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Abstract 

STUDIES ON THE INTERACTION OF METAL AND SEMICONDUCTOR 

NANOPARTICLES WITH POLYMERS 

Abstract 

The present thesis deals with synthesis and characterization of metal (copper and 

nickel) and semiconductor (cadmium sulphide and copper sulphide) nanoparticles using 

simple chemical synthesis route. Considerable efforts have been devoted to the synthesis 

of polyaniline based nanocomposites using the synthesized metal and semiconductor 

nanoparticles. The thesis also provides an account of optical and electrical behaviour of 

polyaniJine based metal and semiconductor nanocomposites. The contents of the thesis 

have been compiled into five chapters. 

Chapter! contains a general introduction to nanoscience and technology. The 

two strategies top-down and bottom-up are briefly introduced followed by uniqueness of 

nanoparticles, their classification and colloidal synthesis route for their preparation. The 

role of capping agent to achieve stable colloidal dispersion is also described. A general 

overview of the nanocomposite materials specially based on conducting polymers is also 

given in this part. The general synthetic methods for the preparation of metal 

nanoparticles/conducting polymers and semiconductor nanoparticles/conducting 

polymers nanocomposite are also described. 

Chapter 2 is related to the synthesis, characterization and properties evaluation 
If 

of copper (Cu) and nickel (Ni) nanoparticles and their corresponding composites with 

polyaniJine (P ANI). Stable colloidal dispersion of Cu and Ni nanostructures are 

achieved by simple, economic and environmentaJly benign chemical synthesis route. 

Tannic acid (TA), a biomolecule is used as reducing as well as capping agent for 

synthesis of metal nanoparticles in ethylene glycol medium. The factors affecting the 

morphology of metal nanostructures are discussed thoroughly. The synthesized Ni and 

Cu nanoparticles are characterized using different techniques. A time delay 

study is performed to observe any morphological changes of nanostructures. In-situ 
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Abstract ii 

polymerization tec_hnique is employed to get nanocomposites based on P ANI and metal 

nanoparticles. Depending upon the nature of metal nanoprticles incorporated, 

nanocomposites show different morphologies and properties. A comparative study of 

optical and conductivity behaviour of pure P ANI and nanocomposites based on P ANI 

and metal nanoparticles has been discussed in detail. 

Chapter 3 deals with the synthesjs~ .characterization and property .evaluation of 

cadmium sulphide (CdS) nanostructures and their composites with PAN!. Stable 

colloidal dispersion of CdS nanoparticles is synthesized by employing cadmium acetate 

dihydrate as the cadmium source and sodium thiosulphate as the sulphur source. 

3-mercaptopropionic acid (MPA) has been used as stabilizing agents in the synthesis 

process. Controlling the reaction parameters, the size and shapes of CdS nanoparticles 

can be tailored from simple J-D structure to 3-D architecture and hence, their properties. 

A series of CdS/PAM nanocomposites based on different types of CdS nanostructures 

have been synthesized using in-situ polymerization technique and characterized using 

different techniques. It has been found that morphologies of the resultant composites 

depend upon the shape and size of the CdS nanopartic1es incorporated and hence, optical 

and conductivity behaviour of the composites. 

Chapter 4 describes the synthesis, characterization and properties evaluation of 

copper sulphide (CuS) nanoparticles and their composites with PAN!. CuS nanoparticles 

are synthesized by employing copper acetate monohydrate as the copper source and 

thiourea as the sulphur source. Sodium dodecyl sulfate (So.S), poly(N-vinyl-2-

pyrrolidone) (PVP) and Na-AOT were used as stabilizing agents in the synthesis 

process. The influence of thiourea concentration on conversion of golden brown copper 

sulphide sol to green form is also studied. The factors affecting the stability of the 

dispersion have also been investigated. CuSIP ANI nanocomposites have been 

synthesized and characterized. The optical and .electrical properties of the synthesized 

composites are investigated. 
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Abstract iii 

Chapter 5 outlines the concluding remarks, highlights of the fmdings followed 

by future scopes of the present investigation. It is concluded that inorganic-organic 

nanocomposite, wh"ich could merge the best properties of conducting PAN! and metal or 

semiconductor nanoparticles such as Cu, Ni, CdS and CuS can be utilized as a new 

functional material. Controlling the .size and shape of nanoparticles, the morphology and 

the properties of the nano.composite can be tailored. 
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Preface vii 

'l1ie a6i£ity to tailor tlie pliysica{ properties in a controfletf manner 6y atfjustino onfy size anti 

sliape is a core feature of nanoscience, anti it maf<!s nanomateriaCs attractive for potentia{ 

appfications as 6ui.l4ino 6foc/iJ for various nanoaevices anti nanosystems. :J{owever, most expforations 

of nano-6asetf materiaCs in practica{ applications require tlie metasta6fe-nanoparticfes to·6e sta6Utzetf 

_in an appropriate matrit .witli retention.of Jlieir initia{ unique pYQpertKs, .wlier:e (198regation anti 

aaafomeration sliouUf 6e suppressed. Comparea witli inorganic materiaCs, pofymeric materiaCs liave 

a[{urea consid"era6fe attention in recent years aue to tlieir refativefy row cost, arcliitectura{ ~6i£ity 

and simpfe fa6rication process. <Basea on tlie eJ(f:ellent concomitant properties of pofymer materiaCs, 

incorporation of meta{ and semicontiuctor nanoparticfes into tlie pofymer alUJws improvetf 

processa6i£ity anti sta6i£ity of tlie nanomateriaCs for appfications in various tfevice systems. 

Compati6i£ity 6etween tlie nanoparticfes anti pofymer mat~ is important in tliis regara anti lienee 

studies on-interaction 6etween -nanopart-icfes ana pofymeris of ~ent importance. 

Contiuctino pofymer 6asetf nanocomposites represent a new .concept in tlie tfevefopment ·of 

systems ~lii6itino junctiona{ properties resuftino from tlie synergistic interaction 6etween tlie 

aisperse pliase anti tlie matriJG :Many properties of contiuctino pofymers {if<! non-coTTOsiveness, Belit 

weiglit; meclianica{ strengtli, anti tlie possi6ifity to tune efectricaf corufuctfvity ana aiefectric 6eliavior 

can 6e utilizetf afona witli (uminescence properties of meta{ anti semicontiuctor nanoparticfes to maf<! 

muftiJunctiona{ structures. <Pofyaniline, 6eino a contiuctino pofymer possessino a[{ tlie aforementionea 

cliaracteristics is a suita6fe materia{ for tlie aevefopment of nano-6asea aevice. 'l1ie present tliesis 

aeaCs witli syntliesis anti cliaracteri.zation of meta{ anti semicontiuctor nanoparticfes and tlieir 

correspondino composites -witli pofyaniline. 'l1ie tliesis aCso provUfes an account of optica{ anti 

efectrica{ properties of syntliesi.zea nanocomposites. 'We Iiope tliat tliis stud) contri6utes a fittfe 

~fedjje to tlie rapU£fy ativancinofieUi of contiuctino pofymer 6asea nanocomposites anti aCso opens 

up tlie possi6ilities of furtlier researcli on tlie su6ject. 

rrTiis researcli was carrietf out in tlie ([)epartment of Cliemica{ Sciences, 'Tezpur Vnwersity 

witli financia{ lU.sistance from tlie Vepartment of Science anti rtcclinofogy, (jovt. of Intiia ((jrant :No. 

S<RjSl/PC-40/2004) 

)f.namik.g (/)utta 
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AbbrevJabons and acronyms 

metalfP ANI: 

mg: 

min: 

min-I: 

mt: 

mm: 

MPa: 

MPA: 

MRI: 

Mw: 

N2: 

Na-AOT: 

NaOH: 

near-IR: 

Ni: 

Ni-2: 

Ni-4: 

Ni-6: 

NilPANI: 

Ni-2IPANI: 

Ni-4IPANI: 

Ni-6IPANI: 

nm: 

N/m: 

NPs: 

NSs: 

NSMs: 

PANI: 

MetaVpotyaniline 

Miligram 

Minute 

Per minute 

Mililitre 

Milimeter 

Megapascal 

3-mercaptopropionic acid 

Magnetic resonance imaging 

Weight average molecular weight 

Nitrogen 

Sodium (bis-2-ethylhexyl) sulphosuccinate 

Sodium hydroxide 

Near Infrared 

Nickel 

Nickel nanoparticles synthesised with 0.02 M T A 

Nickel nanoparticles synthesised with 0.04 M T A 

Nickel nanoparticles synthesised with 0.06 M TA 

Nickel nanoparticles/polyaniline 

xxxiii 

Nickel nanoparticles (synthesised with 0.02 M TA)/polyaniline 

Nickel nanoparticles (synthesised with 0.04 M TA)/polyaniline 

Nickel nanoparticles (synthesised with 0.06 M TA)/polyaniline 

Nanometer 

Newton/meter 

Nanoparticles 

Nanostructures 

Nanostructures materials 

Polyaniline 
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Abbreviations and acronyms xxxiv 

PbS: Lead sulphide 

P3HT: Poly(3-hexylthiophene) 

PL: Photoluminescence 

PTh: Po lythiophene 

PPV: Poly(p-phenylene vinylene) 

PPY: Polypyrrole 

PVP: Poly (N-vinyl-2-pyrrolidone) 

QDs: Quantum dots 

R: Radius 

s: Second 

S·I: Per second 

Stem: Siemens/centimetre 

SDS: Sodium dodecyl sulphate 

SEM: Scanning electron microscope 

STS: Sodium thiosulphate (Na2S203. 5H20) 

SN: Surface-to-volume 

t: Crystalline size 

TA: Tannic acid (C7~52046) 

TEDA: Triethylenediamine 

TEM: Transmission electron microscope 

TEMA: Tetramethylenethylenediamine 

TG: Thermo gravimetric 

TGA: Thermogravimetric analysis 

THU: Thiourea (NH2CSNH2) 

TMV: Tobacco mosaic virus 

TOPO: Trioctylphosphine oxide 

UV-vis: Ultraviolate-visible 

V: Voltage 
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XPS: X-ray photoelectron spectrometer 

XRD: Powder X-ray diffraction 

ZnSe: Zinc selenide 

a.: Alpha 

8: Angle 

A: Angstrom 

J.1: Micro 

J.1m: Micrometer 

%: Percentage 

1t: Pi 

p: Resistivity 

L\: Temperature 

A: Wavelength 

v: Wavenumber 
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1.1. Introduction to nanoscience and technology 

Richard P. Feynman in the year 1959 predicted the future of nanotechnology. He 

predicted that there should be nothing stopping us from creating products at the size of 

atoms. He also suggested that a machine could be created that makes a miniature replica 

of itself, which creates another miniature replica of itself, and so on until the replica was 

at the molecular level. His talk "There's Plenty of Room at the Bottom" could come 

road map of nanotechnology. In 1974, the term "nanotechnology" was introduced by 

Taniguchi. The term was popularized by Drexler during the 1980s when he introduced 

the concept of molecular manufacturing2
-4. Investigations of reactive species (free 

atoms, clusters, reactive particles) throughout the 1970s and 1980s, coupled with new 

techniques and instruments (innovations in mass spectrometry, vacuum technology, 

scanning tunneling microscopes, and more) nanotechnology has been prosperously 

developed with the ability to measure and visualize the novel phenomena, and to 

manipulate and manufacture the materials and devices with nanostructures of 100 

nanometres or smaller. 

Today, this field of nanostructures science and technology has become a broad 

and interdisciplinary area of worldwide research and development activity and has been 

growing enormously. It has already having a significant commercial impact, and it will 

certainly have a much greater impact in near future. From common people point of view, 

nanotechnology appears to be the fabrication of miniature machines, which will be able 

to travel through the human body and repair damaged tissues or supercomputers small 

enough to fit in a pocket. However, nanotechnology anticipated applications range from 

optoelectronics5-8, single electron transistors and light emitters9
-
1J

, non-linear optical 

devicesI4
,lS, catalysis16

,17, solar energy conversionl8
,19 photonic band gap materials20 and 

biomedical applications21
-
25

• In order to realize the practical devices with nanomaterials 

utilizing their unique properties, the individual nanoparticles (NPs) need to be assembled 

in a desired fashion. Two major approaches currently being envisaged for the generation 

of organized nanoscale particles are top-down approach and bottom-up approach. 
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"Top-down" approach begins with a suitable starting material and then "sculpts" 

the functionality from the material. This technique is similar to the approach used by the 

semiconductor industry in forming devices out of an electronic substrate (silicon), 

utilizing pattern formation (such as electron beam lithography) and pattern transfer 

processes (such as reactive ion etching) that have the requisite spatial resolution to 

achieve creation of structures at the nanoscale. This particular area of nanostructure 

formation has tremendous scope and is a driving issue for the silicon-integrated chip 

technology26. However, it has been realized that the current rate of miniaturization in 

silicon memory technology will be affected very soon by the physical limits of device 

dimensions imposed by ultra-violet, electron/ion beam and soft X-ray lithographic 

techniques (known as Moore's law). Another top-down approach is "ball-milling," the 

formation of nanostructure building blocks through controlled, mechanical attrition of 

the bulk starting material. Those nano building blocks are then subsequently assembled 

into a new bulk material. 

In bottom-up approaches, the atoms and molecules are assembled into the 

smallest nanostructures using precursors in the liquid, solid, or gas phase employing 

either chemical or physical deposition processes that are integrated into building blocks 

within the final material structure. An ample of this approach is the formation of powder 

components through aerosol techniques and then the compaction of the components into 

the final material. These techniques have been used extensively in the formation of 

structural composite nanomaterials. Self-assembly of atoms and molecules into 

nanostructures can be classified as a bottom-up approach. In nature, self-assembly is 

often used to make complex structures. 

1.2. Uniqueness of nanoparticles 

It is usually assumed that the properties of solid semiconductors are independent 

of their size. However, this assumption is only valid for the solid containing a 

macroscopic number of atoms. Recent studies have shown that if the characteristic size 

of semiconductor particles is less than 10 nm, then many of their physicochemical 
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properties appear to be essentially different from analogous properties macroscopic 

objects27
-
29

• The two major phenomenons due to the effect of material size confinement 

are briefly described below. 

1.2.1. Size effects on the density of electronic state 

One of the defining features of a semiconductor is the energy gap separating the 

conduction and valence energy bands. The colour of light emitted by the semiconductor 

material is determined by the width of the gap. In natural bulk semiconductors, the gap 

width is a fixed parameter determined by the material's identity. The situation changes, 

however, in the case of nanoscale semiconductor and metal particles with sizes smaller 

than about 10 nanometres. This size range corresponds to the regime of quantum 

confinement, for which the spatial extent of the electronic wave function is comparable 

with the dot size. Because of these "geometrical" constraints, electrons "feel" the 

Semiconductor (A) Metal (B) 

Unoccupied Unoccupied 

-t 

Atoms NBnocrystal Bulk 
Atom Nanocrystal Bulk 

Density or States Density or States 

Figure 1.1. Schematic illustration of the energy levels as a function of density of states 
for different size systems for semiconductor (A) and metal (B). 

presence of the particle boundaries and respond to changes in particle size by adjusting 

their energy. This phenomenon is known as the quantum-size effect, and it plays a very 

important role in quantum dots (QDs). Figure 1.1 illustrates the density of states (DOS) 

and energy level spacing change as a function of size. In the tirst approximation, the 
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quantum-size effect can be described by a simple "quantum box" model, in which the 

electron motion is restricted in all three dimensions by impenetrable walls. For a 

spherical QD with radius R, this model predicts that a size dependent contribution to the 

energy gap is simply proportional to lIR2
, implying that the gap increases as the QD size 

decreases3o
• In addition, quantum confinement leads to a collapse of the continuous 

energy bands of a bulk material into discrete, atomic-like energy levels31
-34. The discrete 

structure of energy states leads to a discrete absorption spectrum of QDs, which is in 

contrast to the continuous absorption spectrum of a bulk semiconductor. 

1.2.2. Size effects on the number surface atoms 

Another important phenomenon that occurs due to size reduction is the extremely 

large surface-to-volume (SN) ratio. The large percentage of surface atoms can introduce 

a high density of surface states. These surface states can fall within the band gap and 

trap charge carriers (electrons and holes), which in tum can significantly influence the 

charge carrier behaviour and other properties of the nanoparticles. The surface atoms 

contribute largely to the thermodynamic characteristics of solids and determine to a 

considerable extent the melting temperature and structural transitions for nanoparticles. 

The melting point of a solid, for example, is reached when the order of the lattice starts 

to be lost; as surface atoms have a smaller coordination number, they are easily 

rearranged. For typical bulk materials, the melting point is a physical constant, but only 

as long as the surface is negligibly small in comparison with the total volume. On 

reducing crystal size the number of surface atoms become equal or even exceeds that of 

the inner core atoms, as a result the melting process starts a lower temperature. Thus 

properties, which are usually determined by the molecular structure of the bulk lattice, 

now become increasingly dominated by the defect structure of the surface3
5-J8. 

