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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.   

   

  

 

   

 



            Abbreviations 

PT Polythiophene 

CNT 

AOT 

Carbon nanotubes 

Sodium bis(2-ethyl hexyl) sulfosuccinate 

MWCNT Multiwalled carbon nanotube 

MWCNT-COOH Functionalized multiwalled carbon nanotube 

FT-IR Fourier transform infrared  

WXRD Wide angle X-ray diffraction 

EDX Energy dispersive X-ray analysis 

XPS 

SEM 

FE-SEM 

TEM 

TGA  

X-ray photoelectron spectroscopy 

Scanning electron microscopy 

Field emission scanning electron microscopy 

Transmission electron microscopy 

Thermogravimetric analysis 

UV-vis 

Ag NPs 

P-NP 

E. coli 

AB 

Ultraviolet-visible 

Silver nanoparticles 

p-Nitrophenol 

Escherichia coli 

Azobenzene 

HR-MS High resolution mass spectroscopy 

NMR Nuclear magnetic resonance 

PTE Poly(3-thiophene ethanol) 

CV Cyclic voltammetry 

GCD Galvanostatic charge discharge 

  

 

 



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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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.1-4 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.5 Modified properties of components are achieved 

after combining the conjugated polymer with any other organic or inorganic substrate 

in composite form.6,7 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.8,9 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.8-11      

1.2. Polythiophene and its derivatives  

 

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 1.1.12 polythiophene is 

distinguishable from other conducting polymers with its polymeric heterocyclic 

aromatic thiophene ring system existing as extended π-conjugated chains.13,14 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.14-16 

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.16 Polythiophenes might render their individual 

properties also with suitable fillers in the composite form.17  

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.18-26 

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.18 

Pascariu et al. reported electrochemical preparation of polythiophene-nickel 

nanoparticle nanocomposites with good conductivity performance.24 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.25 Another nanocomposite of polythiophene with clay substrate was reported 

by Aradillla and co-workers, who suggested the material for ultracapacitor 

applications.3,26-28  

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.29,30 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-π or π-π interaction or (ii) covalent grafting of polymers on the defective 

sites of carbon nanotubes walls.31-33 Carbon nanotubes also possess a template effect 

for attaching polymers around it; thereby maintaining the nanotubular morphology.23,30 

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.34-36  

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.32 

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.38-41 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 CO2, 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.).39 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.40 

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.14,29,42,43 Transparent thin films are also prepared using 

carbon nanotube nanocomposites.43 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.14,29,42,43 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.42 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.43 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.44-48 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. 44-45 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.44 

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.34,48 

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.).48   

                     

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.42,44,45,49,50 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.49 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.51-55 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. 51-53 

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.51,52 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.52  

1.6.3. Supercapacitor applications 

Incorporating polythiophene with carbon nanotube makes them a suitable 

combination for supercapacitor electrode applications by properly tuning their 

properties.56-60 Carbon nanotubes are promising electrode materials due to their 

structural and electronic properties.57,59 Electrical double-layer formation on the surface 

of carbon nanotubes is due to their capacitance performance known as electrical double 

layer capacitance (EDLC).56-59 Polythiophene exhibits good redox properties with less 

percentage EDLC characteristics and thereby exhibits pseudo capacitance.56,58 Many 

authors have reported polythiophene carbon nanotube nanocomposite based 

supercapacitors with high energy efficiency and good power density.56-60 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.56 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.58 Literature studies 

revealed that many reports of polythiophenes nanocomposites with single and 

multiwalled carbon nanotubes can render good capacitor performance.57  

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.61 

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.62,63 

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.63-66 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.66  

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.33,67-73 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.69 Highest power conversion efficiency in polymer photovoltaic devices is 

achieved with bulk heterojunction (BHJ) materials rather than single component and 

bilayer solar cell materials.33,73 Polythiophene could act as good electron donors in 

combination with suitable electron acceptor materials like C60 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.33 

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 

(ii) 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.33,72,73 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.70 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.67 Another work by Habisreutinger and co-workers 

demonstrated P3HT-wrapped carbon nanotube nanocomposites to enhance the hole 

extraction efficiency of perovskite solar cells.70 Recently, Ahmed et al. reported 

polythiophene carbon nanotube nanocomposites as counter electrodes in dye sensitized 

solar cells.71       

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.74 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.74-76 
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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.76 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.74-76 The switching speed of transistors is directly proportional to field effect 

mobilities (µ) and inversely proportional to channel length (L). Reducing the line width 

between the printed lines increases the transistor efficiency.74 Park and co-workers 

fabricated OTFT electrodes of PEDOT: PSS/CNT having a small 7 µm channel length 

using an electrohydrodynamic jet printing technique. They demonstrated the composite 

with good dimensional stability also.74 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.77 Recently, Kandpal and co-workers 

prepared poly(3-hexyl thiophene) (P3HT): MoS2 : multiwalled carbon nanotube 

nanocomposites and fabricated as an electrochromic diode for rectification application 

by utilizing redox behavior of P3HT.78  

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.79 Efficiency of thermoelectric materials can be determined with good 

figure of merit and power factor.80 Carbon nanotubes are striking as thermoelectric 

materials because of their excellent mechanical strength, high conductivity, thermal 

stability, low toxicity, and lightweight nature.79-84 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.79,81 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.84 Recent reports on polythiophene-carbon nanotube nanocomposites, 

among which Hu and co-workers reported poly(3,4-ethylenedioxy thiophene)/carbon 



Chapter 1 

 

14 
 

nanotube nanocomposites, which exhibited good thermoelectric performance with 

power factor 19.00±1.43 µWm-1K-2.79 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 3.1x10-2 and power factor of 28.8 µWm-1K-2 at 25°C.80 

 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.85 

Ostrovsky et al. reported an innovative auditory neuron multielectrode array interfacing 

using polythiophene carbon nanotube nanocomposites for clinical cochlear implant 

systems.86 Kwon and co-workers reported another application of carbon nanotubes web 

with carboxylated polythiophenes to assist battery electrodes for high performance.87 

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 nanocomposites 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.1-12 

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.11,13-16 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.11,17,18 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.13-21 Different conducting polymers such as 

polyaniline, polypyrrole, polythiophene, polyphenylenevinylene and their derivatives 

were reported as suitable for nanocomposite preparation.22,23 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.22-27 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.28-34 

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.31-40 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.15,41,42 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.43 Chemical 

oxidative polymerization is advantageous for bulk polymer production in a short 

reaction time and with a simple reaction setup.44 Ferric chloride (FeCl3) is the most 

common oxidizing agent used for the oxidative polymerization of thiophene (see 

Figure 2.1. a).41,42,44 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.                    

