N,, 20 h Ph/N\H Photohemical reduction
Azobenzene Hydrazobenzne
(5) _Ph Hay~P" Ho H
Il\ll [MO,S,Cl;(dmen);]Cl (5%) |}1 ~N~
> + | . .
ph/N 10 bar H, Ph/N\H Ph Chemical reduction 23
60°C, 4 h, CH,0H -
Hydrazo-  Aniline
Azobenzene benzene

In this chapter, catalytic decolourisations of different azodyes (methyl orange,
congo red, methyl red and sudan I11) were carried out in water or ethanol- water mixture
by chemical reduction with sodium borohydride in the presence of ternary silver
nanocatalyst (PTCNT-COOH 300 Ag, abbreviated as TNC) or binary silver
nanocatalyst (MWCNT-COOH Ag, abbreviated as BNC). Hydrophilic or hydrophobic
based azodyes were selected based on the structure and functional groups present in
their structure. An aqueous medium was used to treat hydrophilic azo dyes like methyl
orange and congo red. Hydrophobic azo dyes are difficult to handle in an aqueous
medium due to poor solubility in water. Herein, the ethanol-water mixture in suitable
proportions was effectively used as the media for the degradation treatment of
hydrophobic azo dyes (methyl red and Sudan I11). A mechanistic study of the product
on decolourisation process was carried out as a control on azobenzene by investigating
its isolated product. The selection of mild and green methodologies for the dye
treatments and hydrogenation of azobenzene attracts great research interest and in the
present study binary and ternary silver nano composites, BNC and TNC acted as a

sustainable heterogeneous catalysts for it.
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6.2. Experimental

6.2.1. Materials and reagents: Methyl orange, congo red, methyl red and sudan Il
were purchased from Nice chemicals, NaBHs was purchased from Sigma Aldrich.
Distilled water and distilled ethanol were used for all decolourisation studies.

6.2.2. Measurements and Instruments: UV-visible spectra of the samples were
recorded by Shimadzu UV-Visible spectrophotometer, UV 1800 series in the range
200-800 nm with distilled ethanol and deionized water. High-Resolution Mass
Spectrometry (HR-MS) of the product was carried out using Thermo Fisher Scientific
Exactive mass spectrometer with Accella 600 HPLC system and PDA detector. *H
NMR spectra of the samples were taken with Bruker Avance 400 MHz FT-NMR
spectrometer.

6.2.3. Catalytic decolourisation study of methyl orange and congo red using
BNC-0.04 catalyst: Nanocatalyst BNC (1.00 mg, 0.04 mg/mL) was added to the
aqueous solution of methyl orange (1.0 x10*M, 25 mL) taken in a standard flask and,
sonicated for 15 min to obtain well-dispersed state of reactant catalyst mixture. The
BNC catalyst with a concentration 0.04 mg/mL is represented as BNC-0.04. Freshly
prepared NaBH4 solution (1.0 x10* M, 5 mL) was added to 5 mL of methyl orange-
BNC mixture taken in a 30 mL vial and shaken for 10 s. We have mixed methyl orange-
catalyst reaction mixture and NaBHys solution in equal volume for all catalytical studies,
therefore the final concentration of methyl orange, NaBH4 and catalyst reduced to half.
Time for complete decolourisation of the reaction mixture was noted. Catalytic
decolourisation with catalytic concentration of BNC in methyl orange solution such as
BNC-0.06 and BNC-0.08 were carried out similarly.

The same procedure was also repeated for the dye congo red instead of methyl orange
with the concentration of BNC as 0.04 mg/mL, 0.06 mg/mL, 0.08 mg/mL and 0.10

mg/mL in the congo red solution.

6.2.4. UV-vis absorption study of reductive decolourisation of methyl orange and
congo red: BNC (1.00 mg, 0.04 mg/mL) was added to a solution of methyl orange (1.0
x10“ M, 25 mL) taken in a standard flask. Sonicated for 15 min to obtain a well
dispersed reactant catalyst mixture with a catalyst concentration of 0.04 mg/mL.
Freshly prepared NaBH. solution (1.0 x10* M, 2 mL) was added to 2 mL of methyl
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orange-BNC mixture taken in a vial and shaken for 10 seconds. UV-vis absorption
spectra were recorded in regular time intervals by a preset program.

The same procedure was repeated for reductive decolourisation of congo red
dye using BNC-0.04 nanocatalyst in an aqueous medium. The UV-vis absorption study
was also conducted for the reductive decolourisation of methyl orange and congo red
in an aqueous medium using TNC-0.04 catalyst with the same procedure. The TNC

catalyst concentration 0.04 mg/mL was represented as TNC-0.04.

6.2.5. Catalytic decolourisation study of methyl red and sudan 11l using BNC-
0.04 catalyst: Nanocatalyst BNC (1.00 mg, 0.04 mg/mL) was added to the solution of
methyl red (1.0x10*M, 25 mL) in 33% ethanol-water mixture, taken in a standard flask.
Sonicated for 15 min to obtain a well dispersed state of reactant-catalyst mixture with
a catalyst concentration of 0.04 mg/mL. Freshly prepared NaBH4 solution (1.0x101 M,
5 mL) prepared in 33 % ethanol-water mixture was added to 5 mL of methyl red-BNC
mixture taken in a vial and shaken for 10 s. Time for complete decolourisation of the
reaction mixture was also noted. Catalytic decolourisation of methyl red with the
catalytic concentration of BNC-0.02, BNC-0.06 and BNC-0.08 were repeated in a

similar manner.

The same procedure was used with the dye sudan Il instead of methyl red for
the other catalyst concentrations of BNC such as BNC-0.02, BNC-0.04, BNC-0.06 and

BNC-0.08 in the sudan Il solution prepared in 66% ethanol-water mixture.

6.2.6. UV-vis absorption study of reductive decolourisation of methyl red and
sudan 111: Methyl red solution (1.0x10* M, 25 mL) was prepared in a 33 % ethanol-
water mixture. TNC (1.00 mg, 0.04 mg/mL) was added and dispersed for 15 min to get
a catalyst concentration of 0.04 mg/mL. Freshly prepared NaBH4 solution (1.0x101 M,
2 mL) in 33 % ethanol-water mixture was added to 2 mL of methyl orange-TNC
mixture taken in a vial and shaken for 10 s. UV-vis absorption spectra were recorded

in a preset program in regular time intervals.

UV-vis absorption spectra was used to monitor reductive decolourisation for
Sudan 11 (in 66 % ethanol-water mixture) and azobenzene (in 33 % ethanol-water
mixture) using BNC-0.04 catalyst with the same procedure.

154



Catalytic Reduction of Azo dyes and Azobenzene

6.2.7. Large scale reduction of azobenzene: Azobenzene solution (0.10 g, 0.027 M,
25 mL) was prepared in 50% ethanol-water mixture. To this solution binary
nanocatalyst BNC (0.18 mg/mL) was added and sonicated for 15 min. Freshly prepared
NaBHjs solution (1.917 g, AB: NaBHs molar ratio=1:100, 25 mL) was added to the
obtained azobenzene-catalyst dispersion mixture. It was then magnetically stirred for
15 min. The reaction mixture turned colourless. The product formed was isolated with
ether separation in a separating funnel and dried. A colourless solid was formed which
gradually turned yellow, as an isolated product. Yield: 0.064 g. *H NMR, (400 MHz,
CHCIs, 6 ppm): 5.57 (s,2H), 6.85 (d, 6H) and 7.2 (t, 4H).

6.2.8. Recycling studies using nanocatalysts: TNC (7 mg) was dispersed in
azobenzene solution (5 mL, 2.33 x10°3 M) in 50% ethanol -water mixture by sonication.
Freshly prepared NaBHa solution (5 mL, 2.33 M) was added to the above mixture. The
reaction mixture was shaken well for one minute, then kept undisturbed for 10 min, and
centrifuged. After centrifugation for three min, filtrate was decanted, and then UV-vis
absorption spectra were recorded. The residue (nanocatalyst) was washed with
deionized water, and catalytical activities continued for five more consecutive cycles
using the same method. A similar procedure was repeated using BNC nanocatalyst (7
mgq) instead of TNC for five catalytic cycles.

6.3. Results and discussion

6.3.1. Ternary and binary silver nanocomposites (TNC and BNC) as nanocatalyst

for reductive decolourisation of azo dyes

ﬁ ﬁ )
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Figure 6.4. Chemical structure of different azo dyes
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Table 6.2. Name of azo compounds, concentration and volume of azo compounds used,
amount of NaBH4 used, name of catalyst and concentration of catalyst with respective

rate constant and activity factor in the catalytic reduction/decolourisation.

Azo Amountofazo | Amount of NaBH4 Catalyst Reaction Rate Activity
compounds compounds used and conc. medium constant factor
used (mg/mL) (sY) (stgh
Conc. \% Conc. (M) \Y
M) | (mL) (mL)
Methyl 1x10* 2 1x10*t 2 BNC, 0.04 Water 1.03x102 129.13
orange
1x10* 2 1x10*t 2 TNC, 0.04 Water 1.00x10* 1255.00
Congo red 1x10* | 2 1x10*t 2 BNC, 0.04 Water 5.46x10° 68.25
1x10* 2 1x10t 2 TNC, 0.04 Water 1.02x1072 128.00
Methyl red 1x10* 2 1x10t 2 BNC, 0.04 33% 9.23 x10°3 115.38
ethanol
1x10* 2 1x10t 2 TNC, 0.04 33% 2.50 x10* 3.13
ethanol
Sudan 111 1x10* | 2 1x10*t 2 BNC, 0.04 66% 5.47x10° 68.37
ethanol
1x10* 2 1x10*t 2 TNC, 0.04 66% 8.39 X103 104.88
ethanol
Azobenzene 1x10* | 2 1x10t 2 BNC, 0.04 33% 1.03 x102 128.13
ethanol
Azobenzene 1x10* | 2 1x10? 2 TNC, 0.04 33% 2.59 x10t 3232.50
ethanol

Ternary nanocomposite (PTCNT-COOH 300 Ag or TNC) consists of silver
nanoparticles embedded polythiophene-functionalized multiwalled carbon nanotube
and binary nanocomposite (MWCNT-COOH Ag or BNC) consists of functionalized
multiwalled carbon nanotube-silver nanoparticles, they were effectively used as a
catalyst for the reductive decolourisation of water soluble azo dyes such as methyl
orange, congo red and insoluble organic azo dyes such as methyl red and Sudan Il1I.
TNC and BNC were prepared by in-situ reduction of silver ions in the presence of
dispersed state of PTCNT-COOH 300 and MWCNT-COOH nanocomposites,
respectively. Synthesis and characterizations of TNC and BNC were previously
reported in chapter 4 with the names PTCNT-COOH 300 Ag and MWCNT-COOH Ag
respectively. FE-SEM images of PTCNT-COOH 300 Ag and MWCNT-COOH Ag
were obtained as nearly spherical silver nanoparticles entangled with PTCNT-COOH
or MWCNT-COOH nanotubular structures. The average size of silver nanoparticles in
TNC and BNC was measured as 25 + 8 nm and 45 + 5 nm, respectively (see Figure

4.10. in chapter 4). The reduction of organic azo dyes was carried out using NaBH4 as
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a reducing agent and TNC or BNC as the nanocatalyst. Treatment of azodyes (1x10™
M, 2 mL) with NaBHa solution (1x10™ M, 2 mL) in a dispersed state of TNC or BNC
catalysts led to decolourisation of the dye stuff. The colour of the dye faded gradually
with the progress of the reaction and finally became colourless. The chemical structure
of different azo dyes used to conduct the degradation study is given in Figure 6.4.
Synthetic conditions and corresponding amounts of reactant, reagent and catalyst used

in catalytic reduction and outcomes are given in Table 6.2.

6.3.2. Optimization of the amount of catalyst for reduction of water-soluble azo

dyes
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Figure 6.5. Photographs of reductive decolourisation of water-soluble azo dyes methyl
orange (initial stage (A), middle stage (B) and final stage (C), and congo red (initial
stage (D), middle stage (E) and final stage (F). Plots of decolourisation time against

catalyst concentration used for methyl orange(G) and Congo red (H).

Accomplishing partial or complete reduction of azo-bond(s) in azo dyes is
indicated by decolouration of the reaction mixture. Here, the time for decolourisation
of different organic azo dyes was noticed during reduction treatment conducted in
different concentrations of BNC catalyst (as shown in Figure 6.5.). The concentrations
of BNC catalyst was as varied as 0.02 mg/mL, 0.04 mg/mL and 0.06 mg/mL for methyl
orange and 0.04 mg/mL, 0.06 mg/mL, 0.08 mg/mL and 0.10 mg/mL for congo red for
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obtaining its optimum catalyst concentrations. A graph has been plotted for the time for
decolourisation against the catalyst concentration (see Figure 6.5. G and H). The
optimum catalyst concentration was selected as 0.04 mg/mL for methyl orange and
congo red. The optimum catalyst concentration was selected as the minimum amount
of catalyst, which exhibited moderate reaction kinetics. BNC-0.04 also provide good
comparison of kinetics of catalytic decolourisation of both water soluble azodyes

methyl orange and congo red.