1.3. Nanostructured materials 

Nanostructures materials (NSMs) are distinguished from conventional 

polycrystalline materials by the size of the structural units that compose them, and they 

often exhibit properties that are significantly different from those of conventional 

STUDIES ON THE INTERACTION OF METAL AND SEMICONDUCTOR NANOPARTICLES WITH POLYMERS 



Chapter I IntroductIOn 5 

materials39
• "Nano" derives from the Greek word "nanos" which means dwarf or 

extremely small. Nanomaterials are small clustered of atoms; at least one of their 

dimensions is less than 100 nm40. Nanostructured inorganic, organic and biological 

materials may have existed in nature since the evolution of life started on Earth. Some 

evident examples are microorganisms, fine grained minerals in rocks and nano size 

particles in bacterias and smoke. From a biological viewpoint, the DNA double helix has 

a diameter of about 2 nm (20 A 0) while ribosomes have a diameter of 25 nm. Atoms 

have a size of 1-4 A 0; therefore, nanostructured materials could hold tens of thousands of 

atoms all together. Moving to a micrometer scale, the diameter of a human hair is so-
100 Jlm41. Figure 1.2 illustrates typical biological objects whose sizes belong to the 

100nm r Nanoscopic Dimensions 

1
1 nm 

PolioVirus 

1 Immunoglobln 

1 t-
(x10) ___ _ 

Bacteria -. 

,-. 
(x100) -,-

Red Blood Cell 

Figure 1.2. Size comparison ofnanoparticles with bacteria, viruses and molecules. 

significant gap existing between the two regimes, where particles of 1 to 100 nm (made 

of 10 to 106 atoms) can be found42
-44. Although manmade nanostructured materials are 

of recent origin whose domain sizes have been precision engineered at an atomic level 

simply by controlling the size of constituent grains or building blocks, they actually have 

a very long history. Nanoparticles were used by artisans as far back as the 9th century in 

Mesopotamia for generating a glittering effect on the surface of pots. A Roman cup, 

called Lycurgus cup, used nanosized gold clusters to create different colours depending 

on whether it was illuminated from the front or the back. The cause of this effect was not 
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known to those who exploited it. Michael Faraday provided the first description, in 

scientific terms, of the optical properties of nanometer-scale metals by synthesizing 

colloidal gold in his classic 1857 paper45. By the early 1940s, precipitated and fumed 

silica nanoparticle were used as substitutes for ultrafine "carbon black" particles for 

rubber reinforcement. Since then, nanosized silica have found large scale applications in 

many everyday consumer products, ranging from non-diary coffee creamer to 

automobile tires, optical fibers and catalyst supports. In the 1960s and 1970s metallic 

nano powders for magnetic recording tapes were developed46. Although research on 

nanostructured materials began about two decades ago but did not gain much impetus 

until the late 1990s. Since then the nano size length-scale has attracted increased 

attention and opened up a wide range of new opportunities for research and applications 

in the field of nanoscience and technology. Carbon black is the most famous example of 

a nanoparticulate material that has been produced in quantity of decades. Roughly, 1.5 

million tons of the material is produced every year41. Among the nanostructured 

carbonaceous materials, fullerene and carbon nanotubes are the most popular materials. 

In fact, carbon nanotube is known as one of the most wanted material in 21 st century. 

Both ful1erene and carbon nanotubes have closed carbon cage structure. These two 

materials (in particular c~rbon nanotubes) have become topic of extensive experimental 

and theoretical investigations because of their unusual structure and properties that are in 

principal tunable by varying the diameter, the number of concentric shells, etc. The most 

common of the new generation of nanostructures being ceramics, which are best split 

into metal oxide ceramics, such as titanium, zinc, aluminium and iron oxides to name a 

prominent few, and silicate nanoparticles (silicates or silicon oxides are also ceramic), 

generally in the form of nanoscale flakes of clay. To date, nanostructures of ZnO, Fe20), 

Si02, MoS2, CdS, CdSe, CdTe, HgS, GaP, Cd3P2, BiI3, Pbh and a number of other 

semiconductors have been synthesized and investigated47
• 

Among the nanostructured non carbonaceous II-VI materials, such as cadmium 

sulphide (CdS), cadmium selenide (CdSe), lead sulphide (PbS), and copper sulphide 
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(CuS), etc. as well as IlI-V elements, i.e., indium phosphide (InP), gallium nitride 

(GaN), indium arsenide (InAs), etc., are most important. 

1.3.1. Copper and nickel 

Over the past few years, considerable interest has been focused on metal 

nanoparticles due to their potential applications in diverse fields including catalysis, 

magnetic recording media, or microelectronics. Various methods are now known which 

enable one to prepare these nanoparticles with controlled size and shape; these include 

metal vapour deposition, electrochemical reduction, radiolytic reduction, thermal 

decomposition, mechanical attrition and chemical reduction. Among these methods, the 

solution method is found to be simple and most versatile for metal nanoparticles4
8-S6. 

Copper is one of the most widely used materials in the world. It has a great 

significance in all industries, particularly in the electrical sector due to low cost. Copper 

has also been used as an antibacterial agent for many years57. The antifungal and 

antibacterial properties of copper nanoparticle-polymer composites have been reported58
-

64. Copper nanoparticles have been synthesized and characterized by different methods. 

Stability and reactivity are the two important factors that impede the use and 

development of the metal cluster in a new generation ofnanoeJectronic device. 

Nickel nanoparticles have drawn additional interest as one of the most important 

catalysts for various reactions such as decomposition of ammonia65, oxidative 

dehydrogenation66
, steam reforming67, hydrogenation68 and more recently, the formation 

of carbon nanotubes (CNTs)69. Extensive applications of nickel-based nanoparticles in 

biological systems are also reported. For example, Mirkin and co-workers demonstrated' 

the efficient and selective separation of Histagged proteins using nickel-based nanorods 

with a diameter of about 300 nm 70. Hyeon and co-workers have successfully proved that 

super paramagnetic Ni with NiO shells have a high affinity for polyhistidine and can be 

utilized for separating and purifying Histagged proteins from a multicomponent 

solution 71. 
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1.3.2. Copper sulphide and cadmium sulphide 

Synthesis and characterization of nanocrystal of semiconducting copper sulphide 

(CuS), and cadmium sulphide (CdS) have been an intense field of research due to their 

interesting properties and potential applications. 

Copper sulphides, belonging to space group 194, P63/mmc, are important 

semiconductors, which show metallic conductivity and transform at 1.6K into a 

superconductor72
• In addition, copper sulphides exhibit fast-ion conduction at high 

temperature73,74 and their many particular properties have been studied extensively75,76. 

Copper monosulphide crystallizes in the hexagonal crystal system, and this is the form 

of the mineral covellite. There is also an amorphous high pressure form", which on the 

basis of the Raman spectrum has been described as having a distorted covellite structure. 

The structure was described as "extraordinary" by Wells78 and is quite different from 

copper (II) oxide, but similar to CuSe (klockmannite). The covellite unit cell contains 6 

formula units (12 atoms) in which 4 Cu atoms have tetrahedral coordination, 2 Cu atoms 

have trigonal planar coordination, 2 pairs of S atoms are only 207.1 pm apart79 

indicating the existence of an S-S bond (a disulphide unit). The 2 remaining S atoms 

form trigonal planar triangles around the copper atoms, and are surrounded by five Cu 

atoms in a pentagonal bipyramid. The S atoms at each end of a disulphide unit are 

tetrahedrally coordinated to 3 tetrahedrally coordinated Cu atoms and the other S atom 

in the disulphide unit. Traditionally, many efforts have been made to synthesize CuS 

crystals, such as solid-state reactions80, self-propagating high temperature synthesis81
-83, 

and hydrothermal synthesis of CuS nanoparticles84
• Moreover, Henshaw and his co­

workers have also prepared copper sulphides at, low temperature via elemental reaction 

in liquid ammonia85. However, what they obtained was a mixture of CUl.sS, CU7.2S4 and 

Cu 1.96S. Gautam and his co-worker prepared water-soluble CuS nanocrystals and 

nanorods by reacting copper acetate with thioacetamide in the presence of different 

surfactants and capping agents86. The size of the nanocrystals varied from 3-20 nm 

depending on the reaction parameters such as concentration, temperature, solvent and 

the capping agent. Lu et al. synthesized CuS nanoroads using liquid-crystal templates 87. 
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Cadmium sulphide (CdS) is a p-type semiconductor with Bohr radius of 2.4 nm 

and direct band gap of 2.40 ey88 and is widely used as a commercial photodetector in 

the visible spectrum. It is also used as a promising material for buffer layers in thin film 

solar cells89
,90. When combined with p-type semiconductor, it forms the core component 

of a photovoltaic solar cell. A CdS/Cu2S solar cell was one of the first efficient cells to 

be reported in 195491
,92. When doped with for example Cu + ("activator' ' ) and A13+ 

("coactivator"), CdS luminesces under electron beam excitation (cathodoluminescence) 

and is used as phosphor93. Cadmium sulphide has, like zinc sulphide, two crystal forms; 

the more stable hexagonal wurtzite structure (found in the mineral Greenockite) and the 

cubic zinc blende structure (found in the mineral Hawleyite). In both of these forms the 

cadmium and sulphur atoms are four coordinate78. There is also a high pressure form 

with the NaCl rock salt structure78. 

1.3.3. Dimensionally classification of nanostructures 

First classification scheme of NSMs was proposed by Gleiter94 and further was 

extended by Skorokhod et a1.95. In the last decade, hundreds of new NSMs and 

8-D I-D 

Ouantum dots Rods, Belts 

comple~ 

Self-auembly FuaCtiODai 

scales 

Figure 1.3. Schematic representation of different classes of dimensionally 
modulated nanostructured building blocks. 
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abundance of novel nanostructures (NSs) have been obtained and therefore, the need in 

their classification is ripened. Recently, Pokropivny and Skorokhod have proposed a 

classification ofNSs based on their dimensionality namely, OD, 1D, 2D, and 3D96. 

Table 1.1. 36 classes of nanostructures 

OD ODO (Uniform particles arrays) 

ODOO (Core-shell dcndrimers) 

m mo (Molecular chain, Polymers) 

moo (Heteropolymers) 

2D 

3D 

ml (Bundles, Ropes) 

1011 (Heterochains, heterobundles) 

1010 (Beads, Pea-pods) 

2DO (Fullerene films) 

201 (Nanostraw) 

2D2 (Layered films) 

2DOO (Heterofilms) 

2010 (Films of pods) 

3DO (Fog) 

301 (Skeleton of fibers) 

3D2 (Honeycombs, Foams) 

3DOO (sols, colloids, smogs) 

3DIO (Skeletons of fibers-powders) 

2DIl (Films of fibers) 

2D20 (Fullereno plate films) 

2D21 (Fiber layer films) 

2D22 (Hetero layers) 

2D2 I 0 (Fullarene fiber layer films) 

3D21 (Cross bar layers) 

3D22 (Heterolayers) 

3D30 (particles, pores in matrix) 

3D3] (Fiber composites) 

3032 (Grain boundaries) 

3011(Skeleton of heterofibers- 3D2IO (Composites oflayers) 

nanotubes) 

3D20 (Intercalates ) 

3D3 I 0 (powder-fiber composites) 

3D320 (powder-layers composites) 

3D321 (Layers-fib~rs composites in 

matrix) 

Figure 1.3 represents the dimensionally modulated broad classification ofNSs. All NSs 

can be built from elementary units (blocks) having lower dimensionality OD, 1 D, and 

2D. The 3D units are excluded because they cannot be used to build low-dimensional 

NSs except 3D matrix. However, 3D structures can be considered as NSMs if they 
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involve the OD, ID, and 2D NSs. They introduce the notation of NSs as kDlmn ...... , 

where k is a dimensionality of NS as a whole, while the integers I, m, n denote the 

constituting units. 

From the definition of NSs the condition leads, namely, lQI,m,n, and 

k,l,m,n=O,I,2,3. It follows from this conditions that restricted number of NSs classes 

exists, namely, 3 sorts of elementary units (OD, ID, 2D), 9 single classes of kDl type 

built of 1 sort units, 19 binary classes of kD 1m type built of 2 sort units, and a variety of 

ternary, tetradic, etc., classes. Restricting the classification by 5 main ternary structures 

of kDlmn type built of 3 sort units, we obtain in the result 3+9+ 19+5=36 classes ofNSs 

as presented in Table 1.1. 

1.3.4. Colloid chemical synthesis of nanostructures 

The synthesis and processing of nanostructured materials with well defined 

architecture has attracted great attention because of the potential uses of nanostructures 

as building blocks for nanodevices and nanosystems. A number of methods have been 

explored to fabricate nanostructured materials. Methods for synthesis of nanostructures 

can be broadly divided into two categories as physical and chemical methods. Physical 

methods such as molecular beam epitaxy, evaporation, vacuum sputtering and metal 

organic chemical vapour deposition generally produced nanostructures on substrates 97-

99. The main limitations of this physical "method are the cost of fabrication and lack of 

control over positioning of individual dots. In addition, there exists a limit on the 

physical size of a substrate and the number of substrates that may be processed during 

one single batch. Therefore, the throughput of the process is limited. Chemical synthesis 

methods are promising in terms of cost reduction and ability to produce large amounts of 

particles and there are no substrate issues. 

Chemical synthesis in general involves reacting atomic or molecular species in a 

solvent/surfactant mixture. The solvent/surfactant mixture serves as a reaction medium 

in which reaction, nucleation and crystal growth occur. The surfactant is often an 

organic molecule which interacts dynamically with the surface of the growing 

nanostructures thus regulating the size and shape of the final nanostructures97
• 
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Depending upon the solvent used, chemical synthesis can be further classified as 

aqueous and nonaqueous synthesis. The nanostructures produced are freestanding and 

exist as colloids in solution. 

Among various chemical synthetic methods developed, two approaches are most 

successful in creating stable colloids with good size dispersion. One is an organometallic 

synthesis based on the high temperature thermolysis of precursors, first reported by 

Murray et al. loo and further improved later onlOI . The high reaction temperature (150-

300°C) facilitates the removal of crystalline defects and results in high-quality magnetic 

nanoparticles. However, the toxicity of the solvents, ligands and precursors used in these 

types of syntheses might limit their applications to a certain extentl02. An alternative 

synthesis employs the synthesis from the starting reagents in solution by arresting the 

reaction at a definite moment of time. This is the so-called method of arrested 

precipitationI03
,104. Arrested precipitations in aqueous media in the presence of 

stabilizers such as polyphosphates10S, thiolsl06, thioglycolic acid107, 

triethylenediamine108, sodium (bis-2-ethylhexyl) sulphosuccinate (Na-AOT)86 are 

reported. This is a faster, simple, and inexpensive technique. However, the technique is 

very sensitive in terms of reproducibility of a particular size of particles. This is because 

various parameters e.g., volume of the reactants, stirring speed, rate of addition of 

reactants, time of stirring, temperature, and pH-value are involved in the synthesis and 

have to be reproduced for obtaining a particular size. Another important task is to 

minimize the size distribution in order to achieve monodispersed particles. For the case 

of nanoreactors, various cage-shaped functional materials such as reverse micelles109, 

<Ublock copolymersllo, vesicleslll , etc., are used to control the growth of nanoparticles. 

1.3.5. Means to achieve stable dispersion: role of capping ligands 

In any solution phase synthesis of crystalline nanoparticles, there are three steps 

to consider: (i) nucleation of a sparingly soluble product under supersaturatio"n 

conditions; fii) growth of nuclei into crystalline nanoparticles and (iii) growth 

termination and nanoparticles stabilization. In theory, control in the size and shape 

distribution of nanoparticles prepared in solution can be achieved via the capability to 

STUDfES ON THE INTERACTION OF METAL AND SEMlCONDUCTOR NANOPARTICLES WITH POLYMERS 



Chapter I- Introduction 14 

1.3.6. Nanocomposites materials 

In the universe composite material are distributed widely and are considered to 

be the building blocks in planet formation processes. Some evident examples of 

composite materials that nature has created are timber, bamboo, feathers, wood, organic 

materials, like tissue surrounding the skeletal system, soil aggregates, minerals and rock. 

Bone is an organic-inorganic composite of protein (collagen) and minerals (calcium 

apatite) and bamboo is cellulose reinforced by silica. These combinations make a hard 

material with high impact strength. The cellulose cell structure of wood and fiber is 

bound together with lignin, a natural polymeric substance. Ancient society, imitating 

nature, used this approach as well to improve the quality of life. For example, people 

used construction materials like Adobe1l3 to build sturdier houses and were made of mud 

bricks lined with straw and strips or mats of bamboo, canes to impart higher strength, for 

mud bricks. Ancient Pharaohs made their slaves use bricks with to straw to enhance the 

structural integrity of their buildings, some of which testify to wisdom of the dead 

civilization even today: safety and durability to the mud walls. Uses of papyrus 

reinforced bitumen in building fishing boats and of shellac as a stiff matrix material with 

reinforcements based on fibrous materials collected from forest were known to people in 

ancient Babylonia, Egypt and India. At a much later date, composites such as linoleum, 

asbestos, cement items, and reinforced concrete grew into prominence and universal 

acceptance. Contemporary composites results from research and innovation from past 

few decades have progressed from glass fibre for automobile bodies to particulate 

composites for aerospace and a range other ultra demanding applications. For instance, 

the term "FRP" (for Fibre Reinforced Plastic) usually indicates a thermosetting polyester 

matrix containing glass fibres, and this particular composite has the lion's share of 

today's commercial marketl14
• 

The word composite, as technically defined, means a macroscopic combination 

of two or more distinct materials having an identifiable interface between them, but 

more pointedly, the definition is confined to only such materials as would contain a 
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fibrous or particulate reinforcement supported by a binder or matrix material. The 

discontinuous phase constituted of the fibre or particulate reinforcement is commonly 

stiffer and stronger than the continuous (matrix) phase llS
. The particulates may be 

powdered, crystalline or amorphous. They may be metallic or ceramic containing natural 

or artificially prepared materials. The matrix must be capable of being forced around the 

reinforcement during some stage in the manufacture of composite. There are a number 

of matrix materials, including carbon, ceramic, glass and polymers. Concrete and solid 

rocket propellants are familiar examples of particulate composites1l6. The difference 

between a composite and a filled system lies in the fact that while in composite the 

discontinuous phase imparts significant mechanical reinforcement, it only plays the role 

of a loading agent-or diluents without property enhancement or reinforcement in what is 

called a filled system. Fillers however, may impart many advantages such as fire/flame 

retardancy, shrinkage control, improved thermal/electrical conductivity and above all, 

cost benefit. A composite is viewed as a laminate if the reinforcing fibres are arranged in 

layered fashion such as in the form of webs, fabrics or mats. Examples are automobile 

parts, like windshields and laminated glass, where, isotropic layers of materials are 

bonded together to form non-homogeneous composite laminateslls. However, properties 

achieved by these traditional composites involve compromises. For example, stiffuess is 

obtained at cost of toughness, which is also traded for optical clarity. Recently, 

nanoscale filled polymer composites give a new way to overcome the limitations of 

traditional counterparts. 