 

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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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.).35 Conjugated polymers interact with carbon nanotube surfaces via π-

π 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.39 Lin 

and co-workers studied conducting polymers and reported that polymers structurally 

similar to CNT could act as suitable aspirants for surface functionalization.45 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).46 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.47 

       

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.48 Literature studies shows different surfactants to improve the 

disentanglement process of CNT bundles.48-51 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.).51-53 

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 

    

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 (FeCl3). 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.54,55 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 III element 

analyser. Powder X-ray diffraction (P-XRD) analyses of the samples were conducted 
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using PANALYTICAL, Aeris research with 2θ 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 FeCl3 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-1) 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 FeCl3 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 FeCl3 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-1) 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 FeCl3 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 (AOT) 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.).55-57 Polymerization of thiophene 

and in-situ nanocomposite formation were carried out using FeCl3. The addition of 

AOT surfactant resulted in improved dispersion of MWCNT in chloroform by reducing 

the bundling forces between nanotubes.50  
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Figure 2.5. Schematic representation of the synthesis of polythiophene-MWCNT 

nanocomposite (PTCNT) in presence of AOT. 

 

Figure 2.6. Schematic representation of the synthesis of PT-25 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 FeCl3 

mole ratio and yield obtained in the preparation. 

Sample 

Thiophe

ne     

(mmol) 

AOT    

(mmol) 

MWCNT 

(mg) 

Monomer/AOT 

mole ratio 

Monomer/FeCl3 

mole ratio 

Yield 

(mg) 

PT-25 12.50 0.50 0 1 :1/25 1 :1.2 584 

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 :1.2 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-

300[AOT-0] 

12.50 0 300 NA 1 :1.2 960 

 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 FeCl3 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 (FeCl3) mole ratio was 1:1.2, a slight excess ferric 

chloride than monomer.41,42,44 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 

AOT 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 

                           

 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-1. The strong peak appeared at 1658 and 1526 cm-1 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-1 respectively.58-62 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-1 and 787 

cm-1 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-1 in the nanocomposites were more intense 

than PT-25 due to the appearance of sp2 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 

Sample 
Element present (%)      

     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 

 

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 2θ values 12° and 25° with a maximum 

centered at 17.7°, representing the amorphous domain of polymer. MWCNT gave a 

diffraction pattern at 2θ value 26.10°, attributing to (002) diffraction plane between 

concentric layers of multiwalled carbon nanotubes.63,64 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 (IPT) 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/IPT 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 (2θ = 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 2θ = 26.10° 

of PTCNT composites increased with the addition of MCNT to the PT-25 (Figure 2.9 

B).  

         

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 

     

 

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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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.41,42 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 PTCNTs 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.).41,42 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 



Polythiophene-MWCNT core-shell nanocomposites 

39 
 

surfaces. The AOT supports the growth of polythiophene chains around the tubular 

MWCNT template for effective core-shell nanocomposite formation.  

    

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 (ICNT) to amorphous polythiophene (IPT) (see 

Figure 2.13. inset). The ICNT/IPT value was higher for PTCNT-300 than PTCNT-

300[AOT-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. 

          

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 FeCl3 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.  

             

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 4.7×10-5, 7.3 × 10-3, 3.58 ×10-1, 3.98× 10-1, 2.2× 10-2, 3.40× 10-1 and 

8.66 S/cm respectively.40,41,65 PT-25 exhibited a higher value of conductivity relative to 

PT-25[AOT-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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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-π transition in polythiophene chains.46,66 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 CHCl3 solvent (240 and 260 nm).67,68 

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.58,69 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. 

                 

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.).  

 

Figure 2.18. Illustration 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 FeCl3 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 PTCNTs. X-ray diffraction pattern of nanocomposites exhibited a broad, 

amorphous peak of polythiophene with 2θ 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 π-π stacking interaction of PT with MWCNT in the 

nanocomposites. The well-resolved peak corresponding to the polaron-π 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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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.1-10 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.10,11 Aggregation tendency of carbon nanotubes in bundled 

form is another factor that hinders the formation of dispersed CNTs for nanocomposites 

preparation.6,10   

      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 entities12,13-15 or grafting of polymer on the surface of CNT through covalent 

bonding16,17 or non-covalent orientation of small molecules on the surface of CNT18,19 

and non-covalent wrapping of polymer chains on CNT surface.15,20 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.14,19,21 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.14,15,20 

Therefore, covalent modification of CNT furnishing  moderate degree of 

functionalization would be more preferable.21-23 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, π-π 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. 19,24 But the advantage of non-covalent method of functionalization is that 

it does not significantly destruct the π-conjugated network structure.19,25  

 

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.19,20,23,24,26 Yuan 

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)).26 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.19 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.12,19,26,27 In 

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.12,15,19  

 

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. 

no. 

Method of 

functionalization 

Defect group/s Other materials 

incorporated 

Relevance of work Ref. 

1 Electrochemical 

reduction 

Aryl groups - Solubility 

enhancement, 

Switching and 

memory behaviour 

28 

2 Chemical (at 80-90°C) Alkyl groups 

terminated with 

carboxylic acid 

groups and 

their extended 

amides 

- Large diamagnetic 

susceptibility based 

on theoretical study 

29 

3 Chemical Carboxylic acid 

group 

Polyvinyl alcohol Polymer 

nanocomposite 

preparation 

30  

4 Free radical reaction Alkyl groups 

and its 

derivatives 

- Improved solubility, 

high degree of 

functionalization 

31 

5 chemical Carboxylic acid 

group 

Different polymeric 

and oligomeric 

compounds 

Enhanced solubility 

and strong 

luminescence 

emissions 

32 

6 Nitrogen glow 

discharge 

C≡N group - Microwave 

generated nitrogen 

plasma as source of 

nitrogen containing 

functional groups 

33 

7 Chemical (argon ion 

treatment) 

Free radical 

groups 

- Controlled 

functionalization 

using 2 ke V Ar+ 

34 

8 Chemical Carboxylic acid 

groups 

Derivatized 

polyimide 

Nanocomposite 

formation with 

higher dispersibility 

35 

9 chemical amine - Improved CO2 

adsorption 

23 

10 chemical Carboxylic acid 

group 

Polyvinyl alcohol Increase in 

mechanical strength 

36 

11 Microwave excited 

Ar/O2 surface wave 

plasma treatment 

Oxygen 

containing 

functional 

groups 

- Good dispersion in 

water 

37 

12 Chemical Carboxylic acid 

groups 

polythiophene Bilayer 

photovoltaics 

9 

13 Chemical 

(Hydrothermal 

oxidation) 

Oxygen 

functional 

groups 

- Studied advantages 

of nitric acid 

oxidation 

39 

14 Chemical  Amide groups 

having 

phenolic linker 

Single chain variable 

fragment protein 

Detection of 

prostate cancer  

38 
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Insertion of functional groups on the surface of CNT helps to improve its 

disentanglement and solvent compatibility in polar solvents.31,32,39 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.9,23,28-39 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.14,26 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.13,18,26 Polymer can be combined with functionalized CNT by covalent or 

non-covalent modification (see Figure 3.3.).12,26,27 

In this chapter, carboxylic acid functionalization of multi-walled carbon nanotubes 

were carried out using oxidative treatment with HNO3 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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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. HNO3, 

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 III element 

analyser. Powder X-ray diffraction (P-XRD) analyses of the samples were conducted 

using PANALYTICAL, Aeris research with 2θ 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 ºC 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 60º C 

for 3 h. Yield: 0.36 g. FT-IR (KBr, cm-1) 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 FeCl3 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-1) 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 60ºC 

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   

 

        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 HNO3, and combined use of 5 M HNO3 along with NaNO3, 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.25 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.14,25 Schematic representation of the synthesis of MWCNT-COOH 

5M is given in Figure 3.4.  