6.3.3. Kinetics of reductive decolourisation of water soluble organic azo dyes
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Figure 6.6. UV-vis absorption spectra of catalytic reduction of methyl orange (A) and
congo red (B) using BNC-0.04 catalyst in different time intervals. Linear relationship
plot of In (A/Ao) against time for reduction of methyl orange (C) and congo red (D)
using catalyst BNC-0.04.

Reductive decolourisation of water soluble organic azo dyes (1x10“ M, 2 mL)
was carried out in the presence of BNC or TNC nanocatalyst (0.04 mg/mL) using
NaBH, (1x10 M, 2 mL) as a reductant in the aqueous medium. The reaction Kinetics
was monitored using UV-vis absorption spectroscopy in consecutive time intervals by
means of a preset time program (see Figure 6.6. A, B and 6.7 A, B). For the catalytic
reduction of methyl orange, the intensity of the peak with an absorption maximum at
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470 nm corresponds to azo group, gradually diminished with time, and then disappeared
(see Figure 6.6. A and Figure 6.7. A). The time for the disappearance of the peak at
470 nm was selected as the time for the completion of the reaction. The bright orange
colour of the reaction medium faded and finally decolourised on completion of the
reaction. The highly intense orange colour of azo dyes like methyl orange was observed
due to extended conjugation with chromophore groups in the molecule.®** The peak
with an absorption maximum at 258 nm underwent a blue shift with time with increased
intensity up to 251 nm as a result of structural changes. Catalytic reduction of another
azo dye congo red was also carried out with sodium borohydride as reductant and BNC
or TNC as a catalyst in an aqueous medium. The completion of the reaction has been
monitored by recording the absorption spectra of the reaction mixture in consecutive
time intervals (see Figure 6.6. B and 6.7. B). The progress of the reduction reaction
was observed as a continuous decrease in the intensity of the major absorption peak at
an absorption maximum of 498 nm. The completion of the reaction was identified as
the time at which the peak at 498 nm vanished. The brownish red colour of the mixture
of congo red with the catalyst also faded and turned colourless on completion of the
reaction. Methyl orange and congo red was decolourised in the presence of BNC
nanocatalyst in the reaction mixture in about 315 s and 270 s, respectively (see Figure
6.6. A and B). Likewise, TNC catalysed decolourisation of methyl orange and congo
red was carried out and completion of the reaction was attained at 135 s and 215 s,

respectively (see Figure 6.7. A and B).

The rate constants for reductive decolourisation of methyl orange and congo red
was obtained from linear regression fit of the graph plotted for In(A/Ao) against the
time of the reaction progress (see Figure 6.6. C, D and Figure 6.7 C, D). The rate
constant for reductive decolourisation of methyl orange and congo red using catalysts
BNC was found to be 1.03x102 s and 5.46x107 s respectively (see Figure 6.6. C
and D). The corresponding activity factor for BNC catalysed decolourisation of methyl
orange and congo red were 129.13 s gt and 68.25 s g* respectively. The mono azo
dye methyl orange and bis-azo dye congo red exhibited rate constant for decolourisation
using TNC catalysts as 1.00x10 s and 1.02x102 s respectively (see Figure 6.7. C
and D). The activity factors exhibited by TNC catalysed decolourisation of methyl
orange and congo red were 1255.00 st g*and 128.00 s g™ respectively. Mono azo

dye methyl orange, for which decolourisation rate constant is found as higher than that
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of congo red, since it was required to reduce two azo groups per molecule in congo red
than one azo group in methyl orange using the same amount of reducing agent. TNC
exhibited higher rate constant and activity factor than BNC for methyl orange and
congo red reductive decolourisation. TNC is a heterogeneous nanocomposite catalyst
which was easily dispersed in aqueous medium than BNC. Higher dispersibility of TNC
nanocomposites system is due to the conducting polymer incorporated coreshell
morphology of the particular nanocomposites framework. The improved aqueous
solubility of the TNC catalyst may be responsible for the higher activity factor of
ternary nanocatalysts by providing a more active site to the reduction reaction.
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Figure 6.7. UV-vis absorption spectra of catalytic reduction of methyl orange (A) and
congo red (B) using TNC-0.04 catalyst in different time intervals. Linear relationship
plot of In (A/Ao) against time for reduction of methyl orange (C) and congo red (D)
using catalyst TNC-0.04.

6.3.4. Optimization of the amount of catalyst for reductive decolourisation of

water-insoluble/partially soluble organic azo dyes

Methyl red and Sudan Ill are two azo dyes exhibiting poor solubility in

water.34*® Thus the decolourisation study of the respective azodyes were carried out in
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suitable proportion of the ethanol-water mixture. The composition of ethanol in the
reaction medium was obtained by checking the minimum volume of ethanol added with
water giving maximum solubility to the azo dye. Methyl red is a mono azo dye and
sudan 11 is a bis azo dye. Optimization of nanocatalyst concentration in the reaction
mixture was attained by comparing the time for decolourisation of partially aqueous
soluble methyl red and almost water insoluble sudan IlI in different concentrations of
catalyst BNC (see Figure 6.8.). Different concentrations of BNC nanocatalyst taken for
both the azo dyes were 0.02 mg/mL, 0.04 mg/mL, 0.06 mg/mL, and 0.08 mg/mL. A
graph was plotted to represent the time required for decolourisation against different
concentrations of catalyst BNC. The optimum catalyst concentration was selected as
0.04 mg/mL for methyl red and sudan I, which is the minimum concentration for

exhibiting a moderately good and observable reaction rate.
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Figure 6.8. Photographs of reductive decolourisation of water-insoluble or partially
soluble azo dyes methyl red (initial stage (A), middle stage (B) and final stage (C), and
Sudan 1l (initial stage (D), middle stage (E) and final stage (F). Plots of
decolourisation time against the catalyst concentration used for methyl red (G) and
sudan 11 (H).
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6.3.5. Kinetics of reductive decolourisation of water-insoluble/partially soluble

organic azo dyes
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Figure 6.9. UV-vis absorption spectra of catalytic reduction of methyl red (A) and

sudan 111 (B) using BNC-0.04 catalyst in different time intervals. Linear relationship

plot of In (A/Ao) against time for reduction of methyl red (C) and sudan Il (D) using

catalyst BNC-0.04.

Catalytic reduction and kinetics of azo dyes such as methyl red (partially soluble
in water) and sudan Il (almost insoluble in water) were carried out successfully in
ethanol-water mixture. Methyl red and Sudan Il exhibited good solubility in ethanol.
An aqueous mixture of ethanol was selected as the reaction medium instead ethanol
alone, as the reductant sodium borohydride exhibited poor solubility in ethanol. The
proportion of ethanol and water in the reaction medium was chosen by checking the
minimum volume of ethanol to prepare each azo dye solution in the ethanol-water
mixture. Solution of methyl red and Sudan Il has been respectively prepared using
33% ethanol and 77% ethanol in water. Reductive decolourisation of methyl red and

Sudan 111 was carried out using the same procedure as discussed for water soluble azo
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dyes, but in a different reaction medium of ethanol-water mixture. UV-vis absorption

spectra of the reaction mixture were recorded after adding sodium borohydride in

1.5 0
Time
1.8 4 — 3 min
1.2 4
15
8 @
C 1.2 O 094
8 &
[
0 094
[72] 0.9 -g 0.6
= 0
<L g6 a
< 3]
0.3 4
0.0 0.0 T T T T
360 460 560 ﬁ(liﬂ 200 300 400 500 600
Wavelength (nm) Wavelength (nm)
0.0 -1.0
R’=0.9283 R’=0.9343
- P=0.00197 P=0.00727
-0.5 4
% 1.0
<
<
£ 1.5
<2.0 4
D "
2.5 . . . ‘ : -35 . ; : r : :
0 500 1000 1500 2000 2500 50 100 150 200 250 300
Time (s) Time (s)

Figure 6.10. UV-vis absorption spectra of catalytic reduction of methyl red (A) and
sudan 111 (B) using TNC-0.04 catalyst in different time intervals. Linear relationship
plot of In (A/Ao) against time for reduction of methyl red (C) and sudan Il (D) using
catalyst TNC-0.04.

consecutive time intervals (see Figure 6.9. A and B). UV-vis spectra of methyl red
exhibited peak corresponding to azo group(s) at absorption maximum 420 nm. The
intensity of peak corresponding to azo group decreases with time. As reaction
progresses intensity of peak at 244 nm increased in the UV-vis spectra, and intensity
became stable after completion of reaction. Time dependent UV-vis spectra of sudan
I11 exhibited gradual disappearance of a broad peak from 511 nm with a successive blue
shift to the absorption maximum in each interval. The completion of reaction for methyl
red and sudan 111 using BNC catalyst was observed at 8 min (480 s) and 7 min (420 s),
respectively (see Figure 6.9. A and B). The corresponding rate constants for BNC
catalysed reduction of methyl red and Sudan I11 were 9.23 x103s™ and 5.47x103 st
respectively (see Figure 6.9. C and D). The activity factor obtained for BNC-0.04 for
catalytic reduction for methyl red was 115.38 s g and that of Sudan 111 was 68.37 s*
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gl. TNC catalyst was also used for the reductive decolourisation of methyl red and
sudan Il azo dyes in ethanol-water mixture, repeated using the same procedure
conducted for BNC catalysed reduction of corresponding dyes. The completion of the
reaction was observed for methyl red reduction was 36 min (2160 s) and that for sudan
[l reduction was 7 min (420 s) (see Figure 6.10. A and B). Corresponding rate
constants obtained for reductive decolourisation of methyl red and sudan I11 were 2.50
x10* st and 8.39 x107 st respectively (see Figure 6.10. C and D). Activity factors
were also calculated for TNC catalyst as 3.13 s g and 104.88 s g* respectively for

methyl red and sudan 111 reduction.

Table 6.3. Comparison of present study with literature reported for catalytic
decolourisation methyl orange, congo red, methyl red and Sudan Il using NaBH3 as
reducing agent, in terms of the amount of azo dye used, amount of NaBH4 used, the
concentration of catalyst, type of catalyst (homogeneous or heterogeneous) and

obtained rate constant.

Sl. | Dye Dye NaBH,4 Concentratio | Catalyst Rate Re
no. | system | Concent | volume concentr | volume n of catalyst constant f.
ration ation used

1 Methyl | 1x10° 1mL 1x102M | 1mL 9mg - 0.1326 min® 39
orange | mg/L

2 Methyl | 1x10*M | 2mL 1x10*M | 50 L 0.14 mg/mL AU@NiAg | 0.0266 s 2
orange

3 Methyl | 2x10*M | 500 pL 5x10% M 0.14 mg/mL MPCTP-Ag | 0.5787 min? | 40
orange (100 pL)

4 | Methyl | 161 uM 68.20 0.60 UM Ag-y- 2.7x10°dm® | 41
orange mM Fe,03-CS mol?s?