The definition of "nano-composite material' has broadened significantly to 

encompass a large variety of systems such as one-dimensional, two-dimensional, three­

dimensional materials, amorphous or crystalline, made of distinctly dissimilar 

components, which are mixed at the nanometer scale. Nanocomposite is a distinct form 

of composite materials, which involves embedding nano or molecular domain sized 

particles into an organic polymer, metal or ceramic matrix material. The incorporation of 

quantum dots into monodisperse polymer microbeads can give materials some unique 
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properties, and numerous potential applications such as enhancement of 

conductivity117,1l8, toughness1l9, optical activity 120,121 , catalytic activity122, chemical 

selectivityl23,I24, etc. Polymer based nanocomposite technology has been described as 

the next great frontier of material science. For example, nanotube fillers possess strength 

as high as 500 GPa and modulus as high as 1 TPa. Nanoparticles are optically active and 

do not scatter light significantly, which can be combined into a polymer to obtain the 

optical gain of the material. Very small fillers do not build large stress concentrations 

and therefore, do not compromise the ductility of the polymer. In addition, the small 

decrease in size of the fillers less than 100 nm leads to dramatically augmented 

interfacial area per unit volume or weight of the dispersed phase, which control the 

degree of interaction between the polymer and filler phase and thus controls the 

properties. Hence, the greatest challenge in making polymer nanocomposites is to learn 

how to control the interface. 

1.4. Conducting polymers 

Ever since the discovery by Shirakawa, Heeger and MacDiarmid, in 1976, 

conducting polymers (CP) and their composites has emerged as new field of research 

and development, directed to creation of new smart materials for use in modern and 

future technologies. In particular, electrochemistry-related aspects of nanostructurized 

conducting polymers have recently attracted a great deal of interest. The main expected 

electrochemistry related fields of application for nanostructurized conducting polymers 

are electric energy storage systems, chemical-to-electric or vice versa energy 

conversions, sensors and biosensors, and materials for corrosion protection12
5-136. They 

are called "fourth generation of materials". Along with semiconducting properties, 

conducting polymers extend lightweight, good strength, flexibility and easy 

processability. One of the remarkable features of conducting polymers is that it is 

possible to control the electrical conductivity of these polymers over a wide range from 

insulating to metallic and even to super conducting by proper doping with suitable 

dopants. Both n-type (electron donating, e.g., Na, K, Li, Ca, tetrabutylammonium) and 
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p-type (electron accepting, e.g., PF6, BF4, CI, AsF6) dopants have been used. The doping 

typically is done using vapors or solutions of the dopant, or electrochemically. In some 

circumstances, the polymer and dopant are dissolved in the same solvent before forming 

the film or powder. The polymer backbone and dopant ions form a rich variety of new 

three-dimensional structures. Many of the CPs show good optical behaviour alsot37. CPs 

have an alternating sequence of single and double bonds along the polymer backbones. 

The overlap of 1t bonding and 1t* antibonding molecular orbitals forms a continuous 

system of electron density along the polymer backbone. CPs are not ideal conjugated 

systems. There is a break in the conjugation length due to twists and kinks, as well as 

due to the chemical defects. The extent of this overlap (conjugation length) together with 

the bond alternation determines the HOMO-LUMO band gap. CPs have band gaps in the 

range of 1 to 4 eV, which makes them ideally suited for applications in optoelectronic 

devices operating in the visible light range. The vast majority of reports dealing with 

CPs involve the study of p-doped polymers, for example polyaniline (PANI)t38, 

polypyrrole (Ppy)t39, poly(p-phenylene vinylene) (ppV)l40, polythiophene (PTh)141 and. 

their derivatives. 

1.4.1. Polyaniline 

Among all CPs, polyaniline (PAN I) was the first stable metallic polymers which 

could be processed in the metallic form126. PANI has been investigated extensively for 

over 100 years and attracted a great deal of attention as a conducting materials for 

several important reasons; the monomer is inexpensive, the polymerization reaction is 

straight forward and proceeds with high yield and PANI has excellent stabilityI26,142,143. 

One of the unusual characteristics of polyaniline is that it may be treated as an 

alternating block copolymer of benzenoid and quinoid units. This assumes a head to tail 

(that is 1,4 bonding or para bonding) and an even oxidation state wherein there are 50% 

benzenoid and 50% quinoid units. This is nearly true when the polyaniline is in its 

emeraJdine salt form. Between each benzenoid and quinoid there is a different nitrogen 

group: They are referred to as imino and amino groups. The generalized formula for 

different forms of PANI base can be described by the formula presented in the 
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Figure 1.4. These heteroatom moieties are often used as sites for selective acid doping 

and their ability to be protonated or deprotonated allows the PANI to be dissolved in 

strong acids or basesl44
• All these factors contribute to PANI being superior to other 

conducting polymers. P ANI exists in a variety of forms that differ in chemical and 

physical propertiesl
44-147. Depending on the method of preparation, PANI bases may 

exist in three distinguished form; (a) fully reduced form (Ieucoemeraldine), (b) partially 

reduced form (emeraldioe), and (c) fully oxidized form (pernigraoiline) (Figure 1.5). 

Figure 1.4. The general formula for different forms of PANT base. 
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Figure 1.5. Principle ofPANI doping. 

Both fully reduced and fully oxidized are environmentally unstable. 

Leucoemeraldine (a) (white powder) is a strong reducing agent that easily reacts with air 

oxygen giving emeraldine (b) as the productl48
• Pemigraniline (c) (red-purple, partially 
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crystalline powder) composed of oxidized units, easily undergoes hydrolytic type 

degradation via chain scissionl44. Emeraldine base (dark blue powder with metallic 

gloss)- semi-oxidized form of PANI is stable in air and can be stored for long time 

without chemical changes. Emeraldine is the most extensively studied form ofPANI. 

Several synthetic routes have been proposed for polymerization of aniline and its 

derivatives. The synthetic procedures are mainly aimed on the preparation of emeraldine 

base as this form of P ANI is stable in ambient conditions. When pemigraniline or 

leucoemeraldine are required, the oxidation or the reduction of emeraldine usually 

obtains them. The oldest and still the most popular way for the preparation of 

polyaniline is chemical oxidative polymerisation. The efficient polymerization of aniline 

is achieved only in an acidic medium, where aniline exists as an anilinium cation. A 

variety of inorganic and organic acids of different concentration has been used in the 

syntheses of PANI; the resulting PANI, protonated with various acids, differs in 

solubility, conductivity, and stab ilityl 46. Different inorganic oxidants such as: KIO), 

KMn04, FeCi), K2Cr04, KBr03, KCI03, (NR.)2S20g have been used. Peroxydisulfate is 

the most commonly used oxidant, and its ammonium salt was preferred to the potassium 

counterpart because of its better solubility in water. The concentration of aniline 

hydrochloride was set to 0.2 M. Various oxidant/monomer ratios have been used in the 

literature149
• To minimize the presence of residual aniline and to obtain the best yield of 

PANI, the stoichiometric peroxydisulfate/aniline ratio of 1.25 is recommendedl49
• 

Chemical oxidative polymerisation of aniline using HCI and (N~nS20g can be 

described by the following Scheme 1.1. 

4n < rNH2HCI + 5n (NH4h~08 -

Scheme 1.1. Oxidative polymerization of aniline. 
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It is clear from Scheme 1.1 that in acidic media emeraldine is obtained in its protonated 

state. If needed, it is usually transfonned into the base fonn by deprotonation in 0.1 M 

ammonia aqueous solution. 

Oxidative polymerisation of aniline can also be perfonned using the 

electrochemical route. Polyaniline can be synthetised potentiostatically, 

galvanostatically or by potential scanning (cyclic-voltammetry polymerisation). In the 

cyclic-voltametry method, the product is deposited layer-by layer on the anode. Using 

this technique the best quality homogenous polymer film was obtained in the eutectic 

mixture ~F·2.35HF applying the potential from -0.2V to 0.7 V (vs. CulCuF2)ISO,I5l. 

Electrochemical polymerisation can also be carried out in other media: aqueous 

solutions at low pH using inorganic acids such as HCI or H2S04 and the systems 

composed of organic solvents and inorganic salts, i.e., lithium perchlorate-acetonitrile1S2
-

155. Electrochemical polymerisations are usually carried out at room temperature, but 

some comparative experiments have been done at 0 °Cl56
. It has been found that the 

polymer obtained at lower temperatures exhibits better properties, among others, a 

higher molecular weight. Well-controlled conditions of the electrochemical 

polymerisation cause good reproducibility of the product. 

1.5. Inorganic-organic materials interaction in nanocomposites 

A great variety of nanocomposite materials can be fonned by guest-host 

interactions between inorganic and organic species. Experimental work has generally 

shown that virtually all types and classes of nanocomposite materials lead to new and 

improved properties when compared to their macrocomposite counterparts. Therefore, 

nanocomposites promise new applications in many fields such as mechanically 

reinforced light weight components, non-linear optics, battery cathodes, sensors and 

optoelectronics. 

Inorganic nanoparticles can be introduced into the matrix of a host-conducting 

polymer either by some suitable chemical-route or by an electrochemical incorporation 

technique. However, each synthesis opens a way to a group of materials with 

complementary behavior between two components. The special properties viz. its 
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colloidal stability, optical, catalytic, electrochemical, magnetic susceptibility, etc., 

always add new dimensions to the characteristic of the resulting composite. A wide 

variety of available inorganic components like three-dimensional framework systems of 

zeolites, two-dimensional layered materials such as clays, metal oxides, metal 

phosphates, chalcogenides, and even one-dimensional nanowires, nanotubes, (M03Se3)n 

chains and zero-dimensional materials such as CdS, CdSe nanoclusters have so far been 

encapsulated into the core of conducting polymers giving rise to a host of 

nanocomposites. These materials differ from pure polymers in some of the physical and 

chemical properties and at the same time differ from each other. 

P. Pod dar et al. used 15 nm manganese zinc ferrites (MnO.68ZnO.25Fe2.0703) 

synthesized in inverse micelles as the disperse phase for PANIIPPY -based 

nanocomposites157. Poddar's research was focused on the magnetic behavior of those 

compounds at different temperatures157
• Lee et al. fabricated light-emitting devices using 

the polymer/layered silicate nanocomposite with good gas-barrier properties by blending 

poly-[2-methoxy-5-(2¢-ethyl-hexyloxy)-1 ,4-phenylenevinylene] (MEH-PPV) with 

organoclayl58. The two-dimensional nanocomposite film shows higher 

photoluminescence (PL) output and better photo stability when compared with the pure 

MEH-PPV film of the same thicknessl58
. The photovoltaic performance of CdSe 

1P0Iy(3-hexylthiophene) (P3HT) has been studied by Goodman et a/. 159. Improved 

photovoltaic performances of CPs due to the introducing NPs have been observed. 

Studies by Zhou et a1. on the effect of metal NPs on the conjugation ofpoly(diacetylene) 

showed red-shift in the 1t-1t* absorption of polymer as Ag NPs increased in size upon 

UV irradiationl60
,161. Masuhara et a1. reported a similar effect for Ag NPs surrounded by 

poly (1, 6-di(N-carbazolyl)-2, 4-hexadiyne) where the 1t-1t* absorptionJed-shifted -20 

nm than would be expected without the Ag particles16l
• NP/CP composites may also find 

utility as cathode materials. Embedding Ag or Pd NPs in a 2, 5-dimercapto-l, 3, 4-

thiadiazole (DMcT)-polyaniline (PANI) composite resulted in an increase in redox 

activity compared to pristine materiall63
,l64. This increase in redox activity has been 

attributed to electroactivity of the NPs and improved conductivity of the nanocomposite. 
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This enhanced redox activity leads to better- charge-discharge performance potentially 

making these useful as cathode materials in improved lithium rechargeable batteries. To. 

improve the conductivity of PANT, Konwer et al. synthesized expanded graphite filled 

PANI composite by in-situ polymerization reactionJ65
• 

1.6. Motivation and objectives of the present study 

The field of nanotechnology has opened up new worlds of possibility and has 

spawned a proliferation of new terminology. Another feature of nanotechnology is an 

area of research and development that is truly multidisciplinary. Nanostructured 

materials have received steadily growing interest of their peculiar properties, 

organization to form superstructures and applications superior to their bulk: counterparts. 

Among the nanostructured non carbonaceous materials much attention has been 

paid to the synthesis of group I to group VI semiconductor materials e.g., cadmium 

sulphide (CdS), cadmium selenide (CdSe), copper sulphide (CuS), cadmium telluride 

(CdTe), zinc selenide (ZnSe), lead sulphide (PbS), mercury sulphide (HgS), and metallic 

silver, gold, copper, nickel; etc., due to their excellent prospective in catalysis, optical, 

electronic functionality, and so on. 

Today, research on nanostructures has rapidly extended from simple structures to 

the assembly of nanocrystals into ordered superstructures aiming to achieve increased 

structural complexity and functionality. For example, tetrapods may be important 

alternatives to fibers and rods as additives for the mechanical reinforcement of polymers. 

However, it is challenging to develop simple and novel synthetic approaches for 

building hierarchically self-assembled fractal architectures of various system. 

Conducting polymer based nanocomposites represent ·a new concept in the 

development of systems' exhibiting functional properties resulting from the synergistic 

interaction between the disperse phase and the matrix. The many properties of 

conducting polymers like non-corrosiveness, light weight, mechanical strength, and the 

possibility to tune electrical conductivity and dielectric behavior can be utilized along 

with luminescence properties of metal and semiconductor nanoparticles to make 
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multifunctional structures. In these regard, nanoparticles with complex architectures play 

an important role. 

Accordingly, the overall goal of this research work can be described with the 

specific objectives as listed below: 

• Preparation of Cu and Ni nanoparticles by chemical synthesis route. 

• Preparation of CdS and CuS nanoparticles by chemical synthesis route. 

• Synthesis of conducting polymer, PANI. 

• Synthesis of CuIP ANI, NilP ANI, CuSIP ANI and CdSIP ANI nanocomposites 

and their interaction study. 

• Characterization of the prepared nanoparticles and polyaniline by UV -Visible 

Spectrophotometer (UV-vis), X-ray Diffraction (XRD), Fourier Transform 

Infrared Spectrophotometer (FTIR), Thermogravimetric Analysis (TGA), 

Scanning Electron Microscope (SEM), Transmission Electron Microscope 

(TEM), Atomic Force Microscope (AFM) and X-ray Photoelectron 

Spectroscopy (XPS) techniques. 

• Investigation of optical properties of the synthesized materials. 

• Investigation of conductivity behaviour of the synthesized materials. 
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2.1. Introduction 

Size and shape play a very crucial role in determining the properties ·of metal 

nanostructures materials. Simply by controlling the morphology, properties of metal 

nanostructures can be tailored and this is the beauty of nanostructures materials. Today 

the field of research on metal nanostructures has greatly extended from simple J-D 

structure to the assembly of nanocrystals into ordered superstructures holding promise 

for advanced applications in electronics and optoelectronics, and hence an approach 

toward the future realization of functional nanodevices l
-
6. To get hold of desired 

morphology, it is indispensable to explore a proper synthesis pathway. However, it is 

still a challenge to develop simple synthesis pathway for acquiring hierarchically self­

assembled architecture and hence it becomes an intensive research topic. 

Self-assembly in solution phase has proved to be one of the simplest, versatile 

and cost effective fabrication approaches to get nanoparticles with different 

morphologies,,8. In solution based self-assembly process, surfactant molecule or capping 

ligands can act as a building units or shape modifier for spontaneously assembled 

objects into solution9,lo. A growing number of literatures are being published on 

synthesis of complex architecture using different types of surfactants. Combination of 

oleic acid and oleylamine in a 1: 1 ratio has been used by Watt et al. to get branched Pd 

nanostructuresll . Sodium dodecyl sulfate (SDS) also served as a shape modifier to 

facilitate the formation of highly faceted Au nanoparticles12
. Similar approach has been 

used by Liu et al. to synthesize sea urchin-like metallic nickel nanocrystals13
• Small 

chelating ligands such .as citric acid, ethylenediaminetetraacetic acid (EDTA) have 

already been used as shape modifiers to control the morphology of the 

nanostructures14,15. Daxad 19, a sodium salt of polynaphthalene sulphonate 

formaldehyde condensate was used as a dispersing agent in the preparation of silver 

nanoparticles16. 