 

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 MWCNTs have 

shown characteristic peaks at 1528 and 1641 cm-1 due to in-plane vibrations of graphitic 

walls of carbon nanotubes and C=C stretching vibrations of carbon nanotubes, 

respectively.40,41 Good symmetry of the carbon nanotube produces weak dipole moment 

changes and hence poor signals.42 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-1 due to C-O bending of aliphatic alcohol, in-plane vibrations 

of graphitic walls, C=C stretching vibrations, C=O stretching vibrations of carbonyl 

(keto or aldehyde functional group) and carboxylic groups respectively.41-43 The broad 

peaks corresponding to hydrogen-bonded -OH functional groups, including water 

molecules attached to CNT, were present in the range 3612 - 3744cm-1.43 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. 

                          

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 HNO3 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-1 and 1348 cm-1, 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.41-43 The 

ID/IG 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 ID/IG ratio for 

functionalised MWCNT-COOH.41,42 

3.3.2. Synthesis and characterization of PTCNT-COOH nanocomposites 

                     

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

nanocomposites. 

 Polythiophene–functionalized multi-walled carbon nanotube nanocomposites 

(PTCNT-COOHs) 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.44-47 The highly dispersed nature of MWCNT-COOH in CHCl3 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.44 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/FeCl3, 

elemental composition of samples and yield.  

Samples Thiophene 

   (mmol) 

AOT 

(mmol) 

FeCl3 

(mmol) 

MWCNT – 

COOH 

added  

   (mg) 

Monomer 

/AOT 

mole ratio 

Monomer/ 

FeCl3 

mole ratio 

Elemental 

Composition (%) 

Yield 

(mg) 

C H S 

PTCNT-COOH 

100 

12.50 0.50 15.00 100 1:1/25 1:1.2 61.52 0.41 26.72 490 

PTCNT-COOH 

200 

12.50 0.50 15.00 200 1:1/25 1:1.2 - - - 600 

PTCNT-COOH 

300 

12.50 0.50 15.00 300 1:1/25 1:1.2 66.58 0.31 17.53 700 

  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-1 due to C-H out-

of-plane deformation and C-S stretching of thiophene ring moiety.48. 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-1 

due to C-O bending of aliphatic alcohol, in-plane vibrations of graphitic walls, C=C 

stretching vibrations, C=O stretching vibrations of carbonyl (keto or aldehyde 

functional group) and carboxylic acid groups respectively.41-43 PTCNT-COOHs 
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nanocomposites (100, 200 and 300) have the two extra peaks of polythiophene at 785 

and 675 cm-1 corresponding to C-H out of plane deformation and C-S stretching of 

polythiophene chains in addition to the peaks in MWCNT-COOH.48  

                    

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. 

             

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. 43 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.49,50 

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.                 

 

Figure 3.10. Powder X-ray diffractograms of (A) MWCNT-COOH, 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-COOH, 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 2θ 

value 25.85° attributing to the (002) diffraction plane of MWCNT having graphitic 

structure.30,50 Typical polythiophene (PT) has the broad amorphous peak centered at 

18.68°.30,51 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.51-54 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.             

 

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-COOHs (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. 

 

Figure 3.12. Illustration of the utilisation of defect group functionalization for the 

orientation of polythiophene over MWCNT surface. 
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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.52 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.53,54 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 π-π* absorption of carbon nanotube.9,55 

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- π transition of 

polythiophene, which was intense for PTCNT-COOH 100.9,55 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).56 

                         
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, 4.42×10-2 

S/cm, 5.30×10-1 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 π-conjugated backbone.57 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.58,59 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 

(S/cm) 

Sample Conductivity 

(S/cm) 

PT-25 7.3x10-3 - - 

PTCNT-100 3.58 ×10-1 PTCNT-COOH 100 4.42×10-2 

PTCNT-200 3.98× 10-1 PTCNT-COOH 200 5.30×10-1 

PTCNT-400 3.40× 10-1 PTCNT-COOH 300 1.64 

MWCNT 8.66  MWCNT-COOH 2.80 
 

 

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, PTCNTs have slightly better thermal 

stability than PTCNT-COOHs 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 functionalized 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.58,59  

 The advantages of enhanced properties of PTCNT-COOH nanocomposites 

compared to individual components (MWCNT-COOH 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-COOHs 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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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-COOHs) 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 π-π 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 10-1 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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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.1-3 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.4,5  

 

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 4.1.6-9 Silver 

nanoparticles are an attractive choice among metal fillers as it exhibits high electrical 

and thermal conductivity.10 Distinct characteristics of silver nanoparticles rendering 

different applications such as catalysis, surface-plasmon resonance, antimicrobial 

Carbon nanotubes (structural 
frame of composites)

Silver nanoparticles

Polyaniline layer

Silver nanoparticles

Polythiophene layer

MWCNT

MWCNT-COOH
Chitosan

ZnO nanoparticles

(a) (d)(c)(b)

MWCNT/ZnO/
Chitosan ternary 
nanocomposites

Carbon nanotubes

MnO2 nanoparticles

PEDOT-PSS
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action, surface-enhanced Raman scattering tags, therapeutic usages, electrochemical 

applications, electromagnetic interference (EMI) shielding etc.11-13 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.14 

Stable silver nanoparticles require suitable capping agents to avoid their tendency of 

aggregation.12 Inorganic or polymeric stabilizing supports can be effectively used 

against aggregation and promote the silver nanoparticle’s stability.14,15 

 

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.15,16 Preparation of 

silver nanoparticles with polymerization in a single step is also reported rarely.17 An 

5

• Non-selective attachment of
nanoparticles both inside and outside of
carbon nanotubes

• Selective attachment of nanoparticles
inside of carbon nanotubes

• Outer protection of nanoparticles
• Large inner diameter of carbon nanotubes

• Selective attachment of nanoparticles
outside 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

Figure 4.2. Different possibilities for the formation of carbon nanotubes-metal nanoparticles nanocomposites.
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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.15 Selection of suitable polymer material should also 

required for excellent properties. Conducting polythiophene exhibits good 

environmental stability and compatibility with silver nanoparticles.18 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.19,20 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.21-25    

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.26,27 Applications of prepared silver 

nanocomposites will be determined by their processability and other properties.28 

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.28 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 aqueous 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 2θ values ranging from 5 to 80°. The field 

emission scanning electron microscope (FE-SEM) images were recorded by ZEISS 

ƩIGMATM 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 Elmer, 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 III 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 AgNO3 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 70o C. Yield: 0.28 g. FT-IR (KBr, cm-1) 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 AgNO3 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 70oC. Yield: 0.31 g. FT-IR (KBr, cm-1) 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 HCl (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 

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 

6

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

 

 

        

Figure 4.4. FT-IR spectra of MWCNT-COOH, MWCNT-COOH Ag and PTCNT-

COOH 300 Ag . 