5 Methyl | 20 pL 0.01M 250 L 0.1M 5 mg/mL (10 Cu- 3.1x10%s? 42
orange, uL) NMOF/Ce-
Congo doped-Mg-
red Al-LDH

6 Methyl | 0.04 mM 3mL 0.5mL 05M 10 mg Ni/TP 43x 10ts? 43
orange,
Congo
red

7 Congo | 50 mg/L 500 mL 50 mL 0.1M 250 mg/L SMt/g- 5.91 min‘? 18
red C3N4/Au

NPs

8 Congo | 10 mg/L 5mL 0.1mol/L | 4mL 5x10° mol/L Ag NPs - 3
red (1 mL)

9 Congo 100 pL 100mM 20 uL Si@p- - 1
red RuNP

10 | Methyl | 50 mM 10 mL 1mM 3mL 0.31mg Ag NPs 9.68x103s? 44
red

11 | Methyl | 1 mM 3mL 05M 0.5mM 10 mg Ag/Gp Congo red: 45
red, catalyst 1.84x10° st
Congo
red
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Sl. | Dye Dye NaBH, Concentration | Catalyst | Rate Ref.
no. | system of catalyst used constant
concentrati | volume concentrati | volume concentratio
on on n
12 | Methyl | 1 mM 2mL 10 Mm 1mL 8 mg Ag NPs | 0.0233s? 46
red doped
carbon
dots
13 | Methyl | 1x10“*M 1mL 3mg 4mg Pd - 19
red, NPs@ch
Congo itosan-
red, MWCN
Methyl T
orange
14 | Methyl | 1x10° M 1mL 5x102 M 0.1 mL 5mg Pd-CS- | 0.03s* 20
orange g-C3N4
15 | Methyl | 1x10“*M 2mL 1x10tM 2mL 0.04 mg/mL BNC- 1.03x107? Pres
orange 0.04 st ent
TNC- 1.00x10* stud
0.04 st y
Congo | 1x10“*M 2mL 1x10M 2mL 0.04 mg/mL BNC- 5.46x10°
red 0.04 st
TNC- 1.02x10%
0.04 st
Methyl | 1x10* M 2mL 1x101M 2mL 0.04 mg/mL BNC- 9.23 x10°
red 0.04 st
TNC- 2.50 x10*
0.04 st
Sudan | 1x10“*M 2mL 1x10M 2mL 0.04 mg/mL BNC- 5.47x10°
11 0.04 st
TNC- 8.39 x10°
0.04 st

Comparing the rate constants and activity factor of BNC and TNC catalysed
decolourisation reduction reactions of water-soluble azo dyes (methyl orange and
congo red) with less soluble azo dyes (methyl red and Sudan I11) revealed that water
soluble azo dyes exhibited a higher rate of reaction. Relative reductive decolourisation
of water-soluble azo dyes indicated that bis-azo dye congo red exhibited a rate constant
almost half of methyl orange decolourisation since it was required to reduce two azo
groups per molecule in congo red using the same amount of reducing agent. On the
contrary, less aqueous soluble bis azo dyes Sudan 111 exhibited a higher rate of reductive
decolourisation reaction than mono azo dye methyl red. Methyl red consists of
intramolecular hydrogen bonding between the azo group’s nitrogen and carboxylic acid
group present in its ortho position. Therefore, a decrease in rate of reaction for methyl
red reduction may be due to the intramolecular hydrogen bond, which could restrain
the reactive site of the azo bond from participating in the reaction.33” Comparison
study was conducted for reductive decolourisation of azo dyes such as methyl orange,
congo red, methyl red and Sudan Ill with previous literature reports on catalytic
reduction/decolourisation of corresponding dyes using NaBH4 reductant (see Table
6.3.).%8-%5 Comparing concentration and volume of azo dyes and reductant used, with

other works in literature, the present study was noted to utilize a very minimum amount
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of catalyst concentration (0.04 mg/mL in 2 mL initial azo dye solution taken). The rate
constants and activity factor measured on the reduction of each azo dye were found as
very competent with other literature reports. Among the rate constants obtained in the
present study, the reduction of water-soluble mono azo dye methyl orange using TNC
catalyst was found to have the highest value. The aqueous insoluble azo dyes were
reduced in the ethanol-water mixture, which is also a remarkable green solvent mixture

for the sodium borohydride reduction.

6.3.6. Kinetics of catalytic reduction of azobenzene, recyclability studies and

mechanism

Catalytic reduction of azobenzene was conducted using nanocatalysts concentration
BNC-0.04 and TNC-0.04 with the reducing agent NaBH4 in ethanol-water mixture. The
visible colour change was not observable for azobenzene reduction in the low
concentration (1x10 M) under study. UV-vis absorption spectroscopy was used to
analyse the rate of reduction of azobenzene using the BNC and TNC catalyst system
(see Figure 6.11. A and C). Azobenzene solution (1x10* M, 50 mL) was prepared in
33% ethanol solution in water. The reduction reaction was completed in ~ 240 s and ~
120 s using BNC-0.04 catalyst and TNC-0.04 catalyst, respectively, by treating with
the same volume of 1x10"? M NaBH.. Kinetic analysis was further carried out using
linear regression fit of the graph plotted for In (A/Ao) against the progress of the reaction
(see Figure 6.11 B and D). The reaction rate constant and corresponding activity factor
using BNC-0.04 nanocatalyst was 1.025 x10?s* and 128.13 st g'* and for TNC-0.04
nanocatalyst, it was 2.586x107" s and 3232.50 s?g™l respectively. Therefore, the
ternary nanocomposite exhibited a higher rate constant than the binary nanocatalyst for
azobenzene reduction. Large-scale reduction of azobenzene was achieved as a model
reaction to azo compounds, by taking azobenzene (0.10 g, 0.027 M, 25 mL) and on
treatment with NaBHa solution (2.027 M, 25 mL) in the presence of BNC-0.18 (see
Figure 6.11. C). The progress of the reaction was monitored as a gradual change of the
reddish orange colour of azobenzene solution to the colourless product. The completion
of the reaction was monitored as the time at which reaction mixture get decolourised.
The completion of the reaction for the large-scale reduction was accomplished within
a short reaction time of 15 minutes, which promises the future utilisation of a catalyst

for industrial-scale running of reductive decolourisation of azo compounds.
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Figure 6.11. UV-vis absorption spectra of catalytic reduction of azobenzene using
BNC-0.04 (A) catalyst and TNC-0.04 (C) in different time intervals. Linear relationship
plot of In (A/Ao) against time for reduction of azobenzene using catalyst BNC-0.04 (B)
catalyst and TNC-0.04 (D). Large scale reduction of azobenzene (E)

The recycling studies of the nanocatalysts TNC and BNC were carried out, and
catalytic efficiency in the recycling process was recorded via UV-vis absorption spectra
(see Figure 6.12.). Conversion percentage of azobenzene reduction product was
calculated using UV-vis spectra. BNC was recycled and analysed for five consecutive
cycles and TNC for six consecutive cycles by fixing the reaction time as 10 min for
each cycle. Here catalyst was recovered by centrifugation and reused for the next
catalytic cycle after washing with water. BNC has shown catalytic conversion of 70.78

% in the 5" catalytic cycle, whereas TNC has shown 83.63 % conversion in the 6" cycle
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in identical conditions. Catalytic conversion (%) for successive cycles indicated better
TNC efficiency than BNC for higher catalytical cycles. The conversion (%) obtained
from the UV-vis absorbance spectroscopy have revealed that nanocatalyst TNC
activates the reaction comparably greater than BNC in multiple cycles. Nanocatalysts
were recovered from the reaction mixture via centrifugation and washing before

subsequent uses.
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Figure 6.12. Catalytic conversion percentage of BNC-0.04 (A) and TNC-0.04 (B) in
successive catalytic cycles of azobenzene reduction.

The reaction product(s) obtained after large-scale catalytic reduction of
azobenzene was isolated by ether extraction. The product obtained was a colourless
solid that turned pale yellow with time. Mechanistic investigation of isolated product
was carried out using *H NMR spectroscopy and high-resolution mass spectroscopy.
Expected products of azobenzene reduction are hydrazobenzene, aniline, or both.
Hydrazobenzene is formed due to the chemoselective hydrogenation of azobenzene,
whereas aniline is the product of uncontrollable hydrogenation of azobenzene. Both
these products individually contribute to different applications having synthetic
importance in organic chemistry. The preparation of selectively formed
hydrazobenzene is synthetically more prominent because of one step economically
viable preparation strategy. The purity of the product and the obtained yield are also

important for consideration. While analysing the isolated product of catalytic reduction
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Figure 6.13. NMR spectra of azobenzene (A) and catalytic reduction product of
azobenzene (B). Photographs of purchased azobenzene (C) and isolated product of

azobenzene after catalytic reduction with BNC-0.18 (D)

of azobenzene, the melting point of the isolated product was determined as 125°C (the
solid started to melt at 122°C and melted completely at 125°C), which is comparable
to the melting point of hydrazobenzene. Product determination was carried out with H*
NMR spectroscopy in dueteriated chloroform. *H NMR spectra of azobenzene (AB)
and reduction product (AB-P) were recorded separately (see Figure 6.13.). 'H NMR
spectra (400 MHz, CHCls, & ppm) of AB was 7.5 (m, 6H) and 7.95 (d, 4H). *H NMR
spectra (400 MHz, CHCl3, 6 ppm) of AB-P were 5.57 (s,2H), 6.85 (d, 6H) and 7.2 (t,
4H). The peak shifts in *H NMR spectra and the corresponding number of hydrogens
for peak intensities of azobenzene reduction product AB-P was observed as that of
hydrazobenzene.*® High-resolution mass spectra of AB-P were recorded to confirm the
formation of hydrazobenzene product.*”*® AB-P exhibited mass spectra peaks having
m/z values 168.06 (highest abundant peak), 185.11 (second highest abundance) and
108.07. The peak at 185.11 can be attributed to protonated hydrazobenzene and further
degradations occur to obtain other peaks at lower m/z values 168.06 and 108.07.
Positions of HR-MS peaks are the same in position as observed for hydrazobenzene in

literature, and this confirmed the formation of 100 % of hydrazobenzene product as a

169



Chapter 6

result of catalytic reduction of azobenzene. Solvents active hydrogen combined with
sodium borohydride liberate hydrogen molecules and reduce the azobenzene reactant
with the help of relay of electrons from NaBHa to reactant moiety through conducting
nanocatalyst. The plausible mechanism of azobenzene reduction using NaBHs as a
reducing agent with TNC or BNC as a catalyst, is illustrated in Figure 6.14. (with
reference to the mechanism proposed for the reduction of nitrophenol discussed in

chapter 5).

Ivent

active

chemo-selective reduction

N
¥

, ) 'N\O
wspersed BNC/TNC Azobenzene Hydrazobenzey

Figure 6.14. Illustration of plausible mechanism for catalytic chemoselective

hydrogenation of azobenzene

Large-scale reduction of azobenzene can be taken as a model reaction for
azocompounds decolourisation study using sodium borohydride reductant and
heterogeneous silver nanocatalysts. Selective hydrogenation of azobenzene to
hydrozobenzene by the utilisation of BNC and similar activity using TNC nanocatalysts
assures the future industrial-scale treatment. The utilisation of a green solvent ethanol-
water mixture to reduce less polar organic azo compounds is attractive factor for
reduction. Kinetic analyses revealed that higher performance using ternary nanocatalyst
TNC than binary nanocatalyst BNC for reductive treatment of azo dyes such as methyl
orange, congo red and the less water-soluble azo dye sudan I1I. Binary nanocatalyst
BNC is more suitable for the reductive treatment of methyl red azo dye (see Figure
6.15)
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Figure 6.15. Outline of reductive treatment of azo compounds carried out in present
study and their advantages.

6.4. Conclusion

Decolourisation of azo dyes by catalytic reduction was carried out with NaBHa
as a reducing agent and in the presence of a dispersed form of the binary nanocatalyst
BNC or the ternary nanocatalyst TNC. Decolourisation of water-soluble azo dyes
methyl orange and congo red was conducted in an aqueous medium and that of less
water soluble azo dyes methyl red and Sudan Il was achieved in a suitable proportion
of ethanol-water green solvent mixture. The rate constants of decolourisation was
obtained for methyl orange, congo red, methyl red and sudan 111 were 1.03 x102s?
5.46 x103s? 9.23 x103s! and 5.47x103s* respectively by using nanocatalyst BNC-
0.04. At the same time, the rate of decolourisation using nanocatalyst TNC-0.04 were
1.00x10 s1, 1.02x102 s, 2.50 x10*“ st and 8.39 x102 s for methyl orange, congo
red, methyl red and Sudan 111 respectively. Chemoselective catalytic reduction of azo
benzene was conducted in 33% ethanol-water mixture with the reducing agent NaBH4
and BNC-0.04 as catalyst. The reduction rate was obtained as 1.025 x10?s™ and the

corresponding activity factor as 128.13 s g 1. The investigation of isolated product was
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conducted with *H NMR spectroscopy and high-resolution mass spectroscopy which

revealed formation of 100% pure and selective product hydrazobenzene. High

concentration reduction of azobenzene was also attained in a very short time of 10

minutes. HRMS fragmentation spectrum of AB-P has observed with the molecular ion

values 168, 185 and 180 as m/z values confirming the formation of hydrazobenzene as

the product in azobenzene reduction.
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Poly(3-thiophene ethanol)-Functionalized MWCNT Nanocomposites

7.1 Introduction

Establishing new supercapacitor electrode materials is an active area of research
for developing energy storage devices.!* Unlike conventional dielectric capacitors,
supercapacitors exhibit sound energy density output, a better life cycle, and good
energy storage capability. Supercapacitors have widespread applications in electric
vehicles, pulse power systems, portable power systems and in renewable energy
devices.>® Therefore, developing efficient supercapacitor materials would provide a
sustainable storage platform for clean energy production, energy storage, and energy
backup systems. High power density, environmental stability, simple operational
mechanism, and recyclability are the significant demands for suitable electrode

materials in supercapacitor devices.>®

Electrical double layer
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Figure 7.1. Schematic representations of three types of capacitance based on energy
storage mechanism: electrical double layer capacitance (a), reversible faradaic

capacitance (b), and reversible intercalation and exfoliation capacitance (c).