However, in recent times, the use of biomolecules such as DNA 17, peptidesl8, 

proteinsl9, amino· acid20 as capping agents find more interests among the scientific 
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community for the synthesis of self-assembled metal nanoarchitectures. Living organism 

such as tobacco mosaic virus (TMV),21 bacteria22 can also serve as templates to get 

ordered superstructures. For example, gallic' acid, a biomolecule has been utilized to get 

Au and Ag nanostructures23
• Self-assembled cylindrical particles of wild type and 

recombinant TMV were used as organic templates for the controlled deposition and 

organization ofPt; Au, or Ag nanoparticles24
• From green chemistry point of view, these 

biomimetic synthesis strategies regulating structures of nanoparticles by biomolecule or 

organism are very important and such materials have shown to have potential 

application in biosensors25
, chemical sensors26 and in the construction of nanoelectronic 

devices2
'. 

Shape and size control synthesis of Cu nanoparticIes have immense interest as 

they have potential applications in diverse fields including optical, catalytic, electronic 

systems28
-
30

• For example, copper nanoparticles can be used as catalysts for the growth 

of single-walled carbon nanotubes31
, for water-gas shifts32 and gas detoxification 

reactions33
• Copper nanopareticles have application as lubricants and they are used as 

ink in inkjet printing technology and in metallic coating3
4-36. Use of silver ink in inkjet 

printing conductive traces has been well documented37
• However, silver as a conductive 

material has problems due to ion migration at relatively high temperature, humidity 

conditions as well as cost benefit issues compared to copper, which is significantly low 

expensive36
.38. In addition, copper nanoparticles containing polymer composites possess 

antibacterial and antifungal properties39
• Different approaches are implemented for the 

fabrication of Cu nanopartic1es including supercritical carbon dioxide4o, high­

temperature decomposition of organometallic precursors41
, etc. 

Synthesis of magnetic nanostructures with well-defined shapes and sizes have 

attracted considerable attention recently, owing to their scientific importance and 

widespread promising applications in magnetic fluid42
, sensors43

, data storage devices44
, 

high performance electromagnetic45
, as well as environmental remediation46

,4', and 

biomedical applications, such as magnetic resonance imaging (MRI)48-50, cell and 
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protein separationS1
,52, drug deliveryS3, and hyperthermia treatmentsS4

, etc. Among the 

magnetic nanoparticIes, nickel nanoparticIes find additional interest among the scientific 

community, not only because of the magnetic property but also for the high catalytic 

activity for various reactions such as oxidative dehydrogenationSS, decomposition of 

ammonias6, hydrogenations7 and more recently the formation of carbon nanotubes 

(CNTs)s8. Many synthesis approaches have been reported for Ni nanoparticIes. The 

synthesis of pure black Ni powder through reduction of aqueous NiS04 ~ith hydrazine 

has been reported by Li et af. S9. Flower shaped Ni nanocrystals has been prepared using 

a hydrothermal chemical reduction containing a mixture of Ni(N2~h2+ and Ni(dmg)2 

(dmg = dimethylglyoximate) as the nickel source60. The solution reduction ofNi(acac)2 

(acac = acetylacetonate) by sodium borohydride or superhydride in the presence of 

hexadecylamine (HDA) and trioctylphosphine oxide (TOPO) in dichlorobenzene has 

been employed to produce nickel nanoparticIes by Hou et af. 61
• Recently, N i 

nanoparticIes have been synthesized via a facile water-based method utilizing the neutral 

pluronic triblock copolymers and oleic acids as stabilizing agents62. 

There have been attempts to combine the advantages of metal nanoparticIes and 

polyaniline by conjugating them into hybrid composites that can be cast into useful 

devices in thin film configurations. Enhanced catalytic, electrical, optical performance of 

nanoparticIes composites materials have been reported63-6s. 

This study reports a one-step synthesis route for the preparation of stable 

colloidal dispersions of Cu and Ni nanostructures in ethylene glycol using a 

biocompatible molecule, tannic acid as reducing as well as capping agent. Tannic acid is 

typically hydrolyzed tannin (present in woods like oak, walnut and mahogany), a mixed 

gallotannin composed of gallic acid esters of glucose, which has been used for the 

biomimetic growth of inorganic nanoparticIes66. Compared to other approaches, this 

path way has some advantages: (1) the reaction is environmental friendly, simple, quick, 

and one-step approach; (2) the reagents are green; (3) there is no need to add extra 

stabilizing agent or capping agent; (4) no other toxic chemicals like TOPO, TOP, etc. are 

STUDCES ON THE INTERACTION OF METAL AND SEMICONDUCTOR NANOPART/CLES WITH POLYMERS 



Chapter 2 SynthesIs of Copper (Cu) and NIckel (NI) Nanopamcles and TheIr InteractJon WIth Polyanlhne (PAN]) 41 

involved; (5) alkaline condition is not necessary; and importantly (6) the dispersion of 

nanoparticies is remarkably stable. Further, literature survey reveals that extensive work 

has been devoted to the preparation of noble metallP ANI nanocomposites like Au, Pd 

and Pt because of their stability and ease of preparation67~9. In this chapter, attempts 

have been made to synthesize CulPANI and NilPANI nanocomposites using a simple 

and general procedure. The effect of nanoparticies on the optical and electrical 

behaviour of the nanocomposites has also been investigated. 

2.2. Materials and method 

2.2.1. Materials. 

Copper acetate monohydrate (CuAc) (Cu(CH3COOh. H20), nickel chloride 

hexahydrate (NiCh.6H20), tannic acid (T A) (C76HS2046), and aniline (99%, monomer) 

were obtained from Fluka. Potassium peroxydisulfate (KPS) (K2S20S) was purchased 

from Merck. Ethylene glycol (EG), ethanol and hydrochloric acid were of the highest 

purity commercially available and used without further purification. Double distilled 

water was used in all reactions. 

2.2.2. Synthesis of metal nanoparticies 

Both Cu and Ni nanoparticies were synthesized via a soft chemical synthesis 

route using environmentally benign reagents namely TA and EG. For metal 

nanoparticies synthesis, at first 30 ml of 0.004 M CuAc or NiCh was dissolved in EG 

and then heated upto 90 °c under magnetic stirring inside a round bottom flask equipped 

with a condenser. Then 5 ml 0.04 M TA in EG was rapidly added into the metal salt 

solutions under vigorously stirred condition and temperature was allowed to raise up to 

140 0c. Nitrogen was purged throughout the reaction. As reduction occurred, the colour 

of the CuAc suspension turned wine red within 2 h while the NiCh suspension became 

yellow within 1 h. A few batches of metal nanoparticles were synthesized by varying T A 

concentrations (0.02 M and 0.06 M) to examine its effect on particle size, morphology 

and stability of metal nanoparticles. 
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2.2.3. Synthesis of polyaniline (P ANI) 

For the synthesis of PAN I, 1 ml (0.01 mole) of aniline was dissolved in 10 ml of 

1.5 M HCI solution in a 50 ml conical flask and cooled down to 0 DC. The oxidizing 

agent was prepared by dissolving 0.0166 g (0.0125 mole) of KPS in 5 ml 1.5 M HCI 

solution. KPS solution was added dropwise to the aniline solution while stirring and 

continued to add for 1 h keeping the reaction temperature at 0 DC. The reaction mixture 

was then left to warm up to room temperature. Afterwards the reaction mixture was 

filtered under gravity, washed with 1.5 M HCI and double distilled water until the 

washing liquid become colourless and finally dried at 60 °C for 24 h under vacuum to 

obtain a fine tint green powder. 

2.2.4. Synthesis of metal nanoparticles/P ANI nanocomposites 

Metal nanoparticles composites with P ANI have been synthesized by in-situ 

polymerization technique. The polymerization was carried out by injecting 1 mt aniline 

into 10 ml of 1.5 M HCI with 0.1 g of as-synthesized metal nanoparticles under constant 

stirring. After 2 h, 0.0166 g KPS (dissolved in 10 mt water) was then dropped into the 

solution ,with constant stirring. The polymerization was allowed to proceed for 5 h. The 

reaction mixture was then filtered under gravity, washed repeatedly with 1.5 M HCI 

followed by double distilled water, and finally dried at 60 DC for 24 h under vacuum. 

The final products were obtained in powdery form with green tint. 

2.2.5. Characterization of metal nanoparticles and metallP ANI nanocomposites 

2.2.5.1. Scanning electron microscope (SEM) 

SEM is a characterization technique that can yield data about a sample's 

topography, morphology, composition and crystallography. The benefit of the SEM over 

other electron microscopes is that it provides a highly magnified image of the surface of 

a material that is very similar to what one would expect if one could actually "see" the 

surface visually. 

Top-down SEM images of the samples were conducted in a high-resolution field 

emission scanning electron microscope (FEI INSPECT F, model no. FP 2031111) 

operating at a voltage of 5 kV. 
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2.2.5.2. Transmission electron microscope (TEM) 

TEM allows the imaging of individual particles and to some extent, to evaluate 

the statistical distribution of sizes and shapes of the particles in sample. High 

magnification imaging with lattice contrast allows imaging of individual crystallite 

morphologies. However, TEM is a local probe because only particles in a very small 

area can be probed, and it is not possible to get an impression of a large number of 

particles that are statistically oriented. Furthermore, it is tricky to find individual 

particles, and only a part of such particles can be seen under the microscope from which 

information on the shape and size is not completely disclosed. 

Transmission electron microscopy (TEM) images were taken on JEOL-JEM-

2000FX transmission electron microscope. The samples were prepared by sonication in 

EG for 10 min prior to transfer to copper grids. To obtain an accurate estimation of the 

average particle size, at least 100 particles were manually counted. 

2.2.5.3. Atomic force microscope (AFM) 

AFM provides images of overall morphology and structural details without any 

chemical treatment (etching or staining) of the specimens. It is possible to extract some 

information about the particle shape and size from the AFM image but difficulties arise 

especially for very small nanoparticles (~I nm) because of the greater influence of the 

substrate. Moreover, the particles should be large enough and should not coalesce on the 

substrate. Furthermore, AFM is also a local probe and, similar to TEM, it does not give 

the statistical information about the particles. 

AFM provides images of structural details without any chemical treatment 

(etching or staining) of the specimens. The AFM used was a DME 2452 DualScope 

Scanner DS Atomic Force Microscope. Scans were carried out in AC mode under 

ambient conditions with a silicon microcantilever probe tips, using the parameters: force 

constant: 60,000 N/m; force: 0.15 nN; loop gain: 1,000 loop filter: 3 Hz. 

2.2.5.4. Fourier transform infrared spectrometer (FTIR) 

FTIR is a useful method for the characterization of compounds. It is primarily 

used for the detection of functional groups, but analysis of spectra in the lower 
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frequency finger print region can give evidence of the effect of substituent on the 

properties of the material concerned. 

Spectra were recorded from pressed KBr pellets using a Perkin Elmer FT -IR 

spectrometer in the range of 4000-400 cm- I at room temperature. 

2.2.5.5. Powder X-ray diffraction (XRD) 

XRD technique gives the information about the size and crystallographic 

structure, chemical composition and physical properties of materials. The particle size 

can be obtained either by direct computer simulation of the X-ray diffraction pattern or 

from the full width at half maximum (FWHM) of the diffraction peaks using the Debye­

Scherrer formula (Equation 2.1). 

t == ~ (2.1) 
Bcos8 

where t is the mean dimension of the nanoparticles, B is the corrected X-ray diffraction 

broadening, K is a constant dependent on crystalline shape, f) is Bragg angle and A is the 

wavelength of X-ray. The line width depends on the crystalline regions within the 

particle. When the particles are not perfectly crystalline a problem arises in the size 

estimation. Particles smaller than 25 A lead to significant broadening of the line width. 

Furthermore, the validity of Scherrer's equation, the effect of defects, shapes and size 

distributions on the X-ray diffraction patterns has to be examined. This is possible with a 

direct computer simulation approach. 

XRD data were collected on a Rigaku Miniflex X-ray diffractometer with eu Ka 

radiation (A = 0.15418 nm) at 30 kV and 15 rnA using a scan rate of 0.05° S-I in 29 

ranges from 10° to 80°. 

2.2.5.6. X-ray photoelectron spectrometer (XPS) 

XPS gives not only qualitative and quantitative information of the various 

species in the sample under investigation but also probes the different chemical 

environment surrounding the species. Furthermore, it is a surface sensitive technique 

because even though the ionization occurs to a depth of 10-1000 nm by photons 
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depending on energy and material, only those electrons that originate within few tens of 

Angstroms below the solid surface can leave the surface without energy loss. 

Spectra were acquired on a PHI Quantum 2000 spectrometer with 

monochromated AlKa 1486.6 eV X-ray radiation. Samples were loaded into the vacuum 

chamber within 1 h after being prepared and were subjected to XPS analysis. The 

analysis area was 1200 ~m x 400 ~m on each sample. The take off angle in the 

instrument was set at 900
• 

2.2.5.7. Thermogravimetric analysis (TGA) 

The thermal characteristics of materials including degradation temperature, 

absorbed moisture content, etc can be traced with TGA. It determines the weight loss 

with respect to temperature, which in fact portrays the patterns of thermal response with 

raising temperature. 

Thermogravimetric (TGA-DTG) and differential thermal (DTA) analyses were 

performed in a Shimadzu TGA-50 thermal analysis apparatus. Prior to the run, sample 

(typically 50 mg) was stabilized for 30 min at 15 °C and then the temperature was 

linearly increased from 15 to 800 °c with a ramp of 10 °c min-I using dry nitrogen as a 

carner gas. 

2.2.6. Evaluation of optical and electrical properties 

2.2.6.1. UV -vis spectroscopy 

UV -vis absorption is a very first characterization method for the nanomaterials 

because the absorption features give information about the nanoparticle.iormation, the 

band gap and the size distribution of the nanoparticles. However, it is an indirect method 

for det~rmining the particle size. 

UV -vis absorption spectra of the samples were recorded in the range 250-900 nm 

using Shimadzu UV -2550 UV -visible spectrophotometer. 

2.2.6.2. Photoluminescence (PL) spectroscopy 

Photoluminescence spectroscopy is a contactless, nondestructive method of 

probing the electronic structure of materials. Light is directed onto a sample, where it is 

absorbed and imparts excess energy into the material in a process called photo­
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excitation. One way this excess energy can be dissipated by the sample is through the 

emission of light, or luminescence. In the case of photo-excitation, this luminescence is 

called photoluminescence. The intensity and spectral content of this photoluminescence 

is a direct measure of various important material properties. 

PL spectra were recorded on a Hitachi F- 2500 Fluorescence spectrophotometer, 

by excitation of the samples at their absorption maximum. 

2.2.6.3. I-V characteristics and DC electrical conductivity 

The room temperature current-voltage (I-V) characteristics of PANI and 

metallPANI nanocomposites were measured with a Keithley 2400 programmable current 

source meter by the two-probe method in the frequency range of 102-106 Hz. 

The temperature dependent direct current (DC) conductivity was measured by 

the standard four-probe method over a temperature range from 30 up to 110 °C on 

pellets of approx. 1.5 cm diameter and 2 mm thickness compressed at 700 MPa with a 

compression-moulding machine with manual hydraulic press. The conductivity of the 

samples was calculated using the following formula (Equation 2.2): 

p = (VII) 2nS (2.2) 

where p is the resistivity of the sample, V is the applied voltage, I is the measured 

current through the sample, S is the distance between probes. 

2.3. Results and discussion 

2.3.1. Metal nanoparticies 

2.3.1.1. Synthesis of metal nanoparticies 

The role of hydroxyl groups present in the polyphenolic compounds in the 

formation of nanoparticles was investigated earlier and results indicated that the 

molecule should have at least two hydroxyl groups at the ortho or para positions to each 

other to undergo two-electron oxidation to the corresponding quinone form for facile 

reduction of metal ions7o• TA is a polyphenolic compound, which has great potential to 

act as a reductant in the formation of metallic nanoparticles. A representative structural 

formula of T A is shown in Figure 2.1. The structural formula of TA shows the presence 

of 25 phenolic OH groups; but only 10 pairs of o-dihydroxyphenyl groups are capable 
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of taking part in redox reactions to form Quinones and donate electrons, because of the 

chelating action of adjacent hydroxyl groups and constraints on carbon valency'I,72. 
OH 

OH 
OH 

HO 
OH 

OH 

OH 

HO 

HO 
OH 

0 

HO 

OH 

OH OH 

Figure 2.1. The representative structure of tannic acid (C7JIS2046)' 

Based on the properties of tannic acid, a possible reaction mechanism for the synthesis 

of Cu or Ni nanoprticles by T A reduction of CuAc or NiCh in EG solution can be 

outlined in the next page'3. 