Samples Compone

nts 

Type of 

Nano 

composi

tes 

Atomic Concentration from 

XPS (%) 

pH Shape Ther

mal 

Stabil

ity 

(°C) 

Conduc

tivity 

(S/cm) 

C 1s O 2s S 2p Ag 3d 

MWCNT- 

COOH 

- - 94.42 5.58 - - 4.8 nanotubes 560 2.80 

PTCNT- 

COOH- 

300 

Thiophene 

+ 

MWCNT-

COOH 

Binary 88.63 5.70 5.68 - 5.4 PT 

covered 

Nanotubes 

340 1.64 

MWCNT- 

COOH Ag 

MWCNT-

COOH 

+  Ag 

Binary - - - -  Nanoparti

cles 

+ 

nanotubes 

750 12.40 

PTCNT- 

COOH 

300 Ag 

Thiophene 

+ 

Ag + 

MWCNT- 

COOH 

Ternary 86.66 7.75 4.22 2.37 7.0 Nanoparti

cles + 

PT 

covered 

Nanotubes  

620 80.76 
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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-1, 1646 cm-1, 1695 cm-1 and 1747 cm-1 corresponding to in-plane vibrations of 

graphitic walls, C=C stretching vibrations, carbonyl groups and C=O stretching 

vibration in acid groups respectively. PTCNT-COOH 300 Ag sample has shown 

characteristic peaks of thiophene at 787 cm-1 and 693 cm-1 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-1, which 

could be attributed to the nanocomposites formation with silver. 29-32 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-1 and 1348 cm-1, respectively. In the case 

of PTCNT-COOH 300 Ag, an additional intense peak was observed at 1450 cm-1 due 

to symmetric in-phase vibration of the polythiophene chain, which showed the presence 

of polythiophene in the ternary nanocomposite.32,33        

            

Figure 4.5. FT Raman spectra of MWCNT-COOH Ag and PTCNT-COOH 300 Ag 
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Figure 4.6. XPS spectra of PTCNT-COOH 300 and PTCNT-COOH 300 Ag 

 

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 3d5/2 and 3d3/2
 

respectively, which indicates the formation of silver nanoparticles in the 
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nanocomposites (see Figure 4.6.).34 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 2θ 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.35 The 

weak peak at 2θ value 26.69° was due to diffraction from (002) plane of the graphitic 

structure of CNT.36 The presence of highly crystalline silver nanoparticles increases the 

overall solid state ordering of the samples.    

                 

 
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 π-π* absorption from 

multiwalled carbon nanotube. The ternary nanocomposites PTCNT-COOH 300 Ag 

samples in water and ethanol have shown polaron- π 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.37,38                      

4.3.2. Morphological analysis of ternary and binary silver nanocomposites              

                  

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) 

15

PTCNT-COOH 300  Ag

A

d

B

c

200 nm

C D

E

Figure 4.9. FESEM 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)).39     

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 

16

A B

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

Ag (A) and its size calculation (by taking average size of 10 nanoparticles) (B)
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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.34,40 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.41,42 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. 

 

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 

17

Figure 4.11. Scheme for the formation of silver embedded ternary nano composite.
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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.43 
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Figure 4.12. Four probe electrical conductivity measurement of pristine MWCNT, PTCNT-

COOH 100, PTCNT-COOH Ag and MWCNT-COOH Ag and pristine MWCNT (A). Schematic

illustration of polythiophene as conducting bridge between MWCNT-COOH and silver

nanoparticles (B).
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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.44 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.45 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.46 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 4.13. Thermograms(a) and differential thermograms of PTCNT-COOH 300, MWCNT-COOH
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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, H2O 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.47 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.48,49 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, 

thermoelectric materials, catalytic applications and so on.49-53  

 

Figure 4.15. Illustration 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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5.1. Introduction 

Heterogeneous catalysis has tremendous applications in many organic 

transformations, as seen in many industrial and academic research.1-7 Heterogeneous 

transition metal nanocatalysts have attracted significant attention because of their mild 

reaction conditions, recyclability, enhanced catalytic performance, and simple separation 

strategies.8-21 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.22-24 Silver 

nanoparticles could function as stable nanocatalysts for desired applications via stabilizing 

them with capping molecules, surfactants, and polymer matrices.22,25,26 Heterogeneous 

catalysts have good prospects in recovery and reusability than homogeneous catalysts. 

However, the former inherently exhibits poor solubility/dispersibility.27, 28 Bare colloidal 

nanoparticles have an aggregation effect with time which reduces catalytic activity with 

storage.8, 9 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 

 

Figure 5.1. Illustration 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.).29 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.30 The polyelectrolyte-carbon nanotube host system nanocomposites could 

provide good dispersibility, charged cationic or anionic side chains, and mechanical 

stability.30 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.31 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.28-35      

 

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.36-38 

The changes that occurred in UV-vis spectra in different stages during the catalytic 
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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.39-42 The 

mechanism of the catalytic reduction of p-nitrophenol for substantiating the source of 

hydrogens remains ambiguous.39,43-47 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.43 Fountoulaki et al. studied kinetic isotope 

effects on catalytic reduction of p-nitrophenol using NaBH4 and NaBD4, which has given 

evidence for B-H bond cleavage at rate-determining step and in-situ formation of Au-H.44 

More validating evidence is required to understand the role of water and other protic 

solvents for the hydrogenation of p-nitrophenol. 

 

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-1) were 

two to three times faster than ternary nanocatalyst (k = 0.0134 s-1). The optimum 

nanocatalyst concentration for reducing p-nitrophenol at concentration 1 ×10-4 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-1g-1 (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.48-50 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.51-56 

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 2θ 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 ƩIGMATM. XPS analysis was 

conducted using PHI 5000 Versa Probe II, 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 ×10-4 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 ×10-4 M) by sonication for 15 min. Freshly prepared NaBH4 

solution (2 mL, 1.0 ×10-1 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 ×10-3 M) by sonication for 15 min. Freshly prepared 

NaBH4 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 ×10-3 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 ×10-3 M) and repeated the process up to 

the 9th 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 60⁰C 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 ×10-4 M) by 

sonication for 15 min. NaBH4 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 ×10-4 M, 1×10-4 M, 5×10-5 M, 1×10-5 M, 

5×10-6 M, 1×10-6 M, 5×10-7 M, 1×10-7 M) were taken in 10 mL deionized water. Freshly 

prepared NaBH4 solution (10 mL, 1x10-1 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 lbs pressure (121°C) for 15 min. The stock solution of dispersed TNC 

(200 µg/mL) was prepared in 50 mL nutrient broth by sonication for 30 min. Different 

concentrations of TNC nanocatalyst such as 1 ×10-1 µg/mL, 5x10-1 µg/mL, 1 µg/mL, 5 

µg/mL, 10 µg/mL, 20 µg/mL, 30 µg/mL, 40 µg/mL, 80 µg/mL, 120 µg/mL, 160 µg/mL 

were prepared by adding 5 µL, 25 µL, 50 µL, 250 µL, 500 µL, 1000 µL, 1500 µL, 2000 

µL, 4000 µL, 6000 µL and 8000 µL of stock solution (200 µg/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 μL of actively growing E. coli culture and incubated overnight in a 

thermal shaker at 37 ⁰C. 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 lbs 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 100⁰C. 