Based on the energy storage mechanism, generally, super capacitance can be
classified into three types; electrical double-layer capacitance (EDLC), faradaic
capacitance, and intercalation and exfoliation capacitance (see Figure 7.1.).5%°
Selection of supercapacitor electrode material is an important criterion for generating

robust, sustainable, and durable devices. Carbonaceous materials such as carbon
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nanotubes, graphene, graphite, activated carbon, etc. can act as energy storage materials
with an electric double-layer mechanism. Carbon nanotubes are distinguishable with
their nano or sub-nanometer pores on their one-dimensional nanotubular surface, which
is reasonable for accumulating charges as an electrochemical double-layer
assortment.’%13 Metal oxides, metal hydroxides, and conducting polymers exhibit
pseudocapacitive (sequence of faradaic, intercalation, and electrosorption processes)
behaviour when used as electrode materials in capacitor applications.%21416 Among
these pseudocapacitive materials, conducting polymers are attractive for fabricating

lightweight, flexible, less toxic, metal-free power storage and delivery systems.1?14

<— Carbon nanotubes

._\J\) < Polythiophene chain

L

JU™ -‘J'U‘ " Miscible with
YW\ ./“\\ SAN
AN ~ qi-m interaction
ITO .’m)

Figure 7.2. Literature reports of functionalized conducting polymer-carbon nanotube
nanocomposites: (A) SWCNT-Pyrene*-polythiophene nanocomposite (adapted from
Rahman et al. 2005), (B) polythiophene-graft-poly(methyl methacrylate) (PMMA) as
compatibilizer, for poly(styrene-co-acrylonitrile)/ MWCNT nanocomposites (adapted
from Kim et al. 2005) (C) Single-Stranded DNA-Single-Walled Carbon Nanotube
Hybrid (adapted from Ghosh et al. 2005) and (D) conducting polyfluorene copolymer-
Wrapped Carbon Nanotubes (adapted from Berger et al. 2005).

Polythiophene is an efficient conducting polymer, which is highly desirable for
capacitor functions due to its good energy storage capability, electrochemical and

environmental stability.*”'° Enhancement in charge capacity was observed for ultrathin
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polythiophenes films as it conserves the large surface area and pore space.?’ Combining
electric double-layer capacitive materials with pseudocapacitive polythiophene would
be advantageous for high power density and processability.®?! Systematic studies on
enhancement in capacitive behavior have not much been explored in literature with
solid evidence. Supercapacitor electrodes incorporated with conducting polymer may
have some obstacles due to poor solubility, lack of surface wettability with electrolyte,
and also insufficient conformal coating on other materials.!®?? Polythiophene
derivatives would be more advantageous than unsubstituted polythiophene chains, for
attaining solubility in common solvents and to enhance processability. The drawback
of substituted polythiophenes instead of unsubstituted polythiophene was that their
electrical conductivity and thermal stability might decrease on derivatization. The loss
of conductivity and thermal stability can be maintained or enhanced by merging the
conducting polymer with other suitable matrices to obtain heterostructural materials
such as blends, nanocomposites, nanohybrids, etc.1%18.2324 Some of the literature reports
of functionalized conducting polymer-carbon nanotube nanocomposites that exhibited
superior behaviour than individual components in terms of structure as well as

properties is shown in Figure 7.2.2528

1. EDC

Thiophenyl Monomer
FeCls, CHCI3, CTAB

In-situ oxidative polymerization

Figure 7.3. EDC-coupled 3-thiophene ethanol monomer to functionalized MWCNT and
subsequent in-situ polymerization to prepare nanocomposites(adapted from Harel et
al. 2013).

The formation of conducting polythiophene nanocomposites with carbon
nanotube would be highly promising as supercapacitor electrode materials as it merges

electrical double-layer capacitance characteristics of carbon nanotubes with the
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pseudocapacitive behavior of polythiophene.?®3° Generally, the preparation of
conducting polymer carbon nanotubes nanocomposites can be carried out by three
methods; (i) in-situ polymerization of thiophene/functionalized thiophene monomer in
the presence of CNT matrix, (ii) solution blending (ex-situ route) and (iii) melt mixing
(ex-situ route).313® In-situ polymerization is more suitable for incorporating insoluble
conducting polymers into nanocomposites.®* On the other hand, solution blending is
the strategy for handling soluble forms of conducting polymers toward nanocomposite
formation. Soluble forms of conducting polymers attract excellent research interest in
nanocomposites formation as the solution blending strategy helps to adopt scalable
synthetic procedures with conformally aligned polymer-CNT matrix in
nanocomposites.!®*® Soluble forms of polythiophenes are usually produced by
choosing functionalized monomer of thiophene and modifying it into appropriate
derivatives.®” The functionalized monomer 3-thiophene ethanol is a desirable thiophene
monomer as the ethanolic group could easily accomplish further reactions with reagents
or modify to non-covalent forces.®*° There are many reports on the covalent
modification of 3-thiophene ethanol for solubility enhancement.®3° Harel et al.
reported in-situ polymerization of 3-thiophene ethanol monomer to prepare
nanocomposite with carboxylic acid functionalized carbon nanotube by directly
coupling monomer on CNT surface, without adopting any further modification to the

monomer (see Figure 7.3.).%

In this chapter, we have put forward a facile, simple, and scalable synthetic
procedure for poly(3-thiophene ethanol)- functionalized multiwalled carbon nanotube
nanocomposites preparation. Poly(3-thiophene ethanol) was initially formed by
polymerization of 3-thiophene ethanol monomer using ferric chloride as the oxidant in
the presence of AOT surfactant in a chloroform medium. The obtained polymer was
then transferred to poly(3-thiophene ethanol)-CTAB complex, which was a soluble
complex. Poly(3-thiophene ethanol)-multiwalled carbon nanotubes nanocomposites
were prepared by solution blending method of the polymer-CTAB complex with
dispersed state of MWCNT-COOH. Polymerization was characterized by FT-IR and
MALDI-TOF analysis. Poly(3-thiophene ethanol)-CTAB complex formation was
studied with fourier transform infrared spectroscopy and matrix-assisted laser
desorption/ionization. Other instrumental analyses such as UV-vis spectroscopy,
powder X-ray diffraction, surface morphology, electrical conductivity, and thermal
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stability have also been carried out for polymer and polymer-MWCNT-COOH
nanocomposites. Capacitance studies of nanocomposites were conducted using cyclic

voltammetry and galvanostatic charge-discharge analyses.
7.2. Experimental

7.2.1. Materials and reagents used: 3-Thiophene ethanol, multiwalled carbon
nanotubes (MWCNT), AOT, and ferric chloride were purchased from Sigma Aldrich.
Cetyl trimethyl ammonium bromide, sodium hydroxide, nitric acid, chloroform, diethyl

ether, acetone and deionized water were purchased from Merck chemicals.

7.2.2. Measurements and instruments: Fourier transform-infrared spectra of the
samples were recorded by Shimadzu IR Affinity 1 spectrometer using the KBr pellet
method. UV-vis spectra of the samples were recorded by Shimadzu UV-Visible
spectrophotometer, UV 1800 series, in the range 200-800 nm with HPLC grade
chloroform and ethanol. The powder wide-angle X-ray diffraction of the samples was
measured using PANALYTICAL, Aeris research with 20 values ranging from 10 to
80°. FE-SEM images were recorded by ZEISS XIGMA™ field emission scanning
electron microscope (FE-SEM). MALDI-TOF analysis was conducted with Bruker
Autoflex max LRF MALDI-TOF mass spectrometer. Thermogravimetric analysis
(TGA) of the samples was measured using Perkin Elmer, Diamond TG/DTA in an inert
atmosphere of nitrogen at a heating rate of 20°C/min. The four probe electrical
conductivity of the samples was measured using DFP-RM-200 with constant current
source Model CCS-01 and DC microvoltmeter. Electrochemical studies were carried
out with BioLogic VSP electrochemical workstation unit.

7.2.3 Synthesis of PTE: Monomer (3-thiophene ethanol) (0.5 mL, 4.68 mmol) and
surfactant AOT (0.22 g, 0.19 mmol) was dissolved in chloroform (10 mL) and sonicated
for 5 min. A dispersed form of FeCls (1.06 g, 6.55 mmol) in 5 mL chloroform was
added drop by drop to the AOT-thiophene micellar complex mixture and sonicated for
15 min. Subsequently, the reaction mixture was magnetically stirred for 3 h. The
polymer thus obtained was filtered and washed using water and acetone. The polymer

was then dried in a vacuum oven at 60°C for 3h. Yield: 0.110 g.

7.2.4 Preparation of PTE-CTAB complex: PTE (10 mg) was added into 10 mL
dimethyl sulfoxide (DMSQO) and taken in a 50 mL RB flask. The mixture was sonicated
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for 5 min. Sodium hydroxide (0.0032 g, 0.0792 mmol) was added and magnetically
stirred for 5 min. CTAB (0.0289 g, 0.0792 mmol) was then added to the mixture and

magnetically stirred for 5 days.

7.2.5 Preparation of PTECNT COOH-10: MWCNT-COOH (0.010 g) dispersed in
DMSO (5 mL) was added to the prepared PTE-CTAB complex mixture and sonicated
for 15 min. This was then magnetically stirred for 1 h. Double distilled water (100 mL)
was then added to it and the resultant product was allowed to precipitate. The powder
obtained was then filtered and washed with water. This was then dried in vacuum oven
at 80°C for 3 h. Yield: 0.016 g.

PTECNT-COOH 15 and PTECNT-COOH 20 were prepared by changing the
amount of MWCNT-COOH added as 15 mg and 20 mg respectively using same
procedure (see Table 7.1.).

7.2.6. Electrochemical characterization: Electrochemical measurements were
carried out via PTE, MWCNT-COOH and PTECNT-COOH nanocomposites coated on
glassy carbon electrode as working electrode, platinum electrode as counter electrode
and Ag/AgCl electrode as reference electrode, respectively. Samples were dispersed in
ethanol solvent and drop cast into the working electrode without adding any additives
or binders. The drop casted samples were dried with air blower. The film coating thus
formed was subjected to electrochemical analyses such as cyclic voltammetry and
galvanostatic charge-discharge analysis. Cyclic voltammograms were recorded in
different scan rates (10 mV/s, 20 mV/s, 50 mV/s, 100 mV/s and 200 mV/s) and using
different electrolytes (1M HCI, 1M H2SO4, 1M KOH and 1M Na2SOs). Galvanostatic
charge-discharge studies of PTECNT-COOH 20 with different current densities (0.3
mA/g, 0.6 mA/g and 1.0 mA/g) were carried out in 1M H>SO4 electrolyte. The cycling
stability of cyclic voltammogram of PTECNT-COOH 20 was also determined for 1000
cycles.

7.3. Results and discussion

7.3.1. Preparation of poly(3-thiophene ethanol) (PTE) and PTECNT-COOH

nanocomposites

Synthesis of poly(3-thiophene ethanol) was carried out via oxidative

chemical polymerization of 3-thiophene ethanol (TE) monomer using ferric chloride as
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Step 1: polymerization of 3-thiophene ethanol
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Figure 7.4. Schematic representation of synthesis of PTE-CTAB complex.

the oxidant in the presence of surfactant sodium bis (2-ethyl hexyl) sulfosuccinate
(AOT) in chloroform medium (see Figure 7.4.). The obtained polymer was then
sonicated with NaOH in DMSO solvent, resulting in corresponding sodium salt
formation. Afterward, the cationic surfactant cetyl trimethyl ammonium bromide
(CTAB) was added, sonicated for 15 min, and magnetically stirred for five days. A
bright orange-coloured soluble polymer-CTAB complex was thus obtained. A
dispersed form of functionalized MWCNT-COOH in DMSO was added slowly to the
polymer-CTAB complex. It was then sonicated for 15 min and magnetically stirred for
one hour, which resulted in nanocomposite formation (see Figure 7.5. and Table 7.1.).
In the formation of the polymer-CTAB complex, the first stage was the generation of
the sodium salt of the ethoxide side chain of thiophene units on the addition of NaOH.

The salt form of the polymer then slowly underwent complexation with the cationic
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surfactant CTAB on physical agitation. The complex formation of PTE with surfactant
occurred due to non-covalent modification on ethoxide side chains of thiophene sub-
units in the polymerized form. In this work, soluble polyelectrolyte PTE was prepared
using the above mentioned approach which was a less explored way of non-covalent

modification.

~

PTE-CTAB complex

Kol -
MWCNT-COOH
K PTECNT-COOH nanocompositej

Figure 7.5. Synthesis of PTECNT-COOH nanocomposites by solution blending

method.