Zhang et al. also reported the formation of Cu(II)-hydroxyl-EG complex as an 

intermediate in the run up of the reduction of Cu(IJ) by NaBH4 in EG solvent while 

synthesizing Cu nanoparticles'4. During synthesis of Cu nanoparticles, any white-blue 

precipitate for CU(0H)2 was not noticed instead the blue coloured solution turned into 

wine red indicating formation of pure Cu nanoparticles. Even in case ofNi nanoparticles 

synthesis, there was no formation of pale green precipitate for Ni(OH)2. On the contrary, 

a yellow coloured dispersion ofNi nanoparticles was obtained. Further, it is well-known 
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that EG is a mild reducing agent. To ascertain the role of EG as reducing agent, model 

experiments were perfonned without the aid ofTA. However, there was no sign of the 

> + + 2H + 2e-

HO OH HO o 

OH 

Phenolic form 

o 

Quinone form 

CuAc Copper(lI) ion 

NiCh.6H20 ~ Ni2+ + 2Cr + 6H20 

Nickel(lJ) ion 

CH2-0H 

I +M2+ ~ 
CHrOH 

CH2-0-!l TA 

I )v1.2+ +2e- ~ M> + 

CH2-0i-I 

EG EG-Cu2+ complex 

where, M= Cu or Ni 

fonnation of metal nanopartic1es and this implies that TA is the real solitary reducing 

agent in the system. 

2.3.1.2. XRD analysis of metal nanoparticles 

Powder XRD patterns of Cu and Ni nanopartic1es synthesized in EG with 0.04 M 

TA are shown in Figures 2.2 and 2.3, respectively. Bragg's reflections for Cu are 

observed in the XRD pattern at 29 values of 43.6°, 50.7° and 74.45° representing 

Miller indices (Ill), (200) and (220) of face-centred-cubic (fcc) structure of copper with 

the space group of Fm3m (JCPDS No. 4·0836) (Figure 2.2). Interestingly, the spectrum 

has not displayed any other peak that attribute to possible impurities. The crystallite size 

of the Cu nanopartic1es, t, was calculated from the major diffraction peaks of Cu(111) 
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with the help of full-width at half maximum (FWHM) using Equation 2.1. The diameter 

of the nanoparticles calculated by this formula is 8.7 ± 1 run. 
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Figure 2.2. X- ray diffraction pattern ofCu nanoparticJes 
synthesised with 0.04 M T A in EG. 
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Figure 2.3. X- ray diffraction pattern ofNi nanoparticJes 
synthesised with 0.04 M TA in EG. 
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For Ni nanoparticles, three characteristic peaks at 29 values of 44.5°, 51.8°, and 

76.4° are observed in diffraction pattern and can be indexed as (111), (200), 'and (222), 

respectively (Figure 2.3). These reflections reveal that the resultant particles are pure 

face-centered-cubic (fcc) nickel which is consistent with (pCPDF file no. 04-0850). No 

impurity peaks assigned to oxides or hydroxide such as NiO, Nh03, and Ni(OH)2 are 
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found in the experimental range. The crystallite size of the nickel nanoparticles was 

calculated from the major diffraction peaks ofNi(111) using Equation 2.1 and found to 

be 5.1 ± 1 nm. 

Both metal nanoparticles synthesised are pure. This could be substantiated to 

four facts: (i) the reaction was conducted in an organic solvent (EG) instead of in an 

aqueous medium, which might have prevented the formation of oxides or hydroxides; 

(ii) TA (being a capping agent) protects the resultant nanoparticles from oxidation; (iii) 

the experimental conditions like temperature and T A concentration were appropriate; 

and (iv) the reaction was performed by bubbling N2 gas continuously, which created an 

inert atmosphere leading to the synthesis of pure metal nanoparticles. 

2.3.1.3. FTIR analysis of metal nanoparticles 

Figure 2.4 shows the FTIR spectra of Cu and Ni nanoparticles prepared in EG 

with 0.04 M TA along with pure TA to find out supportive evidence about the 

interaction of TA with the metal nanoparticles. The broad band at 3400 cm -I is 

attributed to the -OH stretching of the phenol group and methylol group of TA. This 

characteristic band of T A is also observed in the spectra of metal nanoparticles, but it 

became narrow. This could be due to the interaction of hydroxyl groups of TA with 

metal ions. An absorption band at 2926 cm -I is observed in the spectrum of TA and can 

be assigned to aromatic C-H stretching mode of vibration. Cu and Ni nanoparticles also 

posses this characteristic band, however, it shifted slightly to higher wavenumber region. 

The absorption bands at 1732 cm- I and 1716 cm- I noticed in the TA spectrum are 

attributed to C=O stretching frequency of ketone and carboxyl groups. These bands are 

observed in Cu naJ?oparticles also with slight change in position and intensity. But in 

case of Ni nanoparticles, these bands are merged and broadened in the range of 1500-

1700 cm- I 
75. These changes may be due to the interaction of above functional groups to 

the surface of the nanoparticles and the presence of the o-benzoquinone derivative 

arising from the oxidation ofTA. Further, from Figure 2.4, it can be seen that intensities 

of the bands at 1540 and 1450 cm-I for aromatic C=C bending, and 1323 and 1197 cm- I 
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corresponding to phenolic C-O stretching vibrations of TA have been reduced in the 

spectrum of metal nanoparticles indicating that the majority of the TA is present in its 

4000 3000 10UO 

\'r'a"'cnumbcr, COI-
I 

1000 400 

Figure 2.4. FTIR spectra of pure T A, and Cu and Ni nanparticles 
synthesised with 0.04 M T A in EG. 

oxidised form 70-72,75. For comparison, the characteristic bands of TA and metal 

nanoparticles are compiled in Table 2.1. The above FTIR features of the nanoparticles 

indicate that T A acts as capping agent and hence, offers stability to the nanoparticles. 

Table 2.1. Assignment ofIR bands for TA and metal nanoparticles 

IR band Assignment Peak positionlWavenumber em-' 

TA Cu Ni 

V-O.H stretching Phenol and methylol 3400 3400 3400 
Groups 

V-C.H stretching Aromatic C-R bond 2926 2930 2937 

v -c=o stretching Ketone and carboxyl 1732& 1735 & 1500-1700 
Groups 1716 1721 

V-c=c bending Aromatic C=C bond 1540& 1538 & 1575 
1450 1453 

v -c-o stretching Phenolic CoO 1323 & 1330 1326 
1197 1187 1192 
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2.3.1.4. XPS analysis of metal nanoparticles 

XPS is a sensitive tool for the analysis of surface chemistry of materials and 

hence, it was used to analyse metal nanoparticles surface composition. Figures 2.5 and 

2.6 show ·typical survey spectra of Cu and Ni nanoparticles, respectively, synthesised in 

EG with 0.04 M TA. The elements detected in the survey spectra of both Cu and Ni are 

the same (C and 0) except the metal. 
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Figure 2.5. X-ray photoelectron survey spectrum ofeu nanopartic1es 
synthesised with 0.04 M TA in EG. 

1200 

The presence of Cu 2p peak at 932.6 eV in the survey spectrum (Figure 2.5) 

indicates that Cu is in elemental state76
. The presence of 0 Is peak at 532.1 eV and C Is 

peak at 284.9 eV in the survey spectrum could be assigned to O=C-O linkage77 and 

C6HsCO linkage78
, respectively. These moieties are most common in the complex 

structure of T A. This implies the adherence of T A to the surface of Cu nanoparticles. 
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The high resolution spectrum of Cu 2p exhibits the characteristic peak of Cu 2P3/2 at 

932.6 eV with no detactable shake-up peak at - 934 eV79, pointing to the absence of 

Cu(Il) oxides (Figure 2.7). The amount of Cu quantitatively estimated from the Cu 2p 

peak area as 5.21%. 

From Figure 2.6, the Ni 2P3/2 peak identified at 858.0 eV implies that Ni exists 

as Nio state80. Wang et al. reported binding energies of Ni 2p3/2 at 855.61 and 

852.97 eV for Ni3+ and Ni2
+, respectively81. The high resolution spectrum of Ni (2p) 

indicates the absence of prominent peaks for other oxidation states of Ni (Figure 2.8). 
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Figure 2.6. X-ray photoelectron survey spectrum ofNi nanoparticJes 
synthesised with 0.04 M T A in EG. 

This indicates that T A passivates the nanostructure surfaces against oxidation. Strong 

oxygen 0 Is peak at 533.4 eV for o=c-o of acetate ligand77 and C Is peak at 285.5 eV 

for C6HsCO linkage78 are also observed in survey spectrum ofNi sample. Thus, XPS 
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results confirm the absence of impurities like NiO, Nh03, Ni (OH)2 etc, which is in 

good agreement with XRD analysis. The amount of Ni was calculated from the XPS 
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Figure 2.7. High resolution Cu 2p XPS spectrum ofCu nanopartic1es 
synthesised with 0.04 M T A in EG. 
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Figure 2.S. High resolution Ni 2p XPS spectrum ofNi nanopartic1es 
synthesised with 0.04 M TA in EG. 

peak area and is found to be 4.47%, which is relatively low due to lower concentration 

of the precursor as compared to T A. 

2.3.1.5. TGA of metal nanoparticles 

TGA was carried out to determine the desorption temperature of the materials 

(EG and TA) associated with the metal nanoparticIes and the weight loss characteristics. 
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Figures 2.9 and 2.10 shows the TGA and DTG curves recorded in the temperature 

range of 25-800 °c under N2 atmosphere of Cu and Ni nanopartic1es, respectively, 
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Figure 2.9. Thennal gravimetric analysis (TGA) and differential thennal gravimetry (DTG) 
curves ofCu nanoparticles synthesised with 0.04 M TA in EG. 

synthesized by 0.04 M TA reduction in EG medium. Both samples exhibited a first 

weight loss (6.5% for Cu and 5.5% for Ni) below 130 °C. This is due to the removal of 

adsorbed and pyrolysis water. The major weight loss region begins at 180 °C and 

witness a total weight loss of about 92.6% for Cu and 95 .0% for Ni at 270 °C, which 

corresponds to the decomposition of EG and T A adhered to the metal nanopartic1es. 

This is likely because the boiling point of the major component (EG) is 197 °C and the 

melting point of T A is 218°C. DTGs of the two samples further substantiate the major 

weight loss region with sharp and symmetric peaks with a minimum at around 250°C. 

Decomposition was complete at 270 0c. The differential thermoanalyses (DTA) curves 

were also recorded simultaneously (not shown in the figures ), however, in both cases 
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they exhibited only one endotherm that superimposed with the DTG peak. The TGA 

trace reveals that less than 8% Cu and 5% Ni nanoparticles remain in the samples. The 
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Figure 2.10. Thermal gravimetric analysis (TGA) and differential thermal gravimetry (DTG) 
curves ofNi nanoparticles synthesised with 0.04 M TA in EG. 

essential weight loss characteristics are summarized in Table 2.2. The percent 

amounts of metals are substantially low because the analyses were done with liquid 

Table 2.2. Essential weight loss characteristics of metal nanoparticles 

Sample Weight loss (%) at 

270 °C 

Cu 6.5 92.6 

Ni 5.5 95 .0 

samples. The organic components were lost almost completely before 300°C as 

indicated by the almost horizontal nature of the TGA pattern to the abscissa. 
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2.3.1.6. Morphology of metal nanoparticles 

2.3.1.6.1. Cu nanoparticles 

Figure 2.11 represents the SEM images of Cu nanostructures prepared in EG 

with 0.04 M TA. The SEM image shown in Figure 2.11a reveals numerous flower-like 

architectures assembled in arrays. On going through the high-magnification images, it 

has been found that, the nanoflowers are approximately of 1 flm in size and constructed 

from the assembly of numerous laminar structures that are interpenetrated and behaved 

500nm 

Figure 2.11. Top-down FE-SEM images ofCu nanostructures synthesised with 0.04 M TA in EG: 
(a) well ordered arrangement of flower-like structure at low magnification; (b) well 

ordered arrangement of flower-like structure at high magnification; (c) an 
individual flower; and (d) a TEM image of an individual flower. 

like a network in the flower. The SEM image of the individual flower provides more 

structural information, revealing rice-like features on the top of the laminar layer and is 

approximately 100 nm in length. The TEM image of Cu nanostructures shown in 

Figure 2.11d, divulging nanoflowers of about I flm in size, consistent with the SEM 

results. After six months, morphology of the Cu nanostructures has been changed to 
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rice- like features of average sizes 100 nm (Figure 2.12), distributed throughout the 

surface. From the magnified images, it is seen that the rice-like structures are nothing 

but the structures that have been seen on the top of the nanosheets in flower like 

architecture. The chelating nature of tannic acid helps in accommodating the metals into 

the cages bound by oxygen atoms and result is the flower like morphology. The 

Figure 2.12 . Top-down FE-SEM images of rice-like Cu nanoparticles synthesised 
with 0.04 M TA in EG, after 6 months at different magnifications (a) and (b). 

interaction is not strong enough to hold the flower like structure prolong. This is due to 

the lone pair-lone pair repulsion of oxygen atoms and hence they get solvated resulting 

in the architectural break down from 3-D to J-D rice-like morphology. 

The AFM tapping mode 2-D topography and phase images (Figure 2.13) of the 

Cu nanostructures prepared by 0.04 M TA reduction were acquired simultaneously at the 

same sample location. The corresponding 3-D images are also presented in Figure 2.13. 

Unlike SEM image, the topography image shows that the AFM tip was unable to trace 

the flower-like morphology clearly; however, from the 3-D image, a partial view of a 

large feature can be noticed with uneven surface topography. This is further 

substantiated by the height profile of the topography image, which indicates a maximum 

height difference of ca. 450 nm. The same sample was scanned by AFM after 6 months 

in an effort to support the SEM result, and the images are presented in 

Figure 2.14. The rice-like features observed in SEM images are also found in the AFM 
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scans. The height profile of the topography image points out a maximum height 

difference of ca. 1.3 run and average size of ca. 65 nm. 

e 
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Figure 2.13. AFM tapping mode 2-D topography (a) and phase (b) images of 
flower-like Cu nanostructures synthesised with 0.04 M TA in EG. (c) 

and (d) are the corresponding 3-D images of (a) and (b); and 
(e) is the typical height cross section image of (a). 

There is no agreement of the particle sizes obtained from SEM, TEM and AFM 

with XRD data. Debye-Scherrer equation is normally used to probe the structure of 
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nanoparticles, however, the formula is unreliable at estimating particle size because the 

assumption of an underlying crystal structure is often inval id82
. In addition, Patterson83 
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Figure 2.14. AFM tapping mode 2-D topography (a) and phase (b) images of 
rice-like Cu nanostructures synthesised with 0.04 M TA in EG, after 6 

months. (c) and (d) are the corresponding 3-D images of (a) and 
(b); and (e) is the typical height cross section image of (a). 

found that this formula gives accurate particle size for spherical shape particles only. 

Thus, the calculation of non-spherical nanoparticles size using this formula is not proper. 
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2.3.1.6.2. Ni nanoparticles 

The SEM image of the N i nanoparticles prepared by 0.04 M T A reduction shows 

flower-like morphology as shown in Figure 2.15. While trying to get insight into the 

flower, it divulges that the flower is composed of pollen grain like features at the centre 

Figure 2.15. Top-down FE-SEM (a, b, c) and TEM (d, e) images ofNi nanostructures synthesised with 
0.04 M TA in EG: (a) flowery structures at low magnification; (b) an individual flower; 

(c) magnified image of an individual flower. ; (d) TEM image of an individual 
flower and (e) magnified image of an individual flower . 

with some cubic nanostructures in the periphery as revealed from the magnified image. 

The pollen grain region of the flower on further magnification shows evenly distributed 

Ni nanoparticles. Structural characters found in SEM images are revealed in TEM 

images (Figure 2.15) also. The TEM image of an individual flower-like structure gives a 

diameter of about I Ilm (Figure 2.1Sd). When this flowery structure is magni fied, it is 

clearly differentiated that the nano flowers are not single crystalline but rather composed 

of some cubic nanostructures in which many well separated spherical shaped (faceted in 

some particles) nanoparticles of size 4 ± I nm (Figure 2.1Se) are uniformly distributed. 

Several factors might be responsible for the formation of this type of structure. One 

factor is the dendrite structure of T A that has the ability to form supra molecular 

assemblies due to the high density of hydroxyl groups. This leads to extensive inter- and 
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intra-molecular hydrogen bonded network resulting in molecular level capsules, which 

can act as templates for nanopartic1e growth and help to passivate the surface of the 

nanopartic1es7o
,73. Another factor is the strong magnetic attraction among the particles. 

Thus, the formation of flower-like morphology observed in SEM and TEM images is 

most probably the 3-D Ni-TA complex hybrid nanostructures constructed by T A acid 

capped cubic Ni nanostructures through self-assembly process. This hybrid 

nanostructure serves as a glue to hold the spherical shaped smaller nanopartic1es 

homogeneously. Proper TA concentration is important in this regards. 

Similar to Cu nanostructures, a time dependent morphological changes study of 

the Ni nanoparticles synthesized by 0.04 M T A has been carried out after six months. 

There is no change in physical appearance of the dispersion; however, from SEM 

images (Figure 2.16), morphological changes have been observed. Cubic shaped 

particles, which are congregated in large scale, are now more prominent (Figure 2.16a) 

Figure 2.16. Top-down FE-SEM images of (a) congregated cubes, (b) discs, 
(c) rods and (d) scattered cubes of Ni nanoparticles synthesised 

with 0.04 M T A in EG, after 6 months. 
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as compared to the earlier flowery-like morphology (Figure 2.15). Besides, varIOUS 

shapes of nanostructures like disc-like (Figure 2.16b), rod shaped (Figure 2.16c) and 

large cubic (Figure 2.16d) morphologies, scattered all across the surface have been 

observed during SEM imaging. The reasons behind the morphological changes in Cu 

o 0.2 0.4 0 .6 0.8 10 12 1.4 1.6 1 .8 I ~ml 

Figure 2.17. AFM tapping mode 2-D topography (a) and phase (b) images of 
Ni nanostructures synthesised with 0.04 M TA in EG. (c) and (d) 

are the corresponding 3-D images of (a) and (b) ; and 
(e) is the typical height cross section image of (a). 
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nanostructures could be carried forward to explain these morphological changes. These 

changes observed at room temperature are mainly kinetically driven process. 