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 π-

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 4.57  

 

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 NaBH4. 
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Table 5.1. Name of nanocatalyst, initial concentrations of P-NP, NaBH4, nanocatalyst, 

final concentrations of P-NP, NaBH4, nanocatalysts, solvents, rate constant (k), and the 

activity factor. 

 

a Ternary nanocatalyst (TNC) or binary nanocatalyst (BNC) taken in different concentrations. b The rate 

constant obtained from the time dependent UV-vis studies. b 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 aqueous 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.).58 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.59  

Sl. 

No. 

Catalysta 

 

Initial concentrations of 

reaction mixtures 

Final concentration 

of reaction mixture 

 

 

Solvent  

kb 

(s-1) 

Acti

vity 

fact

orc 

(s-1 

g-1) 

P-NP 

in 2 

mL 

(mM) 

NaBH4 

in 2 mL 

(M) 

TNC/ 

BNC 

(mg/m

L) 

P-NP 

in 4 mL 

(mM) 

NaBH4  

in 4 mL 

 (M) 

BNC/ 

TNC 

(mg/

mL) 
1 TNC-0.02 0.01 0.10 0.02 0.005 0.05 0.01 water 1.40x10-3 35.00 

2 TNC-0.03 0.01 0.10 0.03 0.005 0.05 0.015 10% 

glycerol 

+ water 

- - 

3 TNC-0.04 0.01 0.10 0.04 0.005 0.05 0.02 water 4.90x10-3 61.25 

4 TNC-0.06 0.01 0.10 0.06 0.005 0.05 0.03 water 1.34x10-3 113.3

4 

5 TNC-0.10 0.01 0.10 0.10 0.005 0.05 0.05 water 3.99x10-2 199.5
0 

6 BNC-0.01 0.01 0.10 0.01 0.005 0.05 0.005 10% 

glycerol 

+water 

1.87x10-2 936.5

0 

7 BNC-0.02 0.01 0.10 0.02 0.005 0.05 0.01 water 1.10x10-3 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 1.59x10-2 198.7

5 

10 BNC-0.06 0.01 0.10 0.06 0.005 0.05 0.03 water 3.64x10-2 303.3

4 

11 BNC-0.10 0.01 0.10 0.10 0.005 0.05 0.05 water 5.40x10-2 270.0

0 
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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-

0.10 (G)and BNC-0.10 (H) in consecutive time intervals. 
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Figure 5.6. Linear relationship plot of ln (A/A0) against time for p-nitrophenol reduction 

using 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-0.10 (G)and BNC-0.10 (H) 
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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.).58 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 ln (A/A0) 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.60,61 The resultant rate constants 

were 0.0014 s-1, 0.0011 s-1, 0.0049 s-1, 0.0159 s-1, 0.0134 s-1, 0.0364 s-1, 0.0399 s-1 and 

0.0540 s-1 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-1 g-1, 27.50 s -1 

g-1, 61.25 s -1 g-1, 198.75 s -1 g-1, 113.34 s -1 g-1, 303.34 s -1 g-1, 199.50 s -1 g-1 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 ln(A/A0) against time on first day after the synthesis of silver nano colloid (B). UV-vis 

absorption spectra of reduction of p-nitrophenol using NaBH4 using homogeneous 

colloidal silver nanoparticles catalyst (C) and its linear relationship plot of ln(A/A0) (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). 

g-1 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.57,62 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 ×10-3 s-1) 

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.  

 

Figure 5.9. Plot of (A/A0) 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. 

 

The optimum nanocatalyst concentrations of TNC and BNC for reducing p-

nitrophenol (1.0 ×10-4 M) were selected by plotting A/A0 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/A0 

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 

Sl. 

No. 

Catalyst Catalyst  

Amount 

  

p-aminophenol NaBH4 Rate constant 

(k) 

Activity factor R

ef. 

Conc. Vol. 

(mL) 

Conc. Vol. 

(mL) 

s-1 min-1 s-1 g-1 min-1 g-1 

1 Ag NPs 

−PANI/ 

MWCNT 

1.00 mg 0.10 mM 0.2 mL 0.1 M 2 mL 0.0054 - 5.40 - (1) 

2 Ag@MW
CNTs-

polymer  

10 mg 0.10 mM 15 mL 5 mM 15 mL 0.0079 - 11.64 - (2) 

3 NiS-

NiCo2O4

@C  

0.017 

mg/mL 

0.1 mM 3 mL 0.08 M - - 1.78 - - (3) 

4 Ag CD-

MA@Fe

MNps 
(AgNC) 

5 mg 

 

0.12 mM 1.5 mL 12 mM 1.5 mL - 0.674 - - (4) 

5  

Pd@PUN 

30 mg 0.10 mM 20 mL 40 mM 10 mL - 4.96 - - (5) 

6 Ag@PD

A@poly(

M-POSS)  

0.005 

mg/mL 

20 mM 50μL 0.2 M 20 mL - 0.837 - 1.67 ×105 (6) 

7 PSMAA/ 
Ag  

2 mg  0.1 mM 2 mL 60 mM 0.5 mL 0.0082 - - - (7) 

8 Fe3O4-

CS-Ag 

NPs 

2 mg/mL 0.125 

mM 

2 mL 0.5 M 0.1 mL - 0.56 - - (8) 

9 TNC-
0.06 

0.06 
mg/mL 

0.01 mM 2 mL 0.1 M 2 mL 0.0134 0.804 113.34 6.8 ×103 

P
r
e
se

n
t 

w
o
r
k

 

10 BNC-

0.06 

0.06 

mg/mL 

0.01 mM 2 mL 0.1 M 2 mL 0.0364 2.184 303.34 1.8 × 104 



Chapter 5                                

124 
 

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.  

 

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 −
𝑨

𝑨𝟎
) 𝐱 𝟏𝟎𝟎          
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Where A0 and A are the absorption maxima of the p-nitrophenolate ion at the initial time 

(t0) 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 5th catalytic cycle, whereas 

BNC has shown 92.80 % conversion in the 6th 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.  

 

Figure 5.11. X-ray diffraction patterns of TNC and recycled TNCs (A), BNC and recycled 

BNCs (B) after 3rd, 6th and 9th 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-
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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 2θ values 38.15°, 44.33°, 64.52°and 77.46° were decreased considerably 

after the 6th catalytic cycle (see Figure 5.11. A and 5.11. B).45 A substantial decrease in 

intensity of diffraction peaks of silver nanoparticles was noticeable on the 9th 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.).24,63-65 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.57 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  

 

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.   

 

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 analysisa 

TNC-3RC 

(atom %) 

BNC-3RC 

(atom %) 

C 76.9 91.0 

O 21.9 6.6 

Na 0.3 1.3 

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 ×10-4 M, 5 mL) by the addition of NaBH4 (1.0x10-1 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. 

 

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 ×10-4 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.61 A major disadvantage of 
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reducing 

 

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: NaBH4 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 ln(A/A0) 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 NaBH4 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 NaBH4 molar ratio of 1: 200, excellent activity factor of 936.5 s-1g-1 

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.  

 

Figure 5.17. Change in pH of glycerol-water mixture (20%) by the addition of NaBH4. 