Table 7.1. PTECNT-COOH samples with the amount of poly(3-thiophene ethanol),
CTAB surfactant, MWCNT-COOH used and yield obtained in preparation

Sample PTE (mg) CTAB MWCNT-COOH (mg) Yield (mg)
(mmol)
PTECNT-COOH 10 10 0.0792 10 16
PTECNT-COOH 15 10 0.0792 15 28
PTECNT-COOH 20 10 0.0792 20 36

7.3.2. Characterization of PTE and PTECNT-COOH nanocomposites

The formation of polymer (PTE), PTE-CTAB complex and nanocomposites
(PTECNT-COOH 10, PTECNT-COOH 15 and PTECNT-COOH 20) were
characterized using fourier transform infrared spectra (see Figure 7.6.). PTE shown
characteristic peaks at 813 cm™, 1022 cm™, 1722 cm™, 2852 cm™* and 3000-3700 cm*
indicating C-S stretching vibration, C-O stretching vibration of the ethanolic side
chains, stretching vibration of thiophene ring, C-H stretching vibration, and O-H
stretching broad vibrational peak respectively.*>* Complexation of PTE with CTAB
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surfactant was evident from by FTIR analysis. PTE-CTAB complex exhibited peaks at
826 cm™, 1035 cm™, 1624 cm, 2865 cm™ and 3150-3450 cm™. For the complex, the
peak at 1035 cm™ was found to get intensified compared to PTE. This might be due to
the involvement of C-N stretching vibrations present in the CTAB surfactant. A visible
shift was observed for IR frequency peak at 1722 cm™ (in PTE) to 1624 cm® (in PTE-
CTAB complex) due to the free stretching vibration of thiophene rings on
complexation.*** PTE-CTAB complex exhibited O-H stretching vibration peak arising
from the remaining alcoholic groups, which did not participate in complexation.
PTECNT-COOH nanocomposites exhibited major peaks at 1035 cm™, 1524 cm™, 1624
cm™, 2852 cm™ and 3000-3650 cm™ attributing to C-O stretching vibration from the
side chain, aromatic stretching from carbon nanotubes, thiophene ring stretching
vibrations, C-H stretching vibration from 3-thiophene ethanol moiety and O-H
stretching vibration from polymer side chain respectively.*>4+4® Involvement of peaks
from the PTE-CTAB complex and MWCNT-COOH in the FT-IR spectra of PTECNT-

COOH composites pointed out the effective formation of composites.

C-Sp.
! c'o ’\,',PTE |

MWCNT-COOH

TECNT-COOH 10

% Transmittance (a.u.)

\\____M PTECNT-COOH 20 ]

! I ! | ! ! ! I ! !
600 1200 1800 2400 3000 3600
-1
Wavenumber (cm )
Figure 7.6. FT-IR spectra of PTE, PTE-CTAB complex, MWCNT-COOH, PTECNT-
COOH 10, PTECNT-COOH 15 and PTECNT-COOH 20.
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Solid-state ordering of polymer nanocomposites were analyzed using powder
X-ray diffraction. X-ray diffractograms of PTE, PTE-CTAB complex, PTECNT-
COOH 10, and PTECNT-COOH 15 were recorded (see Figure 7.7.). PTE exhibited a
broad, amorphous peak ranging from 20 value 10-32°.4” PTE-CTAB complex in which
the amorphous peak was changed to partially crystalline with many smaller sharp peaks
in it, indicates the formation of short-range ordering in the complexed form of PTE with
CTAB. PTECNT-COOH 10 and PTECNT-COOH 15 in which the peak corresponding
to (002) plane of multiwalled carbon nanotubes at (26=26°) was partially merged with
the semi-crystalline peak of PTE-CTAB complex (see Figure 7.7. inset also).*8
Presence of diffraction patterns of individual components (PTE and MWCNT-COOH)
in X-ray diffractograms of PTECNT-COOH composites confirmed the effective

formation of nanocomposites.
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Figure 7.7. Wide angle X-ray diffractograms of PTE, PTE-CTAB complex, PTECNT-
COOH 10, PTECNT-COOH 15 and MWCNT-COOH (inset).
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7.3.3. Morphological and dispersion studies of polymer and PTECNT-COOH

nanocomposites

Surface morphologies of PTE, MWCNT-COOH, and PTECNT-COOH
nanocomposites were carried out using field emission scanning electron microscopy
(see Figure 7.8.). Scanning electron microscopic images of PTE appeared as a
continuous bulk mass of polymer with some microcavity structures observed in certain
areas. Image of one such microcavity is magnified in Figure 7.8. (inset) and some other
microcavities are marked using yellow dotted circles in Figure 7.8. The cavities are
shaped nearly as flower bud and these voids might be formed as the effect of AOT
surfactant self-assembly during the polymerization. FE-SEM image of MWCNT-
COOH has nanotubular morphology with an outer diameter of ~9+3 nm. The
morphology of nanocomposites was also found in one-dimensional nanotubes. It was
clear from FE-SEM images of composites that no bulk polymer mass was found in the
phase-separated form in between the nanotube framework. The outer diameter of
nanocomposites with nanotubular structure was observed as ~25+5 nm, which is larger
than that of functionalized MWCNT-COOH, indicating the effective wrapping of

poly(3-thiophene ethanol)-CTAB complex on the outer surface of carbon nanotubes.

Figure 7.8. Field emission scanning electron microscopic images of (a) PTE, (b)
MWCNT-COOH, (c) PTECNT-COOH 10 and (d) PTECNT-COOH 15.
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Figure 7.9. UV-vis absorption spectra of PTE and PTE-CTAB complex.

The polymer (PTE) exhibited partial solubility in weakly polar organic solvents
such as DMSO and NMP (see the photographs in Figure 7.9.). Sonication of polymer
with NaOH followed by magnetic stirring with cationic surfactant CTAB resulted in
the formation of bright orange-coloured complex (PTE-CTAB complex). Absorption
studies of polymer PTE and PTE-CTAB complex were carried out with UV-vis spectra
(see Figure 7.9.). PTE exhibited a peak with an absorption maximum at 420 nm
corresponding to polaron-rt* transition in polythiophene conjugated chain. For PTE-
CTAB complex showed a red shift with broader peak with Amax 0f 461 nm. The intensity
was increased due to the better solubility of the polymer complex in DMSO. The red
shift was observed because of the increased extended conjugation of the polythiophene
backbone. Complexation of poly(3-thiophene ethanol) with cationic quaternary
ammonium surfactant CTAB plausibly released the coiled nature of polymeric chains
into a partial rod-like form. This moderate straightening effect might decrease the
rotational defects present in PTE chain previously disordered amorphous coiled
structure. Insertion of long CTAB chains on polymer creates a sidewise overlap around
the polymer, thus restricting the free rotation of polymeric chains to form a coiled
structure but promoting partial planarized conformations. As a result, the perturbation
in the effective backbone conjugation of polythiophene chains gets decreased and the
torsional angles get lessened with a partial straightening effect.*44%-5! The complex was

then subjected to nanocomposites formation with acid functionalized multiwalled
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carbon nanotubes (MWCNT-COOH). Nanocomposites thus prepared resulted in stable
dispersions in partially polar solvents such as ethanol, DMSO, and NMP (see Figure
7.10. A). UV-vis absorption spectra of PTECNT-COOH 10, PTECNT-COOH 15, and
PTECNT-COOH 20 were recorded in the solvent ethanol (see Figure 7.10 B). The
absorption peak arising from the aromatic n-n* transition (Amax= 280 nm) of MWCNT-
COOH is in the well-resolved in the UV-vis absorption spectra of nanocomposites. The
n-polaron absorption of the polythiophene backbone is observed as an unresolved tail
in longer wavelengths continuous with the absorption peak of carbon nanotubes.
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Figure 7.10 UV-visible spectra of PTECNT-COOH 10, PTECNT-COOH 15 and
PTECNT-COOH 20 in ethanol and DMSO (A) and Dispersions of PTECNT-10,
PTECNT-15 and PTECNT-20 in ethanol (B).

Poly(3-thiophene ethanol) complex, effectively wrapped on MWCNT-COOH
producing well-defined nanotubular morphology (clearly evident from FE-SEM images
of PTECNT-COOH nanocomposites). The average molecular mass of the PTE-CTAB
complex obtained from MALDI TOF analysis was 4312.35 g/mol. Preparation of
soluble form of poly(3-thiophene ethanol) complex with CTAB surfactant in DMSO
helped to utilise the post polymerization preparation of nanocomposite via simple
physical blending approach. Sonicated MWCNT-COOH in DMSO acted as stable
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dispersion to accommodate complexed polythiophene chains on it via pi-stacking and
wraping interaction. Partial uncoiling of PTE chains by complexation eases the
association with MWCNT-COOH and their stacked arrangement on carbon nanotubes
framework. Thereby polymer got effectively wrapped on carbon nanotubes (the outer
radius of PTECNT-COOH was measured to be higher than that of MWCNT-COOH).
Pristine carbon nanotubes are characterized by their agglomeration tendency due to
their inherent bundling nature. The long hydrophobic alkyl chains orienting outside the
tubular framework of nanocomposites restrict interchain aggregation (see Figure
7.11.). This might create the well-separated tubular morphology of the nanocomposites
as seen in FE-SEM images.

/ ‘/ FeCl;, AOT, CHCl,

.2 :) % Partially soluble polymer in DMSO

3-thiophene ethanol NaOH, DMSO f\-[\
Polymer side chain

surfactant interaction

Soluble polymer-CTAB complex

Polymer complex wrapped multiwalled
carbon nanotubes

% 3-thiophene ethanol (\P CTAB surfactant

@ \vwenT-cooH ‘2 3-thiophene ethanoate

Figure 7.11. Formation mechanism of PTECNT-COOH nanocomposites.

7.3.4. Thermal stability and electrical conductivity of PTECNT-COOH

nanocomposites

Thermogravimetric analyses were conducted to compare the thermal stability of
PTE and PTECNT-COOH nanocomposites prepared (see Figure 7.12.). The thermal
profile of PTE exhibited two stages of weight loss; the first stage corresponds to the
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decomposition of the side chain and the second stage is attributed to polythiophene
backbone cleavage.’? PTECNT-COOH nanocomposites exhibited comparably very
high thermal stability than the corresponding polymer. In the initial stage of degradation
up to 200°C, PTECNT-COOH composites exhibited only 5% weight loss and PTE
showed 10 % weight loss. Further polymer undergo 30%, weight loss upto 300°C as
observed in the TGA curve . The thermal profile of PTECNT-COOHSs was well above
that of PTE, indicating less weight loss occurred in the composites particularly up to
300°C, due to the effective interfacial interaction between polymer and carbon
nanotubes. PTECNT-COOH nanocomposites exhibited only 25% weight loss at 700°
C indicating the high thermal stability.
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Figure 7.12. Thermal stability of PTE, PTECNT-COOH 10, PTECNT-COOH 15 and
PTECNT-COOH 20.

The electrical conductivity of PTE, PTECNT-COOH 15, PTECNT-COOH 20
and MWCNT-COOH was measured using four probe electrical conductivity meter (see
Figure 7.13.). PTE, PTECNT-COOH 15, PTECNT-COOH 20, and MWCNT-COOH
exhibited electrical conductivity of 2.21x108, 8.33x107, 3.31x10%, and 2.89 S/cm
respectively. Poly(3-thiophene ethanol) exhibited very low conductivity compared to
unsubstituted polythiophene PT-25 (reported in chapter 2). Incorporating alkyl
functional groups with saturated bonds might decrease the conductivity of substituted
conducting polymer poly(3-thiophene ethanol). The electrical conductivity of

PTECNT-COOH nanocomposites were observed greater than 107 orders than that of
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PTE. The less conducting PTE composition in the PTECNT-COOH nanocomposites
(ie, between 40 % to 50 %), exhibited a hike in conductivity in the polymer-wrapped
state on carbon nanotubes. The hike in conductivity might be due to the strong
interfacial interaction between polymer and carbon nanotubes through non-bonded
interaction between the partially straightened aromatic conjugated backbones of
polymer complex and carbon nanotubes.
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Figure 7.13. Four probe electrical conductivity of PTE, PTECNT-COOH 15, PTECNT-
COOH 20 and MWCNT-COOH.

7.3.5. Electrochemical characterisation of PTECNT-COOH nanocomposites

The electrochemical performance of PTE, PTECNT-COOH 10, PTECNT-
COOH 15, and PTECNT-COOH 20 were analyzed by cyclic voltammetry and
galvanostatic-charge-discharge analysis with a three-electrode configuration (see
Figure 7.14.). The electrochemical cell consists of a modified glassy carbon electrode
as working electrode, a platinum electrode as counter electrode and an Ag/AgCl
electrode as the reference electrode. The working electrode was prepared by drop
casting ethanol solution of samples on glassy carbon electrode and dried with air blow
method. A less resolved peak was observed on the cyclic voltammogram of PTE,
indicates that both ionic diffusion and the faradaic process influence the
electrochemical performance.*®>5% PTE exhibited nearly willow-shaped CV curves

with a faradaic peak. However, a different quasi-rectangular shape of CV curves of the
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PTECNT-COOHs indicated the significant contribution from the MWCNT-COOH
component to the electrochemical performance of nanocomposites. Carbon nanotubes
exhibit electrical double-layer capacitance from the non-faradaic ionic diffusion
process, and corresponding CV curves appear nearly rectangular.2-°354 In effect of both
faradaic and non-faradaic processes on the PTECNT nanocomposites, the modified
glassy carbon electrode was thus found to exhibit pseudocapacitive behaviour.
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Figure 7.14. Cyclic voltammogram of PTE (a), PTECNT-COOH 10 (b), PTECNT-
COOH 15 (c) and PTECNT-COOH 20 (d) in 1M HCI electrolyte.