Figure 2.17 shows the AFM tapping mode 2-D and 3-D topography and phase 

Images of the Ni nanoparticles prepared by 0.04 M TA reduction acquired 

o [~m ) 200 o [~ J 2.00 

o 0.2 0 .4 1.4 1.8 (~mJ 

Figure 2.18. AFM tapping mode 2-D topography (a) and phase (b) images of 
Ni nanostructures synthesised with 0.04 M TA in EG, after 6 months. 

(c) and (d) are the corresponding 3-D images of (a) and (b); 
and (e) is the typical height cross section image of (a). 
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simultaneously at the same sample location. The topographic image shows brighter 

spherical (or near spherical) particles of sizes ranging from 10 to 30 nm. Typical height 

cross section of the topography image indicates a maximum height difference of ca. 26 

nm (Figure 2.17e). In comparison, the topography and the phase images correspond 

well; besides, the brighter nanoparticles in the topography correspond to the relatively 

dark areas in the phase image. It appears that smaller nanoparticles are the primary 

particles, which might have aggregated to form the larger particles. AFM scans of the 

sample taken after 6 months are presented in Figure 2.1S. From the topography and 

phase images, particles of various shape like cube, rod, etc., can be identified. A clear 

surface profile can be found from the 3-D images. The height profile of the topography 

image gives a maximum height difference of ca. 155 nm. 

2.3.1.7. Effect of TA concentration on morphology of metal nanoparticles 

2.3.1. 7.1. Cu nanoparticles 

It has already been established that, in the formation of complex 

nanoarchitectures, capping ligands often playa driving role by binding selectively onto 

particular facets of the seed particles84-86 and serve as a structure-directing coordination 

template. The well-ordered chain-arrangement of flower-like morphology of eu 

nanostructures synthesized with 0.04 M T A, drives us to further researched the influence 

of TA concentrations on the morphology of eu nanostructures by carrying out synthesis 

at two more different concentrations viz. 0.02 M and 0.06 M TA, keeping all other 

reaction parameters unchanged. At 0.02 M TA concentration, the eu nanostructures 

formed are entirely different from 0.04 M TA mediated nanostructures (flower-like 

morphology, Figure 2.11) and appear to have wire-like morphology (Figure 2.19a). On 

the contrary, clusters are observed in the case of 0.06 M TA (Figure 2.19b). Unlike the 

changes observed in 0.04 M TA, we did not notice any such types of changes in 

morphology of the eu nanostructures after 6 months with 0.02 M and 0.06 M TA. 

Based on the above results the formation of various eu nanoarchitectures obtained by 

varying TA concentrations is schematically illustrated in Scheme 2.1. The capping agent 
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Figure 2.19. Top-down FE-SEM images of Cu nanoparticles synthesised 
with (a) 0.02 M TA and (b) 0.06 M TA in EG. 

adhered to the nanoparticles drives the incipient nanoparticles to self-aggregates or self­

assembles to form larger particles through hydrogen bonds and hence, minimize the 
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Scheme 2.1 . Schematic illustration for the formation of various eu nanostructures 
obtained by varying TA concentrations in EG solution. 
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interfacial energy. This continuous self-aggregation accompanying with Ostwald 

ripening results in the formation of various shaped structures built from a large number 

of nanopartic1es. 

2.3.1. 7.2. Ni nanoparticles 

SEM images of the Ni nanopartic1es synthesised with 0.02 M and 0.06 M T A 

shown in Figure 2.20 reveal different types of morphologies, thereby demonstrating the 

Figure 2.20. Top-down FE-SEM images ofNi nanoparticles synthesised 
with (a) 0.02 M TA and (b) 0.06 M TA in EG. 

formation of different Ni nanostructures. Figure 2.20a shows the formation of 

micrometer-size lumps in case of nanoparticles synthesized with lower concentration of 

TA (0.02 M). Formation of lumps might be due to weak interaction between T A and 

surface of the Ni nanoparticles and hence magnetic interaction between the particles is 

more dominant in order to minimize the total surface energy of the system resulting 

agglomeration of nanoparticles. Ni nanoparticles synthesised with 0.06 M T A shows the 

formation of bigger particles partially exposed from wavy-like surface (Figure 2.20b). 

Excess T A could have formed such kind of surface and trapped the nanoparticles. For 

easy understanding, the formation of various Ni nanostructures is schematically 

illustrated in Scheme 2.2. 
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Scheme 2.2. Schematic illustration for the formation of various Ni nanostructures 
obtained by varying T A concentrations in EG solution. 

2.3.1.8. Stability of metal nanoparticies 

Stability of nanoparticles dispersion is difficult to achieve due to the strong 

intermolecular forces among the particles. These forces are due to the high electron 

affinity and the high surface tension arising from the partially filled d-orbital and van der 

Waals attraction among the polarizable metal particles. Magnetic dipole-dipole 

interaction makes this kind of attraction even stronger in magnetic nanopartic\es such as 

Ni, Fe, etc. Hence, it is a very challenging task to get stable dispersion of magnetic 

nanopartic\es. In our present investigation, high ly stable colloidal dispersions of metal 

nanoparticles (eu and Ni) were achieved by reducing the metal ions using 0.04 M T A 

and dispersion remained unchanged for six months under ambient conditions. The 

concentration of T A has profound influence on the stability of the nanopartic\es 

dispersion. The dispersions of both nanopartic\es were highly unstable and quickly 

precipitated out on standing at either end of T A concentrations (0.02 M and 0.06 M). 
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However, 0.04 M TA synthesized metal nanoparticles dispersion was highly stable even 

after 6 months under ambient conditions. Though we noticed architectural changes 

(Figures 2.11 and 2.15), yet the physical appearance of the dispersion remained 

unchanged. 

2.3.2. MetaVPANI nanocomposites 

2.3.2.1. Synthesis of meta lIPAN I nanocomposites 

Both Cu and Ni nanoparticles were synthesised by identical procedure in EG 

medium using TA as reductant as stated before. The two metal nanoparticles were 

synthesised by varying the concentration of T A (0.02, 0.04 and 0.06 M) to investigate 

the effect of TA on stability, size distribution and morphology of the resultant 

nanoparticles. For convenience, the metal nanoparticles are designated as M-2, M-4 and 

M-6 (M == Cu or Ni) for 0.02, 0.04 and 0.06 M TA, respectively. The characteristic 

Temperature: O°C 
Duration: Sb 

Metal nanoparticles 
dispersion 

Metal nanoparticles 

+ aniline 

MetallPANl 
dispersion 

Aniline monomer in 
l.SMHCI 

K2~08 in 1.S M BCI 

Scheme 2.3. Schematic illustration for the synthesis of metal/P AN1 
nanocomposites. 

properties of the metal nanoparticles could influence the properties of the 

nanocomposites and therefore, all the metal nanoparticles were considered for 
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subsequent synthesis of metallPANI nanocomposites by in-situ polymerization 

technique. Scheme 2.3 presents a systematic layout of the synthesis procedure. All the 

metal/PANl nanocomposites were characterised using various techniques, and their 

optical and electrical properties were evaluated as discussed below. 

2.3.2.2. XRD analysis of metal/PAN! nanocomposites 

Figure 2.21 illustrates the powder XRD patterns of PANI and Cu/PANI 

nanocomposites. Bragg's diffraction peaks for PANI are observed at 28 values of 15.2°, 

20.3°, 25.1 0, 27° and 30°, and can be indexed as (0 II), (020), (200), (121) and (022), 

--PANI 
-- Cu-2fPANI 
--Cu-4fPANI 
--Cu-6/PANI 

.-:; 

= --
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29 (degree) 

Figure 2.21. Powder X-ray diffraction patterns of pure PANI 
and CuJPANI nancomposites. 

respectively, crystalline plane classically observed for PANl in its emeraliadne form87
,88. 

These peaks might have originated from the scattering of PANI chains at interplanar 

spacing89 and suggest a significant crystalline fraction. 

For the Cu/PANI nanocomposites, the diffraction peaks are observed at 28 values 
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of 15.2°, 20.4°, 25.1 °, 43.6°, 50.7° and 74.45°. The first three peaks are originated from 

PANI while the other peaks correspond to the peaks of Cu nanoparticles as discussed in 

Section 2.3.1.2. It illustrates the existence of Cu nanoparticles in the resulting 

nanocomposites and the data matches well to face-centred-cubic (fcc) structure of 

copper (JCPDS No. 4-0836) . Further, it indicates that the structures of the Cu 

nanoparticles in the resultant nanocomposites are not modified by PANI. The crystallite 

size of Cu nanoparticles calculated using Debye-Scherrer's formula (Equation 2.1) from 

the full width at half maximum (FWHM) of Cu(ll) reflection are 7.4 ± ) nm, 

8.6 ± I nm and 10.8 ± ) nm for Cu-2/PANI, Cu-4/PANI and Cu-6/PANI, respectively. 

In Ni/PANI nanocomposites (Figure 2.22), the presence of Ni nanoparticles are 

evidenced in terms of peaks at 28 - 20.16°,23.25°,33.0° and 39.0°. These data match 

10 
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Figure 2.22. Powder X-ray diffraction patterns of pure PANI 
and Ni/PANI nancomposites. 

well with the ASTM data for face-centered-cubic (fcc) nickel90
. Like Cu, the structures 

of the Ni nanoparticles in the synthesised nanocomposites are not affected by PANI. The 
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crystallite size of the nickel nanoparticles is calculated from the major diffraction peaks 

ofNi(lll) using Equation 2.1 and is found to be 6.3 ± 1 nm, 5.2 ± 1 nm and 8.7 ± 1 nm 

for Ni-2IPANI, Ni-4IPANI and Ni-6/PANI, respectively. 

A comparison of the diffraction patterns of metal nanoparticles (Section 2.3.1.2) 

and metal/PANI nanocomposites (Figures 2.21 and 2.22) reveals the change in intensity 

and slight shifting in positions of diffraction peaks in the nanocomposites. These 

changes can be attributed to some structural change in the polymer caused by the close 

interaction with the disperse nanoparticles phase91
• During the growth of crystals 

(nanocomposite), the growth of each plane of the components can be different due to the 

different adsorptions between each plane and organic or inorganic additives92
• Further, 

compared to PANI diffraction pattern, the peaks corresponding to P ANI in the 

nanocomposites are sharp, indicating higher crystalIinty in composites. Thus, the XRD 

patterns of nanocomposites evidence reorganization in the structure of the polymer and 

the co-existence of the metal reflections suggesting its effective and stable incorporation 

in the nanocomposite structure. 

2.3.2.3. FTIR analysis of meta lIPAN I nanocomposites 

Figure 2.23 presents the typical FTIR spectra of pure P ANI and its composites 

with Cu-4 and Ni-4 nanoparticles. This study was undertaken in order to find out any 

possible interaction of metal nanoparticle with PANI matrix. From the spectrun} of pure 

PANI bands at 3282, 2920, 1567, 1466, 1296, 1243, 1106 and 876 cm-! can be identified 

and can be attributed to the polyaniline emeraldine93
• These bands can be assigned to 

different vibrational modes and these characteristics are compiled in Table 2.3. These 

characteristic bands of PANI can also be detected in the IR spectra of Cu-41P ANI 

and Ni-41P ANI which is a direct evidence of its formation in the nanocomposites. For 

comparison, all the characteristic IR bands of metallP ANI nanocomposites are also 

compiled in the Table 2.3. A careful examination of the table however, shows shifting in 

peak positions of the bands associated with C=C, C==N and C-N stretching of 

the quinoid ring. This strongly attributes to the existence of some degree of interaction 
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in bipolaron 
v -c=c-stretching Quinoid ring 1567 1570 1571 

v_ czestretching Benzoid ring 1466 1468 1468 

V-C-H in- plane Benzoid ring 1106 1110 1110 
Bending 
V-C-H out- of- plane Benzoid ring 876 873 876 
Bending 

V-C-H stretching C-H bond 2920 2930 2930 
in phenyl ring 
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Figure 2.23. FTIR spectra of pure PANI (a), and Cu-4IPANI 
and Ni-41P ANI (b) nanocomposites. 

-

Table 2.3. Assignment of IR bands for P ANI and metaIIP ANI nanocomposites 

IR band Assignment Peak position!Wavenumber em·1 

PANI Cu-4IPANI Ni-4IPANI 

V.N-H stretching Amine -N-H 3282 3287 3287 

V-C-N stretching 2° amine 1296 1301 1297 
-C-N bond 

v -C-N stretching -C=N bond 1243 1240 1248 
in bipolaron 

v -c=c-stretching Quinoid ring 1567 1570 1571 

v_ o-cstretching Benzoid ring 1466 1468 1468 

V-C-H in- plane Benzoid ring 1106 1110 1110 
Bending 
V-C-H out- of- plane Benzoid ring 876 873 876 
Bending 

V-C-H stretching C-H bond 2920 2930 2930 
in Ehen~1 rin~ 
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between metal nanoparticles and P ANI and could have resulted from the presence of 

metal nanoparticles in close proximity of the imine nitrogen of PAN I. 

2.3.2.4. XPS analysis ofmetaVPANI nanocomposites 

The surface compositions of the two metallP ANI nanocomposites are further 

investigated by XPS. Analysis is also carried out on pure PANI as a reference. The 

survey spectrum of pure P ANI (Figure 2.24) shows clearly the presence of C, 0 and N. 

The high resolution CIs, 0 Is and N Is spectra are presented in Figure 2.25. The 
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Figure 2.24. X-ray photoelectron survey spectrum of pure PANl 

'highly intense and large C Is peak at 285.5 eV is assigned to PANI backbones94
• A 

sharp peak observed at 532.6 eV for 0 Is. The presence of oxygen is attributed to the 

oxidant and to extra contaminating oxygen. The N 1 s peak detected points out binding 

energy of 400.0 eV that corresponds to -NH- group of PANI. All the nanocomposits 

exhibit very similar survey spectra and therefore, the spectra of Cu-41P ANI (Figures 

2.26) and Ni-41P ANI (Figure 2.27) are presented. The elements viz. C, 0 and N 
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detected in the spectrum of P ANI can also be identified in the spectra of nanocomposites 

besides the respective metals. The peak positions of the essential elements identified the 
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Figure 2.25. High resolution CIs, N Is and 0 Is spectra of pure PANI. 

XPS spectra of pure P ANI, Cu-41P ANI and Ni-41P ANI are compiled in Table 2.4. The 

composites and the reference material exhibit similar CIs, N 1 sand 0 1 speaks, 

however, their intensity and positions are slightly changed. These changes can be 

accounted for the change in the chemical environment of P ANI in composites. Further, 

Table 2.4. XPS peak positions of essential elements in pure PANI and 
metaIIP ANI nanocomposites 

Compound Peak positions, eV 

CIs 

PANI 285.5 

Cu-4IPANI 284.9 

Ni-4IPANI 286.2 

Ols 

532.6 

532.9 

534.0 

Nls 

400.0 

398.7 

398.8 

Cu2p 

933.4 

Ni 2p 

857.9 

STUDIES ON THE INTERACTION OF METAL AND SEMICONDUCTOR NANOPARTICLES WITH POLYMERS 



Chapter 2: Synthesis of Copper (Cu) and NIckel (NI) Nanoparticles and TheIr Interaction with Polyaniline (PANI) 76 

4000 
Ols 

\ 
3000 

-rLJ 

=-U 
'-' 

C 2000 Cis .;; 

\ I: 
~ 
I: 
~ 

1000 

O~--~--~--~--,---~--,---,---,---,---~--~--, 

o 200 400 600 800 1000 1200 

Binding Energy (eV) 

Figure 2.26. X-ray photoelectron survey spectrum ofCu-41PANI nanocomposite. 
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Figure 2.27. X-ray photoelectron survey spectrum ofNi-4IPANI nanocomposite. 
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the signals of Cu and Ni in their respective nanocomposites are very low. This is due to 

the lower amount of metal phase in the composite. The other reason is the limited 

probing depth of XPS technique to explore the core metal phase coated with PANI. 

2.3.2.5. TGA o/metal/PANl nanocomposites 

TGA study of PANI and its composite with metal nanoparticles was carried out 

to understand the thermal property of the materilas. The TGA traces of pure PAN I and 

CulPANI nanocomposites are displayed in Figure 2.28, and that of pure PANI and 

NilPANI nanocomposites in Figure 2.29. The thermograms were recorded in the 
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Figure 2.28. TGA thennographs for pure P ANI and CulP ANI 
nanocomposites. 

temperature range of 25-800 °C at a heating rate of 10 °C/min in an inert environment. It 

is evident from Figure 2.28 and 2.29 that the degradation behaviour of PANI and its 

metal nanocomposites is almost similar. This suggests the occurrence of similar thermal 

events and accompanying weight losses. Though the weight loss appears to be gradual in 
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Figure 2.29. TGA thermographs for pure PANI and Ni/PANI 
nanocomposites. 