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.39,43-48 It was 

already reported in the literature that the reduction of p-nitrophenol did not occur in 

nonpolar solvents.39,43,44 But the involvement of protic solvents using NaBH4 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.66 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 NaBH4, glycerol, and glycerol-NaBH4 mixture in water was 

checked using a pH meter. The pH of 20% glycerol was 7.2, and that of NaBH4 solution 

(1x10-1 M) was 10.3. The NaBH4 solution (1x10-1 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 NaBH4 addition and reached a pH of 9.5 by adding 50 mL 1 ×10-1 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.67-69 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.21,70,71 This 

reactive hydrogen species gets adsorbed on the catalyst’s surface to convert p-nitrophenol 

to p-aminophenol.21,72 Second possibility was the conventional way of catalytical 

hydrogenation by the hydrogen molecules produced in the solvolysis.40,47 Faster kinetics of 

the p-nitrophenol reduction in glycerol-water mixture using NaBH4 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 ×10-4 M to 1.0 ×10-7 M. For 
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Figure 5.19. Calibration plot of p-aminophenol in different concentrations (1 ×10-7 M to 5 

×10-4 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 

×10-4 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 ×10-1 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 ×10-4 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 NaBH4 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.73,74 

5.3.9.    Antibacterial activity:  

 

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.75,76 Silver 

nanoparticles act as good antibacterial agents depending on particle size and shape.25,26 

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 ×10-1 µg/mL, 5 

×10-1 µg/mL, 1 µg/mL, 5 µg/mL, 10 µg/mL, 20 µg/mL, 30 µg/mL, 40 µg/mL, 80 µg/mL, 

120 µg/mL and 160 µg/mL were prepared. The mixtures were dispersed in a boiling tube 

for 10 min, and 50 μL actively growing E. coli culture was used as the inoculum for all 

tubes. It was incubated in a thermal shaker overnight at 37 ⁰C. 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 µg/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 5x10-1 µg/mL -10 µg/mL due to the bacterial growth; however, at 10 µg/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 µg/mL, comparable with 

the reference range of commercial antimicrobial agents.77-79 TNC with one-dimensional 

nanostructure in which silver nanoparticles are attached to MWCNT via less cytotoxic 

polythiophene layer.49,57,62a Silver nanoparticles attached to the nanocomposite can be 

biocidal by physicochemical interaction with bacterial cells.26 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 µg/mL and above. Silver nanoparticles in the dosage of 10 µg/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 µg/mL - 30 µg/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.48 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.48,49
 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.). 

 

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-1 g-1. 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 NaBH4. 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 ×10-1 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 µg/mL. 
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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.1-4 They are generally considered 

mutagenic and carcinogenic due to benzidine, naphthalene or similar aromatic systems 

in their structure.5,6 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.7 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.7-13 Azo 

dyes exhibit prolonged photo and thermal stability. Therefore their treatment creates 

some obstacles in the degradation methods used.14 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.15,16 The 

use of heterogeneous nanocatalysts would be worthwhile due to their advantages such 

as large area of active sites, recycling ability and cost effectiveness.17-20 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.).21-34 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.25,29 Hydrazobenzene is an 

important precursor to produce 4,4’-diaminobiaryls, azoarenes and azodyes.27 

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.23-31 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, Cd0 

is formed. They found that the saturated N-N bond in hydrazobenzene does not interact 

with Cd0 (see Figure 6.2. (A)).29 Pei et. al reported conversion of azobenzene to 

hydrazobenzene using NaNbO3 as a green strategy for the semi-hydrogenation. The 

interaction between NaNbO3 and hydrazobenzene is the root cause of this partial 

hydrogenation and inability to produce aniline (see Figure 6.2. (B)).30 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 NaBH4
 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.).31 Some other 

important reports of azo to hydrazo compounds conversion in literature are tabulated in 

Table. 6.1..21,23,25,32,33
 

          

Figure 6.2. Illustration of photocatalytic transfer hydrogenation of azobenzene to 

hydrazobenzene (A) with alcohol on cadminum sulfide (adapted from Shiraishi et al.) 

2012 and (B) using NaNbO3 catalyst (adapted from Pei et al. 2020) 

 

        

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           

      

In this chapter, catalytic decolourisations of different azodyes (methyl orange, 

congo red, methyl red and sudan III) 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 III). 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 III 

were purchased from Nice chemicals, NaBH4 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. 1H 

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 x10-4M, 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 x10-1 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 NaBH4 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 

x10-4 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 NaBH4 solution (1.0 x10-1 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 III using BNC-

0.04 catalyst: Nanocatalyst BNC (1.00 mg, 0.04 mg/mL) was added to the solution of 

methyl red (1.0x10-4 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 (1.0x10-1 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 III 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 III solution prepared in 66% ethanol-water mixture. 

6.2.6. UV-vis absorption study of reductive decolourisation of methyl red and 

sudan III: Methyl red solution (1.0x10-4 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 (1.0x10-1 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 III (in 66 % ethanol-water mixture) and azobenzene (in 33 % ethanol-water 

mixture) using BNC-0.04 catalyst with the same procedure. 
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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 

NaBH4 solution (1.917 g, AB: NaBH4 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. 1H NMR, (400 MHz, 

CHCl3, δ 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 ×10-3 M) in 50% ethanol -water mixture by sonication. 

Freshly prepared NaBH4 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 

mg) 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 

 

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 

compounds 

Amount of azo 

compounds 

used 

Amount of NaBH4 

used 

Catalyst 

and conc. 

(mg/mL) 

Reaction 

medium 

Rate 

constant 

(s-1) 

Activity 

factor 

(s-1 g-1) 

Conc. 

(M) 

V 

(mL) 

Conc. (M) V 

(mL) 

Methyl 

orange 

1x10-4  2 1x10-1 2 BNC, 0.04 Water 1.03x10-2 129.13 

1x10-4  2 1x10-1 2 TNC, 0.04 Water 1.00x10-1 1255.00 

Congo red 1x10-4  2 1x10-1 2 BNC, 0.04 Water 5.46x10-3 68.25 

1x10-4  2 1x10-1 2 TNC, 0.04 Water 1.02x10-2 128.00 

Methyl red 1x10-4  2 1x10-1 2 BNC, 0.04 33% 
ethanol 

9.23 x10-3 115.38 

1x10-4  2 1x10-1 2 TNC, 0.04 33% 

ethanol 

2.50 x10-4 3.13 

Sudan III 1x10-4  2 1x10-1 2 BNC, 0.04 66% 

ethanol 

5.47x10-3 68.37 

1x10-4  2 1x10-1 2 TNC, 0.04 66% 
ethanol 

8.39 x10-3 104.88 

Azobenzene 1x10-4  2 1x10-1 2 BNC, 0.04 33% 

ethanol 

1.03 x10-2 128.13 

Azobenzene 1x10-4  2 1x10-1 2 TNC, 0.04 33% 

ethanol 

2.59 x10-1  3232.50 

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 III. 