The cyclic voltammetry investigation of PTE, PTECNT-COOH 10, PTECNT-
COOH 15, and PTECNT-COOH 20 were carried out in 1 M HCI electrolyte over the
potential range of 0 to 0.6 V. The study was carried out for different scan rates, such as
10 mV/s, 20 mV/s, 50 mV/s, 100 mV/s, and 200 mV/s. By comparing the CV curves
of PTECNT nanocomposites, the most effective composition was taken as PTECNT-
COOH 20 (nanocomposite obtained by adding 20 mg of MWCNT-COOH) which
exhibited largest integral area and the highest specific capacitance. Specific capacitance

of samples was quantified using the formula

[1av

Csp = S meSRAV-
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where ‘I’ is the current density, “V’ is the potential window, m is the mass of material
coated on glassy carbon electrode and ‘SR’ is the scan rate. [IdV is obtained as integral
area of CV curves.?®*® Specific capacitance (Csp) obtained with the samples PTE,
PTECNT-COOH 10, PTECNT-COOH 15, and PTECNT-COOH 20 for 10 mV/s were
1.53 F/g, 36.71 F/g, 68.88 F/g, and 90.61 F/g respectively (see Figure 7.14.). The
specific capacitance of samples was observed to increase with an increase in scan rate,
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Figure 7.15. Cyclic voltammogram of PTECNT-COOH 20 for different scan rates in
the electrolytes 1M HCI (a), 1M H2S04 (b), 1M KOH (c) and 1M Na2SOs (d).

indicating the improvement in ionic diffusion. The diffusion kinetics was observed near
the diffusion layer and it become more dynamic, thereby giving higher flux towards
electrodes and a higher magnitude of the current. Specific capacitance obtained for PTE
was found as comparably very small due to less availability of ion-accessible active
sites due to its micro-bulk mass structure. However, the nanotubular network structure
of PTECNT nanocomposites could provide a sufficient area of active sites to exhibit

good electrochemical performance.
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Figure 7.16. Galvanostatic charge-discharge profile of PTECNT-COOH 20 in 1M

H>SOs electrolyte (a) and Cycling stability study (cyclic voltammetry) of PTECNT-

COOH 20 in 1M H2SOq4 electrolyte up to 1000 cycles (b).

The cyclic voltammograms of PTECNT-COOH 20 were recorded for different
electrolyte solutions pocessing different combinations of positive and negative ions.
The electrolyte concentrations such as 1M HCI, 1M H,SO4, 1M KOH, and 1M Na>SO4
were used as aqueous solutions (see Figure 7.15.). The highest integral area is obtained
for the scan rate 10 mV/s in all the samples and corresponding specific capacitance
obtained in 1M HCI, 1M H2SO4, 1M KOH, and 1M NaxSO4 electrolytes are 90.61 F/g,
123.66 F/g, 13.28 F/g, and 38.13 F/g respectively. Among different aqueous
electrolytes used, acidic electrolytes (1M H2SO4 and 1 M HCI) have given higher values
of specific capacitance. Dibasic H2SOs exhibited the highest electrochemical
performance having Csp 123.66 F/g. The charging-discharging analysis of PTECNT-
COOH 20 nanocomposites was explored with the GCD (Galvanostatic charge-
discharge) characteristic profile at different current densities such as 0.3 mA/g, 0.6
mA/g and 1.0 mA/g (see Figure 7.16. (a)). Specific capacitance is measured using the

formula,

It

Csp = — s (2)

Where ‘I’ is the current density, ‘t’ is the discharge time, ‘m’ is the mass of the sample
used and ‘AV” is the potential window.?*>>” The highest Csp obtained was 180 F/g for 10
mA or 0.3 A/g current density. Comparing the involvement of positive and negative
ions to vary specific capacitance of PTECNT-COOH 20, the presence of positive
hydrogen ions in electrolytes enhanced the specific capacitance to the higher range. In

contrast, other cationic species, such as Na* and K" had an insignificant impact on
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nanocomposite electrochemical performance, which is significant from the difference
obtained for Csp values of PTECNT-COOH 20 in two different but same anion-bearing
electrolytes 1M H>SOsand 1M NaxSO4. The GCD profile in which deviation of shape
from perfect triangular form indicates appreciable pseudo capacitance functioning from
conducting polymer wrapping.®” Comparison of charging and discharging in GCD
profiles revealed a higher current density of 1.0 mA/g, at which discharging time
increases appreciably than charging time. The difference between charging and
discharging time is not appreciable at lower current densities. A longer discharging time
observed in PTECNT-COOH 20 nanocomposites indicates the more charge storage
capability of the PTECNT-COOH-modified glassy carbon electrode.” Other
quantitative measurements, such as energy density and power density, were also

quantified. Energy density was calculated using the equation,

cv?
8x*3.6

Energy density =

Where ‘C’ is the specific capacitance in F/g and ‘V’ is the potential window in volts.

Then power density was also calculated using the equation,

E
Power density — A_t ........................... (3)'

Where E is the energy density and At is the time.>” Energy density was obtained as 1.6
Wh/Kg and power density as 19.19 W/Kg. Both energy and power density met
moderately good performance for supercapacitors along with its high specific
capacitance of 128 F/g. The electrochemical stability of PTECNT-COOH 20
nanocomposite electrode was analyzed with cyclic voltammetry in the scan rate of 200
mV/s for the continuous 1000 cycles (see Figure 7.16. (b)). The specific capacitance
of 99 % was found to be retained even after 1000 cycles. Supercapacitors with high
cycling stability are challenging to generate the long-term output from the electrode
materials.%®°° Preparation of electrodes by coating as a film without adding additives
or binders is another good advantage in a capacitor's economic and efficiency aspects.®
In essence, we have put forward a facile physical blending approach for thermally stable
and conducting nanocomposites preparation. The composite was effectively

demonstrated for applying easily fabricated, moderately good capacitive, energy
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efficient, competent power generating and a long-lasting supercapacitor (see Figure
7.17).

Advantages of PTECNT nanocomposites

) Y Prepared by easy and scalable solution blending approach
MWCNT-COOH in Polymer wrapped nanotubular morphology for PTECNTs
High thermal stability
Electrical conductivity increase of 700 times compared to polymer alone
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Binder and additives free electrodes
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Figure 7.17. lllustration of advantageous outputs of PTECNT-COOH nanocomposites

preparation and its supercapacitor application.
7.4. Conclusion

Poly(3-thiophene ethanol)-functionalized multiwalled carbon nanotube
nanocomposites (PTECNT-COOH) was prepared by scalable and less complicated
physical blending route in DMSO solvent. Poly(3-thiophene ethanol) (PTE) was
initially prepared by oxidative chemical polymerisation using ferric chloride as an
oxidant in the presence of AOT as surfactant in chloroform medium. PTE is then
complexed with cationic surfactant cetyl trimethyl ammonium bromide (CTAB) to
obtain the solubilized form of the polymer PTE-CTAB complex. FT-IR analysis and
powder X-ray diffraction studies confirms the PTECNT-COOH nanocomposites
formation. PTE-CTAB complex exhibited an intensified red shift in absorption spectra,
indicating the conformational change of the polymer backbone, resulting in efficient
conformationaly extended conjugation. PTECNT-COOH composites exhibited stable
dispersion in less polar solvents; especially in ethanol, which helped to record UV-vis
absorption spectra. Morphological analyses using FE-SEM micrographs gave less

agglomerated nanotubular morphology of the nanocomposites. PTECNT-COOH
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composites maintained high thermal stability and good electrical conductivity.

Additives and binders free preparation of film coating of PTECNT-COOH with green

solvent ethanol was achieved for electrochemical characterization. The electrochemical

study shows the applicability of PTECNT-COOH nanocomposites as efficient

supercapacitor electrode material having a moderately good specific capacitance of 128

F/g with efficient energy density, power output and long-time cycling stability.

References

10.

11.

12.

Avasthi, P.; Kumar, A.; Balakrishnan, V. Aligned CNT Forests on Stainless Steel Mesh
for Flexible Supercapacitor Electrode with High Capacitance and Power Density. ACS
Appl. Nano Mater. 2019, 2 (3), 1484-1495. https://doi.org/10.1021/acsanm.8b02355.
Kumar, S.; Saeed, G.; Zhu, L.; Hui, K. N.; Kim, N. H.; Lee, J. H. 0D to 3D Carbon-Based
Networks Combined with Pseudocapacitive Electrode Material for High Energy Density
Supercapacitor: A Review. Chem. Eng. J. 2021, 403.
https://doi.org/10.1016/j.cej.2020.126352.

Han, J.; Wang, S.; Zhu, S.; Huang, C.; Yue, Y.; Mei, C.; Xu, X.; Xia, C. Electrospun Core-
Shell Nanofibrous Membranes with Nanocellulose-Stabilized Carbon Nanotubes for Use
as High-Performance Flexible Supercapacitor Electrodes with Enhanced Water
Resistance, Thermal Stability, and Mechanical Toughness. ACS Appl. Mater. Interfaces
2019, 11 (47), 44624-44635. https://doi.org/10.1021/acsami.9h16458.

Yang, Z.; Tian, J.; Yin, Z.; Cui, C.; Qian, W.; Wei, F. Carbon Nanotube- and Graphene-
Based Nanomaterials and Applications in High-Voltage Supercapacitor: A Review.
Carbon N. Y. 2019, 141, 467-480. https://doi.org/10.1016/j.carbon.2018.10.010.

Aydinli, A.; Yuksel, R.; Unalan, H. E. Vertically Aligned Carbon Nanotube — Polyaniline
Nanocomposite Supercapacitor Electrodes. Int. J. Hydrogen Energy 2018, 43 (40), 18617—
18625. https://doi.org/10.1016/j.ijhydene.2018.05.126.

Saha, S.; Samanta, P.; Murmu, N. C.; Kuila, T. A Review on the Heterostructure
Nanomaterials for Supercapacitor Application. J. Energy Storage 2018, 17, 181-202.
https://doi.org/10.1016/j.est.2018.03.006.

Dhibar, S.; Bhattacharya, P.; Ghosh, D.; Hatui, G.; Das, C. K. Graphene-Single-Walled
Carbon Nanotubes-Poly(3-Methylthiophene) Ternary Nanocomposite for Supercapacitor
Electrode Materials. Ind. Eng. Chem. Res. 2014, 53 (33), 13030-13045.
https://doi.org/10.1021/ie501407k.

Li, Y.; Zhou, M.; Wang, Y.; Pan, Q.; Gong, Q.; Xia, Z.; Li, Y. Remarkably Enhanced
Performances of Novel Polythiophene-Grafting-Graphene Oxide Composite via Long
Alkoxy Linkage for Supercapacitor Application. Carbon N. Y. 2019, 147, 519-531.
https://doi.org/10.1016/j.carbon.2019.03.030.

Ghosh, A.; Lee, Y. H. Carbon-Based Electrochemical Capacitors. ChemSusChem 2012, 5
(3), 480-499. https://doi.org/10.1002/cssc.201100645.

Lokhande, P. E.; Chavan, U. S.; Pandey, A. Materials and Fabrication Methods for
Electrochemical Supercapacitors: Overview. Electrochem. Energy Rev. 2020, 3 (1), 155-
186. https://doi.org/10.1007/s41918-019-00057-z.

Li, L.; Hu, Z. A.; An, N.; Yang, Y. Y.; Li, Z. M.; Wu, H. Y. Facile Synthesis of
MnO2/CNTs Composite for Supercapacitor Electrodes with Long Cycle Stability. J. Phys.
Chem. C 2014, 118 (40), 22865-22872. https://doi.org/10.1021/jp505744p.

Yu, G.; Hu, L.; Liu, N.; Wang, H.; Vosgueritchian, M.; Yang, Y.; Cui, Y.; Bao, Z.
Enhancing the Supercapacitor Performance of Graphene/MnO2 Nanostructured
Electrodes by Conductive Wrapping. Nano Lett. 2011, 11 (10), 4438-4442.
https://doi.org/10.1021/n12026635.