Ta ble 2.5. Essential weight loss characteristics of 
P ANI and metallP AN1 nanocomposites 

Compound Weight loss (%) at 

115 ·C 340 ·C 600·C 

PANI 9.5 28.7 52.5 

Cu-2/PANI 9.8 27.9 47.6 

Cu-4IPANI 9.7 27.5 46.1 

Cu-6/PANJ 9.7 27.8 48.4 

Ni-2IPAN1 9.2 27.8 46.0 

Ni-4/PANI 8.7 27.6 45 .3 

Ni-6/PANI 9.7 27.8 48.1 

700 800 
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all the compounds during the course of the degradation process, yet a three step weight 

loss mechanism can be distinctly identified in the TGA profiles. The first weight loss in 

the temperature range of25-120 °c is mainly contributed by the elimination of moisture 

and pyrolysis water. The second weight loss in the temperature range of 220-340 °c is 

accompanied by the removal of HCI bound to the PANI chain and low molecular weight 

0ligomers9s
• The third step after 500 °C, which is considered as the major weight loss 

step indicates the structural decomposition of the polymer. The essential weight loss 

characteristics of pure PANI, Cu/PANI and Ni/PANI are presented in Table 2.5. The 

weight loss is relatively lower in the naocomposites below which indicates the 

improvement of thermal property of the polymer due to the presence of metal 

naoparticles. Thus, it strongly attributes the interaction of metal nanoparticJes with PANI 

by stronger binding force between nanoparticJes and the lone pair electrons ofN atom in 

the polymer backbone96
. 

2.3.2.6. Morphology of metal/P ANI nanocomposites 

The SEM image of pure PANI is shown in Figure 2.30. It appears that as­

synthesised PANI has fibrous morphology. The morphology of PANI is further 

investigated by AFM . The AFM scans were performed in tapping mode to acquire 

Figure 2.30. Top-down FE-SEM images of pure PANl. 

simultaneously the topography and phase images in the same location. Scans were done 

in different areas of the same sample to check homogeneity and the same kind of results 
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were observed. Figure 2.31 shows the 2-D topography and phase images of PANI with 

fibrous morphology like SEM observation. 

Figure 2.31 . AFM tapping mode 2-D topography (a) and 
phase (b) images of pure PANI. 

However, the morphology of pure PANI has been changed in presence of metal 

nanoparticles. The morphologies of Cu/PANI and Ni/PANI nanocomposites are 

discussed separately in the following sections. 

2.3.2.6.1. CulPANI nanocomposites 

Three diverge morphologies are observed for three types of Cu/PANI 

nanocomposites as shown in Figures 2.32, 2.33 and 2.34. Bunch of thread-like features 

distributed uniformly in layer-by-Iayer fashion is observed in Cu-2/PANI nanocomposite 

(Figure 2.32). As discussed earlier, Cu nanoparticles synthesised with 0.02 M T A 

produced wire-like structures. These wires could have acted as template to guide the 

growth of PANI eventually ended up with thread-like morphology. The presence of Cu 

nanoparticles in the nanocomposite can be confirmed from the TEM image. On the other 

hand, Figure 2.33 of Cu-4/PANI nanocomposite shows cypress-leaf-like dendrite 

morphology. Some brighter spherical shaped particles are also observed in the SEM 

image and could be the loosely bound metal nanoparticles with PANI. The TEM image 

further supports a similar dendritic structure, with branches of - 400 nm length. 

However, raspberry-like uneven surface along with wire-like morphology are observed 

In Cu-6/PANI as shown in Figure 2.34. Thus, wire-like, flower-like and clustered 
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Figure 2.32. Top-down FE-SEM (a, b) and TEM (c) images of 
Cu-2/P ANI nanocomposite. 

Figure 2.33. Top-down FE-SEM (a, b) and TEM (c) images of 
Cu-41P ANI nanocomposite. 
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Figure 2.34. Top-down FE-SEM (a, b) and TEM (c) images of 
Cu-6/P ANI nanocomposite . 

morphologies of pristine Cu naoparticles transformed into layered threads, leaf and 

raspberry-like features after interaction with PANI. 

The topography and phase images of CuiPANI nanocomposites are presented in 

Figures 2.35, 2.36 and 2.37 for Cu-2/PANI, Cu-4/PANI and Cu-6/PANI , respectively. 

Like SEM and TEM, the 2-D and 3-D topography and phase images (Figure 2.35) of 

Cu-2/PANI also show thread-like structures. The height profile of the topography image 

reveals very irregular size distribution with a maximum height difference of ca. 150 nm. 

The topography and phase images of Cu-4/PANI are however unable to identify the 

entire dendritic structure; instead reveal particles holding branch-like features (Figure 

2.36). The scan area is not large enough to portray the entire leaf-like feature. The height 

profile of the topography image indicates a very rough surface with a maximum height 

difference of ca. 160 nm. In Cu-6/PANI nanocomposite, the topography and phase 

images (Figure 2.37) demonstrates the presence of raspberry-like features- an 

observation similar to SEM and TEM. The height profile of the topography image points 
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out a maximum height difference of ca. 100 nm and average size of ca. 200 nm for these 

clusters. 

8 

.. 
o 

o 0.2 0.4 06 08 10 

Figure 2.35. AFM tapping mode 2-D topography (a) and phase (b) images of 
Cu-2/PANI nanocomposite. (c) and (d) are the corresponding 

3-D images of (a) and (b); and (e) is the typical 
height cross section image orCa). 

STUDIES O N THE I NTERACTION Or M ETAL A ND SEMICONDUCTOR NANOPARTlCLES W ITH POLYMERS 



Chapter 2: Synthesis of Copper (Cu) and Nickel (Ni) Nanoparticles and Their Interaction with Polyan iline (PANI) 84 

... 
o 

8 

1.2 

e 

1.4 

Figure 2.36. AFM tapping mode 2-D topography (a) and phase (b) images of 
Cu-4/PANI nanocomposite. (c) and (d) are the corresponding 

3-D images of (a) and (b); and (e) is the typical 
height cross section image of (a). 
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Figure 2.37. AFM tapping mode 2-D topography (a) and phase (b) images of 
Cu-6fPANI nanocomposite. (c) and (d) are the corresponding 

3-D images of (a) and (b); and (e) is the typical 
height cross section image of (a). 

2.3.2.6.2. NiIP ANI nanocomposites 

Similar to CulPANI nanocomposites, Ni/PANI nanocomposites prepared from 

Ni-2, Ni-4 and Ni-6 nanoparticies also possess three different morphologies. 

For Ni-2/PANI, large agglomerates (Figure 2.38) rangIng from nanometer to 
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c 

Figure 2.38. Top-down FE-SEM (a, b) and TEM (c) images of 
Ni-2/PANl nanocomposite. 

Figure 2.39. Top-down FE-SEM (a, b) and TEM (c) images of 
Ni-4!PANI nanocomposite. 
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Figure 2.40. Top-down FE-SEM (a, b) and TEM (c) images of 
Ni-6/PANI nanocomposite. 

micrometer sacle are observed in SEM images, whereas Ni-4/PANI comprises of 

globular clusters of 50 nm to 2 flm (Figure 2.39). Rod-like features (Figure 2.40) of 

almost uniform size (1.5 flm) are noticed in case of Ni-6/PANI composite. From TEM 

images, aggregates, thick particles and nanofoils are observed for Ni-2/PANI, Ni-

4/PANI and Ni-6/PANI , respectively. Thus, it is evident that the interaction of 

nanoparticles with PANI accompanies morphological changes. 

Like SEM and TEM, the AFM 2-D and 3-D topography and phase images ofNi-

2/PANI Ni-4IPANI and Ni-6/PANI also show aggregates (Figures 2.41), clusters 

(Figures 2.42) and entangled rods (Figures 2.43), respectively. The height profile of 

the topography images show irregular surfaces in all nanocomposites and point out a 

maximum height difference of ca. 150 nm, 115 nm and 48 nm, respectively, for 

Ni-2/PANI, Ni-4IPANI and Ni-6!PANI. 
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Figure 2.41. AFM tapping mode 2-D topography (a) and phase (b) images of 
Ni-2/PANl nanocomposite. (c) and (d) are the corresponding 

3-D images of (a) and (b); and (e) is the typical 
height cross section image of (a). 
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Figure 2.42. AFM tapping mode 2-D topography (a) and phase (b) images of 
Ni-4IPANI nanocomposite. (c) and (d) are the corresponding 

3-D images of (a) and (b); and (e) is the typical 
height cross section image of (a). 
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Figure 2.43. AFM tapping mode 2-D topography (8) and phase (b) images of 
Ni-6fPANI nanocomposite. (c) and (d) are the corresponding 

3-D images of(8) and (b); and (e) is the typical 
height cross section image of(8). 
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2.3.3. Optical properties of metal nanoparticies and metallP ANI nanocomposites 

UV -vis absorption spectra of Cu nanoparticles synthesized by varying T A 

concentrations are presented in Figure 2.44. The UV -vis absorption band for 

--Cu-2 
--Cu-4 
--Cu-6 

300 350 400 450 500 550 600 

Wavelength (nm) 

Figure 2.44. UV-visible absorption spectra ofCu nanopartic1es. 

Cu nanoparticles is generally expected at around 570 nm97
,98 and this is due to the 

excitation of plasmon resonance or interband transition. However, from Figure 2.44, it 

is evident that irrespective of the concentration of T A used in the synthesis, the 

nanoparticles show absorption at around 370 nm without the appearance of surface 

plasmonic band at around 570 nm. Formation of smaller particles and the presence of 

high conformational surface ordering of T A on the surface of Cu nanoparticles might be 

the reasons of the disappreance of plasmon band. Foresti et ai. observed thi s kind of 

phenomenon while synthesizing thiophene protected Cu nanoparticles 99. In addition, 

according to Mie' s theory, a UV -vis absorption profiles exhibiting an exponential decay 

Mie scattering with decreasing photon energy, without the surface-plasmon band, is a 
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characteristic of nanosized particles and this kind of profiles have been observed for 

smaller Cu nanoprticlesIOO,lol. 

The UV -visible absorption spectra of PANI and its composites with Cu 

nanoparticles were also recorded in order to study the influence of nanoparticles on the 

optical properties of PANI. Figure 2.45 exhibits the UV-vis absorption spectra of PAN I 

--PANI 
--Cu-2IPANI 
--Cu-41P ANI 
--Cu-6/PANI 

300 400 500 600 700 800 

Wavelength (nm) 

Figure 2.45. UV-visible absorption spectra of PAN I and CuJPANI nanocomposites. 

and CU/PANI nanocomposites. The absorption spectrum of pure PANI shows two 

distinct characteristic peaks at 340 and 635 nm. The absorption peak at 340 nm arises 

from the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) in the benzenoid rings. The peak at 635 nm is associated with a 

benzenoid to quinoid excitonic transition 102. The absorption bands for Cu/P ANI 

nanocomposites are found almost in the same positions of that of PANI ; however, the 

band intensities increase with respect to PANI. This could be attributed to the interaction 

STUDI ES O N T HE INTERACTION OF M ETAL A ND SEMICONDUCTOR N ANOPARTICLES WITH POLYMERS 



Chapter 2: Synthesis of Copper (Cu) and Nickel (Ni) Nanoparticles and Their Interaction with Polyan iline (PANI) 93 

between metal and polymer, which results in combined effect in increasing absorption 

ability of the nanocomposites. 

PL measurements also provide important information about optical properties of 

Cu nanoparticIes and their corresponding composites with PANI. Figure 2.46 shows the 
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Figure 2.46. PL spectra ofCu nanoparticles. 

PL spectra of Cu nanoparticles prepared with varying T A concentrations, and the spectra 

were recorded by exciting at their maximum absorption wavelength. Cu nanoparticles 

emit in the region of green light with a maximum intensity located at 513 nm 

irrespective of T A concentration used in the synthesis. 

As revealed in Figure 2.47, all Cu/PANI nanocomposites exhibit gratifying 

photoluminescence characteristics. Since PANI does not show photoluminescence 

property and therefore, the emission spectra found in the composites are mainly due to 

Cu nanoparticIes. However, the luminescence maximum for Cu nanoparticles in 

presence of PANI is red shifted with band centre around 542 nm. Thus, hydrogen 
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bonding and electrostatic interaction of carboxyl and hydroxyl groups of T A around Cu 

nanopartic1es with PANI chain affected the PL emission ofCu nanopartic1es. 

For Ni nanopartic1es, UV -vis absorption spectra are presented in Figure 2.48. 

The curves present broad and weak absorption spectra of nanopartic1es, showing that the 

surface plasmon resonance absorption of all Ni nanopartic1es is in the range 340-370 

nm. This result is consistent with the earlier reports l03
, 104. The resulting broad and weak 

absorption band of the nanoparticles is probably due to the strong interaction between 

T A and Ni nanopartic1es, resulting smaller nanopartic1es. 

The UV-vis absorption spectra of pure PANI and Ni/PANI are presented in 

Figure 2.49. Similar to Cu/PANI, the absorption bands for Ni/PANI are also found 

almost in the same positions of PANI. However, all Ni nanoparticles and their 

corresponding composites with PANI did not show PL emission spectra. 
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Figure 2.47. PL spectra ofCulPANI nanocomposites. 
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Figure 2.48. UV-visible absorption spectra ofNi nanoparticles. 
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Figure 2.49. UV-visible absorption spectra of PAN! and NilPANI nanocomposites. 
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2.3.4. Electrical properties of metallP ANI nanocomposites 

Figures 2.50 and 2.51 show the I-V characteristics of Cu/PANI and NilPANI 

nanocomposites, respectively. The I-V characteristics are asymmetric and nonlinear for 

forward and reverse directions of applied voltage. This suggests the semiconducting 

behavior and the formation of Schottky barrier in the nanocomposites1os. Thus, the diode 

like I-V characteristic of the nanocomposites is due to the modification of the metal 

nanoparticles with PANI and the formation ofnanosize grains. 
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Figure 2.50. I-V characteristic curves of Cui PAN I nanocomposites at room temperature. 

The temperature dependent DC conductivity of PANI and CU/PANI 

nanocomposites are presented in Table 2.6. It is evident from the table that the 

conductivities of all Cu/PANI nanocomposites are found to be significantly higher than 

the pure polymer, PANI irrespective of the temperature and nature of the composites. 

Initially, DC conductivity of all nanocomposites decreased with increasing temperature 

up to 70°C and then kept on rising with the increase of temperature. However, decrease 
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in conductivity upto 50 °C and then gradual increase in conductivity was observed in 

case of pure PANI. In the initial state of heating, heat may be used up in molecular as 
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Figure 2.51. J-V characteristic curves of Nil PAN I nanocomposites at room temperature. 

Table 2.6. DC electrical conductivities of pure PAN I and CulPANI nanocomposites 
at different temperatures 

Temperature 
(oc) 

30 

50 

70 

90 

100 

PANI 

0.044 

0.042 

0.044 

0.046 

0.046 

Conductivity 
(S/cm) 

Cu-2/PANI Cu-4/PANI Cu-6/PANI 

0.169 0.178 0.140 

0.080 0.087 0.072 

0.080 0.087 0.071 

0.089 0.090 0.087 

0.100 0.100 0.095 
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well as filler orientation instead of electron hopping from HOMO to LUMO and hence, 

the decreases in conductivity observed initiallYS,106. On the other hand, the increase in 

conductivities with the rise of temperature can be attributed to the increasing charge 

carrier mobility of electrons through the polymer backbone due to thermal activation. At 

elevated temperatures, kinetic energy of electrons increases, causing higher electron 

movement rate and hence, increase in electrical conduction. On the contrary, at low 

temperatures, charge carrier mobility is not enough for interchain and intrachain hopping 

for composite system. Number of charge carriers and degree of 7t-electron delocalization 

are also correlated with the conductivity. Insufficient level of 7t-electron de localization 

and limited number of charge carriers could be the result of having low conductivity. 

The DC electrical conductivities of NilPANI and P ANI with respect to 

temperature are compiled in Table 2.7. The interaction ofNi with PAN! did not show 

great enhancement of DC electrical conductivity upto 70 °C. This decrease in 

conductivity can be explained by the following two reasons: (1) non-formation of any 

Table 2.7. DC electrical conductivities of pure PAN! and NilPANI nanocomposites 
at different temperatures 

Temperature Conductivity 
("q (Stcm) 

PANI Ni-2IPANI Ni-4IPANI Ni-6IPANI 

30 0.044 0.014 0.014 0.011 

50 0.042 0.013 0.013 0.010 

70 0.044 0.014 O.oI5 0.013 

90 0.046 0.128 0.147 0.127 

100 0.046 0.128 0.147 0.128 

charge transfer complex, and formation of some unwanted chemical reactions, and new 

unwanted chemical bonds between capping agent and nanoparticles; (2) having more 

crackings, reduced aggregations, and voids may origin to verify the lowest conductivity 
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of the composites. Decrease in conductivity in nanocomposites as compared to bare 

polymer has been observed by Flitton et al. 107
• They justified their findings as a direct 

consequence of increase in resistive interparticle contacts within the material. However, 

in the present investigation, the slight increase in conductivity was observed after 70 °c 
and this could be attributed to the increase in conjugation and number of charge carriers 

at higher temperature. 