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 (1x10-4 

M, 2 mL) with NaBH4 solution (1x10-1 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 

 

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  

 

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 ln (A/A0) 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 (1x10-4 M, 2 mL) 

was carried out in the presence of BNC or TNC nanocatalyst (0.04 mg/mL) using 

NaBH4 (1x10-1 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.34,35 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 ln(A/A0) 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 1.03x10-2 s-1 and 5.46x10-3 s-1, 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-1 g-1 and 68.25 s-1 g-1 respectively. The mono azo 

dye methyl orange and bis-azo dye congo red exhibited rate constant for decolourisation 

using TNC catalysts as 1.00x10-1 s-1 and 1.02x10-2 s-1 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 s-1 g-1 and 128.00 s-1 g-1, 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.  

 

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 ln (A/A0) 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 III are two azo dyes exhibiting poor solubility in 

water.34,35 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 III 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 III 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 III, which is the minimum concentration for 

exhibiting a moderately good and observable reaction rate.  

 

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 III (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 III (H). 
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6.3.5. Kinetics of reductive decolourisation of water-insoluble/partially soluble 

organic azo dyes 

 

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

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

plot of ln (A/A0) against time for reduction of methyl red (C) and sudan III (D) using 

catalyst BNC-0.04. 

Catalytic reduction and kinetics of azo dyes such as methyl red (partially soluble 

in water) and sudan III (almost insoluble in water) were carried out successfully in 

ethanol-water mixture. Methyl red and Sudan III 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 III has been respectively prepared using 

33% ethanol and 77% ethanol in water. Reductive decolourisation of methyl red and 

Sudan III 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  

 

Figure 6.10. UV-vis absorption spectra of catalytic reduction of methyl red (A) and 

sudan III (B) using TNC-0.04 catalyst in different time intervals. Linear relationship 

plot of ln (A/A0) against time for reduction of methyl red (C) and sudan III (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 

III 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 III 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 III were 9.23 x10-3 s-1 and 5.47x10-3 s-1 

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-1 g-1 and that of Sudan III was 68.37 s-1 
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g-1. TNC catalyst was also used for the reductive decolourisation of methyl red and 

sudan III 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 

III 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 III were 2.50 

x10-4 s-1 and 8.39 x10-3 s-1 respectively (see Figure 6.10. C and D). Activity factors 

were also calculated for TNC catalyst as 3.13 s-1 g-1 and 104.88 s-1 g-1 respectively for 

methyl red and sudan III reduction. 

Table 6.3. Comparison of present study with literature reported for catalytic 

decolourisation methyl orange, congo red, methyl red and Sudan III using NaBH4 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. 

no. 

Dye 

system 

Dye NaBH4  Concentratio

n of catalyst 

used 

Catalyst  Rate 

constant 

Re

f. Concent

ration 

volume concentr

ation 

volume 

1 Methyl 
orange 

1x10-5 

mg/L 
1 mL 1x10-2 M 1 mL 9 mg - 0.1326 min-1 39 

2 Methyl 

orange 

1x10-4 M 2 mL 1x10-1 M 50 µL 0.14 mg/mL Au@NiAg 0.0266 s-1 2 

3 Methyl 
orange 

2x10-4 M 500 µL 5x10-2 M  0.14 mg/mL 
(100 µL) 

MPCTP-Ag 0.5787 min-1 40 

4 Methyl 

orange 

161 µM  68.20 

mM 

 0.60 µM Ag-γ-

Fe2O3-CS 

2.7x104 dm3 

mol-1 s-1 

41 

5 Methyl 

orange, 
Congo 

red 

20 µL 0.01 M 250 µL 0.1 M 5 mg/mL (10 

µL) 

Cu-

NMOF/Ce-
doped-Mg-

Al-LDH 

3.1x10-2 s-1 42 

6 Methyl 

orange, 
Congo 

red 

0.04 mM 3 mL 0.5 mL 0.5 M 10 mg Ni/TP 43x 10-1 s-1 43 

7 Congo 
red  

50 mg/L 500 mL 50 mL 0.1 M 250 mg/L SMt/g-
C3N4/Au 

NPs 

5.91 min-1 18 

8 Congo 
red 

10 mg/L 5 mL 0.1 mol/L 4 mL 5x10-3 mol/L 
(1 mL) 

Ag NPs - 3 

9 Congo 

red 

  100 µL 100mM 20 µL Si@p-

RuNP 

- 1 

10 Methyl 

red 

50 mM 10 mL 1 mM 3 mL 0.31 mg Ag NPs 9.68x10-3 s-1 44 

11 Methyl 

red, 
Congo 

red 

1 mM 3 mL 0.5 M 0.5 mM 10 mg Ag/Gp 

catalyst 

Congo red: 

1.84x10-3 s-1 

45 
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Sl. 

no. 
Dye 

system 
Dye NaBH4  Concentration 

of catalyst used 
Catalyst  Rate 

constant 
Ref. 

concentrati

on 

volume concentrati

on 

volume concentratio

n 

12 Methyl 

red 

1 mM 2 mL 10 Mm 1 mL 8 mg Ag NPs 

doped 
carbon 

dots 

0.0233 s-1 46 

13 Methyl 
red, 

Congo 

red, 
Methyl 

orange 

1x10-4 M 1 mL 3 mg  4 mg Pd 
NPs@ch

itosan-

MWCN
T 

- 19 

14 Methyl 

orange 

1x10-5 M 1 mL 5x10-2 M 0.1 mL 5 mg  Pd-CS-

g-C3N4 

0.03 s-1 20 

15 Methyl 

orange 

1x10-4 M 2 mL 1x10-1 M 2 mL 0.04 mg/mL BNC-

0.04 

1.03x10-2 

s-1 

Pres

ent 

stud

y 
TNC-

0.04 

1.00x10-1 

s-1 

Congo 

red 

1x10-4 M 2 mL 1x10-1 M 2 mL 0.04 mg/mL BNC-

0.04 

5.46x10-3 

s-1 

TNC-

0.04 

1.02x10-2 

s-1 

Methyl 

red 

1x10-4 M 2 mL 1x10-1 M 2 mL 0.04 mg/mL BNC-

0.04 

9.23 x10-3 

s-1 

TNC-
0.04 

2.50 x10-4 

s-1 

Sudan 

III 

1x10-4 M 2 mL 1x10-1 M 2 mL 0.04 mg/mL BNC-

0.04 

5.47x10-3 

s-1 

TNC-
0.04 

8.39 x10-3 

s-1 

 

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 III) 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 III 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.36,37 Comparison 

study was conducted for reductive decolourisation of azo dyes such as methyl orange, 

congo red, methyl red and Sudan III with previous literature reports on catalytic 

reduction/decolourisation of corresponding dyes using NaBH4 reductant (see Table 

6.3.).38-45 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 (1x10-4
 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 (1x10-4
 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 1x10-1 M NaBH4. Kinetic analysis was further carried out using 

linear regression fit of the graph plotted for ln (A/A0) 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 x10-2 s-1 and 128.13 s-1 g-1, and for TNC-0.04 

nanocatalyst, it was 2.586×10-1 s-1 and 3232.50 s-1g-1, 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 NaBH4 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 ln (A/A0) 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 5th catalytic cycle, whereas TNC has shown 83.63 % conversion in the 6th 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. 