200


https://doi.org/10.1021/acsanm.8b02355
https://doi.org/10.1016/j.cej.2020.126352
https://doi.org/10.1021/acsami.9b16458
https://doi.org/10.1016/j.carbon.2018.10.010
https://doi.org/10.1016/j.ijhydene.2018.05.126
https://doi.org/10.1016/j.est.2018.03.006
https://doi.org/10.1021/ie501407k
https://doi.org/10.1016/j.carbon.2019.03.030
https://doi.org/10.1002/cssc.201100645
https://doi.org/10.1007/s41918-019-00057-z
https://doi.org/10.1021/jp505744p
https://doi.org/10.1021/nl2026635

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Poly(3-thiophene ethanol)-Functionalized MWCNT Nanocomposites

Huang, Y.; Wang, B.; Liu, F.; Liu, H.; Wang, S.; Li, Q.; Cheng, J.; Zhang, L. Fabrication
of Rambutan-like Activated Carbon Sphere/Carbon Nanotubes and Their Application as
Supercapacitors. Energy and Fuels 2021, 35 (9), 8313-8320.
https://doi.org/10.1021/acs.energyfuels.1c00189.

Bryan, A. M.; Santino, L. M.; Lu, Y.; Acharya, S.; D’Arcy, J. M. Conducting Polymers
for Pseudocapacitive Energy Storage. Chem. Mater. 2016, 28 (17), 5989-5998.
https://doi.org/10.1021/acs.chemmater.6b01762.

Faraji, S.; Ani, F. N. Microwave-Assisted Synthesis of Metal Oxide/Hydroxide Composite
Electrodes for High Power Supercapacitors - A Review. J. Power Sources 2014, 263, 338-
360. https://doi.org/10.1016/j.jpowsour.2014.03.144.

Kumar, K. S.; Choudhary, N.; Jung, Y.; Thomas, J. Recent Advances in Two-Dimensional
Nanomaterials for Supercapacitor Electrode Applications. ACS Energy Lett. 2018, 3 (2),
482-495. https://doi.org/10.1021/acsenergylett.7b01169.

So, R. C.; Carreon-Asok, A. C. Molecular Design, Synthetic Strategies, and Applications
of Cationic Polythiophenes. Chem. Rev. 2019, 119 (21), 11442-115009.
https://doi.org/10.1021/acs.chemrev.8b00773.

Kaloni, T. P.; Giesbrecht, P. K.; Schreckenbach, G.; Freund, M. S. Polythiophene: From
Fundamental Perspectives to Applications. Chem. Mater. 2017, 29 (24), 10248-10283.
https://doi.org/10.1021/acs.chemmater.7b03035.

Nejati, S.; Minford, T. E.; Smolin, Y. Y.; Lau, K. K. S. Enhanced Charge Storage of
Ultrathin Polythiophene Films within Porous Nanostructures. ACS Nano 2014, 8 (6),
5413-5422. https://doi.org/10.1021/nn500007c.

Wang, X.; Zhu, Y.; Liu, Z.; Yuan, Y.; Qiu, L. Ultrathin Polythiophene Films Prepared by
Vertical Phase Separation for Highly Stretchable Organic Field-Effect Transistors. Adv.
Electron. Mater. 2021, 7 (11). https://doi.org/10.1002/aelm.202100591.

Devadas, B.; Imae, T. Effect of Carbon Dots on Conducting Polymers for Energy Storage
Applications.  ACS  Sustain. Chem. Eng. 2018, 6 (1), 127-134.
https://doi.org/10.1021/acssuschemeng.7b01858.

Hashempour, M.; Vicenzo, A.; Bahdanchyk, M.; Bestetti, M. Parameters Influencing the
Capacitive Behavior of Carbon Composite Electrodes: Composition, Morphology,
Electrical Conductivity, and Surface Chemistry. J. Solid State Electrochem. 2018, 22 (12),
3895-3911. https://doi.org/10.1007/s10008-018-4095-8.

Alvi, F.; Ram, M. K.; Bashayaka, P. A.; Stefanakos, E.; Goswami, Y.; Kumar, A.
Graphene-Polyethylenedioxythiophene Conducting Polymer Nanocomposite Based
Supercapacitor. Electrochim. Acta 2011, 56 (25), 9406-9412.
https://doi.org/10.1016/j.electacta.2011.08.024.

Poonam; Sharma, K.; Arora, A.; Tripathi, S. K. Review of Supercapacitors: Materials and
Devices. J. Energy Storage 2019, 21, 801-825. https://doi.org/10.1016/j.est.2019.01.010.
Rahman, G. M. A.; Guldi, D. M.; Cagnoli, R.; Mucci, A.; Schenetti, L.; Vaccari, L.; Prato,
M. Combining Single Wall Carbon Nanotubes and Photoactive Polymers for
Photoconversion. J.  Am. Chem. Soc. 2005, 127 (28), 10051-10057.
https://doi.org/10.1021/ja050396k.

Kim, K. H.; Jo, W. H. Synthesis of Polythiophene-graft-PMMA and Its Role as
Compatibilizer for Poly(styrene-co-acrylonitrile)/ MWCNT Nanocomposites,
Macromolecules, 2007, 40 (10), 20189,https://doi.org/10.1021/ma070127.

Ghosh, S.; Patel, N.; Chakrabarti, R. Probing the Salt Concentration Dependent
Nucelobase Distribution in a Single-Stranded DNA-Single-Walled Carbon Nanotube
Hybrid with Molecular Dynamics. J. Phys. Chem. B 2016, 120 (3), 455-466.
https://doi.org/10.1021/acs.jpch.5b12044.

Berger, F. J.; Littgens, J.; Nowack, T.; Kutsch, T.; Lindenthal, S.; Kistner, L.; Miiller, C.
C.; Bongartz, L. M.; Lumsargis, V. A.; Zakharko, Y.; Zaumseil, J. Brightening of Long,
Polymer-Wrapped Carbon Nanotubes by Sp3 Functionalization in Organic Solvents. ACS
Nano 2019, 13 (8), 9259-9269. https://doi.org/10.1021/acsnano.9b03792.

201


https://doi.org/10.1021/acs.energyfuels.1c00189
https://doi.org/10.1021/acs.chemmater.6b01762
https://doi.org/10.1016/j.jpowsour.2014.03.144
https://doi.org/10.1021/acsenergylett.7b01169
https://doi.org/10.1021/acs.chemmater.7b03035
https://doi.org/10.1021/nn500007c
https://doi.org/10.1021/acssuschemeng.7b01858
https://doi.org/10.1016/j.electacta.2011.08.024
https://doi.org/10.1016/j.est.2019.01.010
https://doi.org/10.1021/ja050396k
file:///C:/Users/MY%20BOOK/Downloads/Kim
file:///C:/Users/MY%20BOOK/Downloads/Jo
https://doi.org/10.1021/ma070127
https://doi.org/10.1021/acs.jpcb.5b12044
https://doi.org/10.1021/acsnano.9b03792

Chapter 7

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Wang, J.; Dai, J.; Yarlagadda, T. Carbon Nanotube-Conducting-Polymer Composite
Nanowires. Langmuir 2005, 21 (1), 9-12. https://doi.org/10.1021/1a0475977.

Lota, K.; Khomenko, V.; Frackowiak, E. Capacitance Properties of Poly(3,4-
Ethylenedioxythiophene)/Carbon Nanotubes Composites. J. Phys. Chem. Solids 2004, 65
(2-3), 295-301. https://doi.org/10.1016/j.jpcs.2003.10.051.

Zhan, C.; Yu, G.; Lu, Y.; Wang, L.; Wujcik, E.; Wei, S. Conductive Polymer
Nanocomposites: A Critical Review of Modern Advanced Devices. J. Mater. Chem. C
2017,5 (7), 1569-1585. https://doi.org/10.1039/c6tc04269d.

Cheung, W.; Chiu, P. L.; Parajuli, R. R.; Ma, Y.; Ali, S. R.; He, H. Fabrication of High
Performance Conducting Polymer Nanocomposites for Biosensors and Flexible
Electronics: Summary of the Multiple Roles of DNA Dispersed and Functionalized Single
Walled Carbon Nanotubes. J. Mater. Chem. 2009, 19 (36), 6465-6480.
https://doi.org/10.1039/b823065j.

Zhou, K.; He, Y.; Xu, Q.; Zhang, Q.; Zhou, A.; Lu, Z.; Yang, L. K.; Jiang, Y.; Ge, D.; Liu,
X.Y.; Bai, H. A Hydrogel of Ultrathin Pure Polyaniline Nanofibers: Oxidant-Templating
Preparation and Supercapacitor Application. ACS Nano 2018, 12 (6), 5888-5894.
https://doi.org/10.1021/acsnano.8b02055.

Tang, C.; Chen, N.; Hu, X. Conducting Polymer Nanocomposites: Recent Developments
and Future Prospects. 2017, 1-44. https://doi.org/10.1007/978-3-319-46458-9 1.
Dunlop, M. J.; Bissessur, R. Nanocomposites Based on Graphene Analogous Materials
and Conducting Polymers: A Review. J. Mater. Sci. 2020, 55 (16), 6721-6753.
https://doi.org/10.1007/s10853-020-04479-9.

Yin, S.; Lu, W.; Wu, R, Fan, W.; Guo, C. Y., Chen, G. Poly(34-
Ethylenedioxythiophene)/Te/Single-Walled Carbon Nanotube Composites with High
Thermoelectric Performance Promoted by Electropolymerization. ACS Appl. Mater.
Interfaces 2020, 12 (3), 3547-3553. https://doi.org/10.1021/acsami.9b17947.

Namsheer, K.; Rout, C. S. Conducting Polymers: A Comprehensive Review on Recent
Advances in Synthesis, Properties and Applications. RSC Adv. 2021, 11 (10), 5659-5697.
https://doi.org/10.1039/d0ra07800;.

Tran-Van, F.; Carrier, M.; Chevrot, C. Sulfonated Polythiophene and Poly(3,4-
Ethylenedioxythiophene) Derivatives with Cations Exchange Properties. Synth. Met.
2004, 142 (1-3), 251-258. https://doi.org/10.1016/j.synthmet.2003.09.013.

Ghosh, R.; Chatterjee, D. P.; Das, S.; Mukhopadhyay, T. K.; Datta, A.; Nandi, A. K.
Influence of Hofmeister I- on Tuning Optoelectronic Properties of Ampholytic
Polythiophene by Varying PH and Conjugating with RNA. Langmuir 2017, 33 (44),
12739-12749. https://doi.org/10.1021/acs.langmuir.7b03147.

Das, S.; Chatterjee, D. P.; Ghosh, R.; Nandi, A. K. Water Soluble Polythiophenes:
Preparation and Applications. RSC Adv. 2015, 5 (26), 20160-20177.
https://doi.org/10.1039/c4ral16496b.

Harel, Y.; Azoubel, S.; Magdassi, S.; Lellouche, J. P. A Dispersability Study on
Poly(Thiophen-3-YI-Acetic Acid) and PEDOT Multi-Walled Carbon Nanotube
Composites Using an Analytical Centrifuge. J. Colloid Interface Sci. 2013, 390 (1), 62—
69. https://doi.org/10.1016/j.jcis.2012.09.006.

Zhao, Q.; Li, Y.; Hu, K,; Guo, X.; Qu, Y.; Li, Z; Yang, F.; Liu, H.; Qin, C.; Jing, L.
Controlled Synthesis  of Nitro-Terminated Poly[2-(3-Thienyl)-Ethanol]/g-
C3N4Nanosheet Heterojunctions for Efficient Visible-Light Photocatalytic Hydrogen
Evolution. ACS  Sustain.  Chem. Eng. 2021, 9 (21), 7306-7317.
https://doi.org/10.1021/acssuschemeng.1c01308.

Chéazaro-Ruiz, L. F.; Kellenberger, A.; Jahne, E.; Adler, H. J.; Khandelwal, T.; Dunsch, L.
In Situ ESR-UV-Vis-NIR Spectroelectrochemical Study of the p-Doping of poly [2-(3-
Thienyl)Ethyl Acetate] and Its Hydrolyzed Derivatives. Phys. Chem. Chem. Phys. 2009,
11 (30), 6505-6513. https://doi.org/10.1039/b904529%.

Danesh, C. D.; Starkweather, N. S.; Zhang, S. In Situ Study of Dynamic Conformational
Transitions of a Water-Soluble Poly(3-Hexylthiophene) Derivative by Surfactant

202


https://doi.org/10.1016/j.jpcs.2003.10.051
https://doi.org/10.1039/c6tc04269d
https://doi.org/10.1039/b823065j
https://doi.org/10.1021/acsnano.8b02055
https://doi.org/10.1007/978-3-319-46458-9_1
https://doi.org/10.1007/s10853-020-04479-9
https://doi.org/10.1039/d0ra07800j

45.

46.

47.

48.

49.

50.

51.

52.

53.

o4.

95.

56.

S7.

58.

Poly(3-thiophene ethanol)-Functionalized MWCNT Nanocomposites

Complexation. J. Phys. Chem. B 2012, 116 (42), 12887-12894.
https://doi.org/10.1021/jp307728r.

Su, G.; Yang, C.; Zhu, J. J. Fabrication of Gold Nanorods with Tunable Longitudinal
Surface Plasmon Resonance Peaks by Reductive Dopamine. Langmuir 2015, 31 (2), 817—
823. https://doi.org/10.1021/1a504041f.

Dass, A.; Mulik, S.; Sotiriou-Leventis, C.; Leventis, N. Protection of 2-(3-Thienyl)Ethanol
with  3-Thienylacetic Acid and Hard Cross-Linked Conducting Films by
Electropolymerization of the Ester. Synth. Met. 2006, 156 (14-15), 966-972.
https://doi.org/10.1016/j.synthmet.2006.06.015.

Ohlan, A.; Singh, K.; Chandra, A.; Dhawan, S. K. Microwave Absorption Behavior of
Core?Shell ~ Structured Poly (3,4-Ethylenedioxy  Thiophene)?Barium  Ferrite
Nanocomposites. ACS Appl. Mater. Interfaces 2010, 2 (3), 927-933.
https://doi.org/10.1021/am900893d.

Futaba, D. N.; Yamada, T.; Kobashi, K.; Yumura, M.; Hata, K. Macroscopic Wall Number
Analysis of Single-Walled, Double-Walled, and Few-Walled Carbon Nanotubes by X-Ray
Diffraction. J. Am. Chem. Soc. 2011, 133 (15), 5716-5719.
https://doi.org/10.1021/ja2005994.

Bilger, D.; Sarkar, A.; Danesh, C.; Gopinadhan, M.; Braggin, G.; Figueroa, J.; Pham, T.
V.; Chun, D.; Rao, Y.; Osuji, C. O.; Stefik, M.; Zhang, S. Multi-Scale Assembly of
Polythiophene-Surfactant Supramolecular Complexes for Charge Transport Anisotropy.
Macromolecules 2017, 50 (3), 1047-1055.
https://doi.org/10.1021/acs.macromol.6b02416.

Kerfoot, J.; Beton, P. H.; Svatek, S. A.; Korolkov, V. V.; Taniguchi, T.; Watanabe, K.;
Antolin, E. Fluorescence and Electroluminescence of J-Aggregated Polythiophene
Monolayers on Hexagonal Boron Nitride. ACS Nano 2020, 14 (10), 13886-13893.
https://doi.org/10.1021/acsnano.0c06280.

Sinsinbar, G.; Palaniappan, A.; Yildiz, U. H.; Liedberg, B. A Perspective on
Polythiophenes as Conformation Dependent Optical Reporters for Label-Free
Bioanalytics. ACS Sensors 2022, 7 (3), 686-703.
https://doi.org/10.1021/acssensors.1c02476.

Massoumi, B.; Jaymand, M.; Samadi, R.; Entezami, A. A. In Situ Chemical Oxidative
Graft Polymerization of Thiophene Derivatives from Multi-Walled Carbon Nanotubes. J.
Polym. Res. 2014, 21 (5). https://doi.org/10.1007/s10965-014-0442-3.

Sun, C.; Li, X.; Zhao, J.; Cai, Z.; Ge, F. A Freestanding Polypyrrole Hybrid Electrode
Supported by Conducting Silk Fabric Coated with PEDOT:PSS and MWCNTSs for High-
Performance Supercapacitor. Electrochim. Acta 2019, 317, 42-51.
https://doi.org/10.1016/j.electacta.2019.05.124.

Welzel, H. P.; Kossmehl, G.; Schneider, J.; Plieth, W. Reactive Groups on Polymer-
Covered Electrodes. 2. Functionalized Thiophene Polymers by Electrochemical
Polymerization and Their Application as Polymeric Reagents. Macromolecules 1995, 28
(16), 5575-5580. https://doi.org/10.1021/ma00120a023.

Oraon, R.; De Adhikari, A.; Tiwari, S. K.; Nayak, G. C. Enhanced Specific Capacitance
of Self-Assembled Three-Dimensional Carbon Nanotube/Layered Silicate/Polyaniline
Hybrid Sandwiched Nanocomposite for Supercapacitor Applications. ACS Sustain. Chem.
Eng. 2016, 4 (3), 1392-1403. https://doi.org/acssuschemeng.5b01389.

Jiang, Y.; Liu, J. Definitions of Pseudocapacitive Materials: A Brief Review. Energy
Environ. Mater. 2019, 2 (1), 30-37. https://doi.org/10.1002/eem2.12028.

Alabadi, A.; Razzaque, S.; Dong, Z.; Wang, W.; Tan, B. Graphene Oxide-Polythiophene
Derivative Hybrid Nanosheet for Enhancing Performance of Supercapacitor. J. Power
Sources 2016, 306, 241-247. https://doi.org/10.1016/j.jpowsour.2015.12.028.
Parayangattil Jyothibasu, J.; Chen, M. Z.; Lee, R. H. Polypyrrole/Carbon Nanotube
Freestanding Electrode with Excellent Electrochemical Properties for High-Performance
All-Solid-State  Supercapacitors. ACS Omega 2020, 5 (12), 6441-6451.
https://doi.org/10.1021/acsomega.9b04029.

203


https://doi.org/10.1021/jp307728r
https://doi.org/10.1021/la504041f
https://doi.org/10.1016/j.synthmet.2006.06.015
https://doi.org/10.1021/ja2005994
https://doi.org/10.1021/acs.macromol.6b02416
https://doi.org/10.1021/acsnano.0c06280
https://doi.org/10.1021/acssensors.1c02476
https://doi.org/10.1007/s10965-014-0442-3
https://doi.org/10.1016/j.electacta.2019.05.124
https://doi.org/10.1021/ma00120a023
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=R.++Oraon
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=A.++De+Adhikari
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=S.+K.++Tiwari
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=G.+C.++Nayak
https://doi.org/acssuschemeng.5b01389
https://doi.org/10.1016/j.jpowsour.2015.12.028
https://doi.org/10.1021/acsomega.9b04029

Chapter 7

59.

60.

Parveen, N.; Ansari, M. O.; Cho, M. H. Route to High Surface Area, Mesoporosity of
Polyaniline-Titanium Dioxide Nanocomposites via One Pot Synthesis for Energy Storage
Applications. Ind. Eng. Chem. Res. 2016, 55 (1), 116-124.
https://doi.org/10.1021/acs.iecr.5b02907.

Zhu, G.; He, Z.; Chen, J.; Zhao, J.; Feng, X.; Ma, Y.; Fan, Q.; Wang, L.; Huang, W. Highly
Conductive Three-Dimensional MnO2-Carbon Nanotube-Graphene-Ni Hybrid Foam as a
Binder-Free  Supercapacitor Electrode. Nanoscale 2014, 6 (2), 1079-1085.
https://doi.org/10.1039/c3nr04495e.

204


https://doi.org/10.1021/acs.iecr.5b02907

Chapter 8

Summary and Conclusions

205



Chapter 8

206



Summary and Conclusions

Polythiophene-multiwalled carbon nanotubes nanocomposites are remarkable
in different applications due to their prominent and distinguishable properties. The
conducting polythiophene and its derivatives also acquire special attention due to its
electrical  conductivity, optoelectronic properties, thermal properties, and
biocompatibility. Polythiophene-based carbon nanocomposites are one of the most
demanding research areas for conducting polymer nanocomposites. Synthetic strategies
of polythiophene-carbon nanotube nanocomposites demand facile and productive
approaches, which could form well-structured nanocomposites. A structure-property
relationship can be fine-tuned in well-structured nanocomposites. Therefore, preparing
well-structured nanocomposites to improve physical characteristics is an active area of
research. In this work, a study was conducted based on synthetic approaches,
characterizations and applications of conducting polythiophene-carbon nanotube
nanocomposites. We could also explore and establish new application areas via its
properties. Chapter 1 deals with a literature review of polythiophene-carbon nanotube
nanocomposites and also discusses the synthetic methods for polythiophene-carbon
nanotube nanocomposites formation, keeping an impact on the general and specific

applications based on electrical, thermal, optical, and mechanical properties.

In Chapter 2, polythiophene-carbon nanotube nanocomposites (PTCNTSs) were
prepared by in-situ chemical oxidative polymerization of thiophene with the assistance
of sodium bis(2-ethyl hexyl) sulfosuccinate (AOT) surfactant using FeCls as an oxidant
in the presence of pristine MWCNT in chloroform. A core-shell nano-structure of the
nanocomposites was evidenced in morphological analysis. The influence of surfactant
AOT in the formation of core-shell morphology was recognized. Furthermore, the role
of AOT as a dopant, surfactant and stabilizing agent was established. The prepared
nanocomposites were also characterized by improved electrical conductivity, thermal
stability and dispersibility in chloroform. In Chapter 3, the functionalization of carbon
nanotubes was carried out by treatment with nitric acid. The functionalization of
pristine MWCNT resulted in the formation of highly dispersible carbon nanotubes
named as MWCNT-COOH. Functionalization of carbon nanotubes increases the
processability in synthesizing their nanocomposites with conducting polythiophene,
however with minimum carbon nanotube destruction. Polythiophene-functionalized
carbon nanotube nanocomposites (PTCNT-COOH) were prepared by in-situ chemical
oxidative polymerization of thiophene in the stable dispersion of MWCNT-COOH in
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chloroform using FeCls as oxidant and with the surfactant AOT. The nanocomposites
PTCNT-COOHs were characterized by core-shell morphology with a thicker outer
shell of polythiophene on carbon nanotube. An enhancement in electrical conductivity
and thermal stability was also obtained. The PTCNT-COOH nanocomposites exhibited
stable dispersion in polar and less polar media. The dispersion stability of PTCNT-
COOH and MWCNT-COOH in water is directed to the preparation of higher-order
nanocomposites. In chapter 4, a green synthetic approach could establish to produce
ternary silver nanoparticles embedded polythiophene-functionalized multiwalled
carbon nanotube nanocomposites (PTCNT-COOH 300 Ag) by in-situ chemical
reduction with ascorbic acid (vitamin C) in the presence of stable dispersion of binary
PTCNT-COOH 300 in water. A binary silver nanocomposite MWCNT-COOH Ag was
also prepared using the same synthetic approach. The ternary and binary silver
nanocomposites exhibited excellent dispersion stability in various solvents, superior

electrical conductivity, and high thermal stability.

In chapter 5, the applications of PTCNT-COOH 300 Ag (TNC) and MWCNT-
COOH Ag (BNC) were established (i) as heterogeneous catalysts in nitrophenol
reduction with the reductant NaBHasand (ii) as good antibacterial agents against E. coli
bacteria. An elaborated study of catalytic nitrophenol reduction in different solvents
proved that not only the reductant but also active solvent hydrogens present in solvents
also influence the reduction mechanism. An industrial-scale preparation of
aminophenol from nitrophenol could be demonstrated in a 10% glycerol-water mixture
with a high catalyst activity factor of 936.50 s gX. PTCNT-COOH 300 Ag (TNC)
exhibited prominent antibacterial activity in a water-based nutrient broth with a low
concentration of 10 pg/mL. In Chapter 6, the TNC and BNC as heterogeneous
catalysts were used for decolourisation of water-soluble and insoluble organic azo dyes.
Catalytic decolourisation of water-insoluble azo dyes was effectively carried out in the
ethanol-water mixture as the medium and exhibited high rate constants. The product-
selective catalytic reduction of azobenzene to hydrazobenzene was also carried out with
the BNC nanocatalyst. The large-scale reduction was demonstrated within a short
reaction time of 15 min with a minimum nanocatalyst (0.18 mg/mL) and reductant with

azobenzene-reductant molar ratio of 1:100.
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Summary and Conclusions

In chapter 7, CTAB complexed poly(3-thiophene ethanol)-functionalized
multiwalled carbon nanotube nanocomposites (PTECNT-COOH) were prepared by a
simple solution blending approach. The highly stable dispersion of nanocomposites in
an ethanol medium has an advantage for solution processability. The PTECNT-COOH
nanocomposites have good electrical conductivity and high thermal stability.
Furthermore, electrochemical supercapacitor studies of nanocomposites were
conducted for which modified glassy carbon electrodes could be prepared without
adding additives or binders. The electrochemical performance of nanocomposites
revealed the supercapacitor application of PTECNT-20 with a relatively good specific
capacitance of 128 F/g. In addition, the composite exhibited excellent electrochemical

stability by retaining 99 % capacitance even after 1000 cycles.
Way forward

Facile synthetic strategies would generate promising polythiophene carbon
nanotube nanocomposites in various applications. The unique electrical, optical,
thermal, and mechanical properties accomplished in such nanocomposites could result
in finding suitable nanocomposite applications. We have reported some of these
applications of nanocomposites. Furthermore, the prominent characteristic features of
these reported nanocomposites may be extended to various other fields of application,
including electromagnetic interference shielding, thermoelectric materials, sensor,

photovoltaic applications and magnetism.
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