 

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 1H 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 H1 

NMR spectroscopy in dueteriated chloroform. 1H NMR spectra of azobenzene (AB) 

and reduction product (AB-P) were recorded separately (see Figure 6.13.). 1H NMR 

spectra (400 MHz, CHCl3, δ ppm) of AB was 7.5 (m, 6H) and 7.95 (d, 4H). 1H NMR 

spectra (400 MHz, CHCl3, δ ppm) of AB-P were 5.57 (s,2H), 6.85 (d, 6H) and 7.2 (t, 

4H). The peak shifts in 1H NMR spectra and the corresponding number of hydrogens 

for peak intensities of azobenzene reduction product AB-P was observed as that of 

hydrazobenzene.46 High-resolution mass spectra of AB-P were recorded to confirm the 

formation of hydrazobenzene product.47,48 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 
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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 NaBH4 to reactant moiety through conducting 

nanocatalyst. The plausible mechanism of azobenzene reduction using NaBH4 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). 

  

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 III. 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 NaBH4 

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 III 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 III were 1.03 x10-2 s-1
, 

5.46 x10-3 s-1
, 9.23 x10-3 s-1 and 5.47x10-3 s-1 respectively by using nanocatalyst BNC-

0.04. At the same time, the rate of decolourisation using nanocatalyst TNC-0.04 were 

1.00x10-1 s-1, 1.02x10-2 s-1, 2.50 x10-4 s-1 and 8.39 x10-3 s-1 for methyl orange, congo 

red, methyl red and Sudan III 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 x10-2 s-1 and the 

corresponding activity factor as 128.13 s-1 g-1. The investigation of isolated product was 



Chapter 6                   
 

172 
 

conducted with 1H 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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7.1 Introduction 

 Establishing new supercapacitor electrode materials is an active area of research 

for developing energy storage devices.1-4 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.5,6 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.5-8 

 

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.).9-10 

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.10-13 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.10,12,14-16 Among 

these pseudocapacitive materials, conducting polymers are attractive for fabricating 

lightweight, flexible, less toxic, metal-free power storage and delivery systems.12,14 

 

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.17-19 Enhancement in charge capacity was observed for ultrathin 
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polythiophenes films as it conserves the large surface area and pore space.20 Combining 

electric double-layer capacitive materials with pseudocapacitive polythiophene would 

be advantageous for high power density and processability.6,21 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.19,22 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.16,18,23,24 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 7.2.25-28 

 

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.29,30 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).31-36 In-situ polymerization is more suitable for incorporating insoluble 

conducting polymers into nanocomposites.33 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.19,35 Soluble forms of polythiophenes are usually produced by 

choosing functionalized monomer of thiophene and modifying it into appropriate 

derivatives.37 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.38-40 There are many reports on the covalent 

modification of 3-thiophene ethanol for solubility enhancement.38,39 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.).41   

 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 2θ values ranging from 10 to 

80°. FE-SEM images were recorded by ZEISS ƩIGMATM 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 FeCl3 (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 (DMSO) 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 80⁰C 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 HCl, 1M H2SO4, 1M KOH and 1M Na2SO4). 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 H2SO4 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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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. 

 

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 

(mmol) 

MWCNT-COOH (mg) Yield (mg) 

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-1, 1022 cm-1, 1722 cm-1, 2852 cm-1 and 3000-3700 cm-1 

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.42,43 Complexation of PTE with CTAB 
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surfactant was evident from by FTIR analysis. PTE-CTAB complex exhibited peaks at 

826 cm-1, 1035 cm-1, 1624 cm-1, 2865 cm-1 and 3150-3450 cm-1. For the complex, the 

peak at 1035 cm-1 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-1 (in PTE) to 1624 cm-1 (in PTE-

CTAB complex) due to the free stretching vibration of thiophene rings on 

complexation.42-45 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-1, 1524 cm-1, 1624 

cm-1, 2852 cm-1 and 3000-3650 cm-1 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.42,44,46 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.   

                                  

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 2θ value 10-32°.47 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 (2θ=26°) was partially merged with 

the semi-crystalline peak of PTE-CTAB complex (see Figure 7.7. inset also).48 

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. 

 

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-π* transition in polythiophene conjugated chain. For PTE-

CTAB complex showed a red shift with broader peak with λmax of 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.44,49-51 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 π-π* transition (λmax= 280 nm) of MWCNT-

COOH is in the well-resolved in the UV-vis absorption spectra of nanocomposites. The 

π-polaron absorption of the polythiophene backbone is observed as an unresolved tail 

in longer wavelengths continuous with the absorption peak of carbon nanotubes.  

     

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.                                            

   

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.52 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-COOHs 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.  

 

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 2.21x10-8, 8.33x10-1, 3.31x10-1, 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. 

 
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.49,55,56 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.21,53,54 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.   

    

Figure 7.14. Cyclic voltammogram of PTE (a), PTECNT-COOH 10 (b), PTECNT-

COOH 15 (c) and PTECNT-COOH 20 (d) in 1M HCl electrolyte. 

 The cyclic voltammetry investigation of PTE, PTECNT-COOH 10, PTECNT-

COOH 15, and PTECNT-COOH 20 were carried out in 1 M HCl 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 

𝐶𝑠𝑝 =
∫ 𝐼𝑑𝑉

2 ∗ 𝑚 ∗ 𝑆𝑅 ∗ 𝑉 ∙
∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (1), 
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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.23,55 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, 

       

Figure 7.15. Cyclic voltammogram of PTECNT-COOH 20 for different scan rates in 

the electrolytes 1M HCl (a), 1M H2SO4 (b), 1M KOH (c) and 1M Na2SO4 (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 

H2SO4 electrolyte (a) and Cycling stability study (cyclic voltammetry) of PTECNT-

COOH 20 in 1M H2SO4 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 HCl, 1M H2SO4, 1M KOH, and 1M Na2SO4 

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 HCl, 1M H2SO4, 1M KOH, and 1M Na2SO4 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 HCl) have given higher values 

of specific capacitance. Dibasic H2SO4 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, 

                                           𝐶𝑠𝑝 =
𝐼𝑡

𝑚∆𝑉
   ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (2)        

Where ‘I’ is the current density, ‘t’ is the discharge time, ‘m’ is the mass of the sample 

used and ‘∆V’ is the potential window.23,57 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 H2SO4 and 1M Na2SO4 . The GCD profile in which deviation of shape 

from perfect triangular form indicates appreciable pseudo capacitance functioning from 

conducting polymer wrapping.57 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.7 Other 

quantitative measurements, such as energy density and power density, were also 

quantified. Energy density was calculated using the equation, 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐶𝑉2

8 ∗ 3.6
   ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (2), 

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, 

𝑃𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐸

∆𝑡
       ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (3), 

Where E is the energy density and ∆t is the time.57 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.58,59 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.60 

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.).      

 

Figure 7.17. Illustration 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. 
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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 (PTCNTs) were 

prepared by in-situ chemical oxidative polymerization of thiophene with the assistance 

of sodium bis(2-ethyl hexyl) sulfosuccinate (AOT) surfactant using FeCl3 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 FeCl3 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 NaBH4 and (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-1 g-1. PTCNT-COOH 300 Ag (TNC) 

exhibited prominent antibacterial activity in a water-based nutrient broth with a low 

concentration of 10 µg/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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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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