2.4. Conclusions 

The important findings of this investigation on Cu and Ni nanoparticles, and their 

corresponding PANI composites are given below: 

• A one-step synthesis procedure has been achieved successfully for synthesis 

of stable colloidal dispersion of Cu and Ni nanoparticles. TA, a green reagent 

is used as reducing as well as capping agent. It has been observed that 

particle size and morphology of metal nanostructures could be controlled by 

varying T A concentrations. Growth mechanism based on oriented attachment 

and Ostwald ripening is proposed. This method opens a new way for shape­

and size- controlled synthesis of other metallic nanoparticles. 

• XRD analysis reveals face-centred-cubic (fcc) structure for both Cu and Ni 

naoparticles. Average particle sizes calculated by Scherrer formula are 

8.7 ± 1 nm and 5.1 ± 1 nm, respectively, for Cu and Ni nanoparticles 

synthesized with 0.04 M TA. 

• FTIR analysis reveals that TA adheres to the metal nanoparticles and hence, 

offers stability to the naoparticles. This capping role of T A is further 

supported by XPS study. 

• Weight loss characteristic studied by TGA reveals that less than 8% Cu and 

5% Ni nan"oparticles synthesized with 0.04 M T A remain in the samples at 

800°C. 

• Wire-like, flower-like and cluster-like morphologies are observed for Cu 

nanostructures synthesized with 0.02, 0.04 and 0.06 M TA, respectively. This 
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implies structure-directing nature ofTA. 

• PANI and its metal-based nanocomposites of different morphologies have 

been synthesized utilizing the synthesized metal nanostructures by in-situ 

polymerization technique. FTIR and XPS results indicate sufficient 

interaction of metal nanoparticles with PAN!. From TGA data, it has been 

found that the thermal stability of bare polymer is enhanced after interaction 

with metal nanoparticles. 

• UV -vis absorption study reveals the absence of surface plasmon resonance 

band in Cu nanoparticles because of smaller particles and the presence of 

high conformational surface ordering of T A on the surface of Cu 

nanoparticles. These Cu nanoparticles are photoluminescent and emit in 

green light region. In case of all nanocomposites, the PL maximum of Cu 

nanoparticles is red-shifted. 

• For Ni nanoparticles, broad and weak surface plasmon resonance bands are 

observed in the UV -vis spectra. The two characteristics peaks of P ANI at 340 

and 635 nm remain unchanged after interaction with Ni nanoparticles. All Ni 

nanoparticles and their corresponding composites with PANI do not exhibit 

any photoluminescence property. 

• The I-V characteristics of metal and PANI based nanocomposites are 

asymmetric and nonlinear for forward and reverse directions of applied 

voltage suggesting the semiconducting behavior and the formation of 

Schottky barrier in the nanocomposites. 

• The temperature dependent DC conductivities of CuIP ANI nanocomposites 

are found to be significantly higher than that of pure PAN!. On the other 

hand, decrease in conductivity up to 70 °C with respect to bare P ANI are 

observed in case of NiIP ANI composites. However, after rising temperature, 

the conductivity of the NifP ANI composites increases as compared to pure 

PAN!. 
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3.1~ Introduction 

Semiconductor nanostructures have been investigated from the experimental and 

theoretical standpoint due to their excellent prospective in the fabrication of novel 

electronic devices. The most versatile system in this context is cadmium sulphide (CdS), 

a p-type semiconductor. This material possesses a wide band gap with Bohr radius of2.4 

nm and direct band gap of 2.40 eV1
• Recent researches on CdS have revealed its 

relatively large nonlinear response2
, photocatalytic activitl, etc. These findings are 

noteworthy due to possible applications for photoelectronic conversion in solar cells4
, 

light-emitting diodes (LEOs) for flat-panel displayss, single electron transistors6 and 

biosensing devices7
• 

A simple approach to comprehend the practical solid-state device fabrication, the 

nanoparticles are typically integrated into a processable polymer matrix which should 

meet the mechanical" and functional requirements determined by the application8
. 

Nanoparticle impregnated polymer based devices have advantages over the fully organic 

counterparts in many respects. They have long-term stability over the simply organic­

based devices making them especially attractive in a range of applications. Further, there 

is the possibility of obtaining p-n nanojunctions in polymer-nanocrystal based devices, 

which is otherwise impossible in polymer-polymer systems. Polymer nanocomposites 

also enjoy the opportunity to tailor the band gap of the inorganic component simply by 

changing the size of the nanoparticles that enables manipulation of the LED photodiode 

characteristics9
• The inclusion of nanocrystals into conducting polymers improve charge 

separation and also broadens the photoconductivity responseIO,JI. Broadening the 

photoconductivity response allows solar cells to capture a greater portion of the solar 

spectrum and possibly have higher white light power conversion efficiencies8
. These 

spectacular properties have giv~n new dimensions to material scientists to explore novel 

nanocomposite materials in recent times. 

Among all the useful polymeric materials, polyaniline (PANI) has attracted 

much attention as it offers high conductivity, environmental stability and flexible 
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processibility12,13, coupled with versatility for design and fabrication of nanostructures 

materials including nanotubesl4, nanoscale conducting cylindersl5, and hybrid 

nanocompositesl6
• 

Voluminous literature is available on the synthesis of CdSIP ANI nanocomposite. 

Seoudia et al. synthesised spherical shaped core-shell nanocomposites of CdS 

nanoparticles incorporated in polyanilinel7. Khiew et al. synthesised polyaniline coated 

CdS nanocomposite employing microemulsion processing techniquel8. Poly (acrylic 

acid)- guided synthesis of helical CdSIP ANI composite microwires were reported by Lu 

et a/ 19
• Dutta et al. obtained aligned CdS nanorods by dispersing CdS in the conducting 

polymer matrix20
. But there is little discussion on the post nucleation and growth 

mechanism of both nanoparticles and their corresponding composites as the PANI based 

processes leads to complicated architecture. Further shape of CdS plays an important 

role in determining properties of host-guest matrix. 

The present investigation describes a one step simple synthesis route for the 

preparation of stable colloidal dispersion of CdS nanoparticles in water using cadmium 

acetate and sodium thiosulphate as cadmium and sulphur sources, respectively, in 

presence of 3-mercaptopropionic acid as capping agent. The synthesized nanoparticles 

have been integrated with PANI using in-situ polymerization technique to study the 

effect of nanoparticles on the optical and electrical behaviour of the nanocomposites. 

3.2. Materials and method 

3.2.1. Materials 

Cadmium acetate dihydrate (CdAc) (Cd(CH3COO)2).2H20, sodium thiosulphate 

(STS) (Na2S203. 5H20), potassium peroxydisulphate (KPS) (K2S20S) and sodium 

hydroxide (NaOH) were purchased from Merck. Aniline (99%, monomer) and 

3-mercaptopropionic acid (MPA) were obtained from Fluka. Ethanol and hydrochloric 

acid were .of the highest purity commercially available and used without further 

purification. Double distilled water was used in all reactions. 
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3.2.2. Synthesis of CdS nanoparticles 

CdS nanoparticles were prepared In aqueous dispersion by using MP A as 

capping agent. 0.001 mole of CdAc was dissolved in 30 ml double distilled water, taken 

in a 100 ml three-necked round bottom flask equipped with a condenser. The whole 

system was placed over a magnetic stirrer. Then 0.004 mole of MPA was dropped 

slowly into the above solution with constant stirring. The pH of the final solution was 

adjusted to 10.5 by the addition of 1 M NaOH solution. The temperature was raised 

slowly up to 60°C and mixing was continued until the solution became optically clear. 

Next, 0.001 mole STS in 30 ml water was added dropwise to the above solution under 

vigorously stirred condition. The whole reaction was continuously purged with nitrogen. 

The colour ofthe initial solution turned slightly green after addition of STS dropwise. A 

yellowish aqueous dispersion of CdS nanoparticles was obtained within lh. Following 

the similar procedure, CdS nanoparticles were synthesized by varying the 

CdAc: STS: MPA molar ratios as described below in Table 3.1. 

Table 3.1. Summary of the reaction conditions for CdS synthesis. 

Sample CdAc: STS: MPA Temperature Duration Appearance 
code molar ratio ("C) (b) 

CdS-J 1: J: 6 80 6 Yellow dispersion 

CdS-2 1: 2: 2 80 6 Yellow dispersion 

CdS-3 1: 3: 4 80 6 Yellow dispersion 

3.2.3. Synthesis of polyaniline (P ANI) 

For the synthesis of PANT, 1 ml (0.0 1 mole) of aniline was dissolved in 10 ml of 

1.5 M HCI solution in a 50 ml conical flask and cooled down to 0 °C. The oxidizing 

agent was prepared by dissolving 0.0166 g (0.0125 mole) of KPS in 5 ml 1.5 M HCI 

solution. KPS solution was added drop wise to the aniline solution while stirring and 

continued to add for 1 h keeping the reaction temperature at 0 °C. The reaction mixture 

was then left to warm up to room temperature. Afterwards the reaction mixture was 
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filtered under gravity, washed with 1.5 M HCI and double distilled water until the 

washing liquid become colourless and finally dried at 60°C for 24 h under vacuum to 

obtain a fine tint green powder. 

3.2.4. Synthesis of CdSIP ANI nanocomposites 

CdS/PANI nanocomposites have been synthesized by in-situ polymerization 

technique. The polymerization was carried out by injecting 1 ml aniline into 10 ml of 1.5 

M HCI with 0.1 g of synthesized CdS nanoparticles under constant stirring. After 2 h, 

0.0166 g KPS (dissolved in 5 ml water) was then dropped into the solution with constant 

stirring. The polymerization was allow~d to proceed for 5 h. The reaction mixture was 

then filtered under gravity, washed repeatedly with 1.5 M HCI followed by double 

distilled water, and finally dried at 60°C for 24 h under vacuum. The final product was 

obtained in powdery form with green tint. 

3.2.5. Characterization of CdS nanoparticles and CdSIP ANI nanocomposites 

3.2.5.1. Scanning electron microscope (SEM) 

Top-down SEM images of the samples were conducted in a high resolution field 

emission scanning electron microscope (FEI INSPECT F, model no. FP 2031111) 

operating at a voltage of 5 kV. Samples were gold coated (Bio-rad Polaron E5000 gold 

coater) prior to SEM analysis for 10 s at a voltage of2.5 kV and a current of 18 mAo 

~.2.5.2. Transmission electron microscope (TEM) 

Transmission electron microscopy (TEM) images were taken on JEOL-JEM-

2000FX transmission electron microscope. The samples were prepared by sonication in 

appropriate solvents for 10 min prior to transfer to copper grids. To obtain an accurate 

estimation of the average particle size, at least 100 particles were manually counted. 

3.2.5.3. Atomic force microscope (AFM) 

AFM provides images of structural details without any chemical treatment 

(etching or staining) of the specimens. The AFM used was a DME 2452 DualScope 

Scanner DS Atomic Force Microscope. Scans were carried out in AC mode under 

ambient conditions with a silicon microcantilever probe tips, using the parameters: force 
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constant: 60,000 N/m; force: 0.15 nN; loop gain: 1,000 loop filter: 3 Hz. 

3.2.5.4. Fourier transform infrared spectrometer (FTIR) 

Spectra were recorded from pressed KBr pellets using a Perkin Elmer FT-IR 

spectrometer in the range of 4000-400 cm·1 at room temperature. 

3.2.5.5. Powder X-ray diffraction (XRD) 

XRD data were collected on a Rigaku Miniflex X-ray diffractometer with Cu Ka 

radiation (A= 0.15418 run) at 30 kV and 15 rnA using a scan rate of 0.05° S-I in 29 

ranges from 10° to 70°. 

3.2.5.6. X-ray photoelectron spectrometer (XPS) 

Spectra were acquired on a PHI Quantum 2000 spectrometer with 

monochromated AIKa 1486.6 eV X-ray radiation. Samples were loaded into the vacuum 

chamber within 1 h after being prepared and were subjected to XPS analysis. The 

analysis area was 1200 Jlm x 400 Jlm on each sample. The take off angle in the 
I 

instrument was set at 90°. 

3.2.5.7. Thermogravimetric analysis (TGA.) 

Thermogravimetric (TGA-DTG) and differential thermal (DTA) analyses were 
.J 

performed in a Shimadzu TGA-50 thermal analysis apparatus. Prior to the run, sample 

(typically 50 mg) was stabilized for 30 min at 25,oC and ~en the temperature was 

linearly increased from 25 to 800°C with a ramp of 10 0(: min· I using dry nitrogen as a 

carrier gas. 

3.2.6. Evaluation of optical and electrical properties 

3.2.6.1. UV -vis spectroscopy 

UV-vis absorption spectra of the samples were recorded in the range 250-900 nm 

using Shimadzu UV -2550 UV -visible spectrophotometer. 

3.2.6.2. Photoluminescence (PL) sp~troscopy 

PL spectra were recorded on a Hitachi F- 2500 Fluorescence spectrophotometer, 

by excitation of the samples at their absorption maximum. 
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3.2.6.3. I-V characteristics and DC electrical conductivity 

The room temperature current-voltage (I-V) characteristics of PANJ and 

Cd SIP ANI nanocomposites were measured with a Keithley 2400 programmable current 

source meter by the two probe method in the frequency range of 102-106 Hz. 

The temperature dependent direct current (DC) conductivity was measured by 

the standard four probe method over a temperature range from 30 up to 110 °C on pellets 

of approx. 1.5 cm diameter and 2 mm thickness compressed at 700 MPa with a 

compression-moulding machine with manual hydraulic press. The conductivity of the 

samples was calculated using Equation 2.1 as discussed in Chapter 2. 

3.3. Results and discussion 

3.3.1. CdS nanoparticles 

3.3.1.1. Synthesis of CdS nanoparticles 

CdS nanoparticles have been synthesized using CdAc, STS and MPA in the 

molar ratios of 1: 1: 6, 1: 2: 2, and 1: 3: 4 for CdS-I, CdS-2, and CdS-3, respectively, at 

pH 10.5. The clear solution of CdAc turned cloudy upon addition of MPA and became 

optically clear when heated to 80 0c. Formation of the complex intermediate 

[Cd-MPAf+ could be the reason behind it. Based on these observations, a possible 

reaction mechanism can be outlined as 

Cd(CH3COO)2.2H20 - Cu2+ + 2CH3COO- + 2H20 

l:l 
Cd2+ + MPA - Cloudy dispersion (immessible) - [Cd-MPAf+ 

Clear solution 

The optically clear solution turned light green and immediately became yellow at the 

addition of STS dropwise. The possible reactions leading to CdS formation are given 

below: 
l:l 

Na2S203 + H20 -lNa+ + sol- + H2S 

H2S -+ 2W + S2-

2Cd2+ + 2S2- -+ CdS 

Yellow dispersion 
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3.3.1.2. XRD analysis of CdS nanoparticles 

The XRD patterns of CdS-I, CdS-2 and CdS-3 nanoparticles are compiled in 

Figure 3.1. The diffraction peaks of the synthesised nanoparticles are observed at 

20 values of - 26.5°, 43.5° and 51.5° can be indexed to scattering from (111), (220), and 

(311) planes respectively, of cubic CdS phase, irrespective of the variations brought in 

the synthesis procedure. The data are compared with the JCPDS file No. 10-454 and is 
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Figure 3.1. Powder X-ray diffraction patterns of the CdS nanoparticles. 

in good agreement with that of cubic phase. The absence of peaks at 28.30 (101 planes) 

and 48.1 ° (103 planes) referring to the hexagonal CdS indicates the purity of the 

product21
• The broadness of the peaks indicates that the dimensions of the CdS 

nanoparticles are very small. The average particles size calculated from the full width at 

half maximum of the most intense peak of the XRD patterns using Equation 2.1 (as 

discussed in Chapter 2) are found to be -4.1 ± I, 6.8 ± 1 and 9.7 ± I nm for CdS-I, 
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CdS-2 and CdS-3, respectively. The CdS nanoparticles synthesized by 

CdAc: STS: MPA molar ratio of 1: 1: 6 give small particles size. 

3.3.1.3. XPS analysis of CdS nanoparticles 

Figure 3.2 shows the XPS survey spectrum of CdS nanoparticles prepared in 

CdAc: STS: MPA molar ratio 1: 1: 6. The survey spectrum reveals the presence of Cd, 
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Figure 3.2. X-ray photoelectron survey spectrum of CdS-l nanopartic1es 
prepared with CdAc: STS: MP A molar ratio of 1: 1: 6. 

S, C, 0 and Na elements in the nanoparticles sample. The CIs core level peak at 

'286.1 e V could be assigned to the MP A CH2 groups remained with the nanoparticles22
• 

The presence of a relatively stronger 0 Is peak at 533.1 eV could be due to (i) the 

presence of O=C-O of acetate ligand23
, (ii) water, and (iii) the exposure to the 

atmosphere since nanocrystalline material exhibits a high surface-to-volume ratio. The 

Na'ls peak at 1072.9 eV in the spectrum evolved from STS used as sulphur source in the 
? 

synthesis. The high-resolution XPS spectra of Cd 3d and S 2p shown in Figure 3.3 
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indicate doublet peaks at 404.2 e V and 412.3 e V are assigned to Cd 3ds12 and Cd 3d312, 

and the one at 163.8 eV is attributed to the S 2p core-electrons, consistent with that 

observed in CdS24
• The quantification of peaks Cd 3d and S 2p cores gives the Cd: S 
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Figure 3.3. High resolution (a) Cd 3d and (b) S 2p XPS spectra of CdS-1 nanopartiC\es 
prepared with CdAc: STS: MP A molar ratio of I: 1: 6. 

atomic ratio as 1: 0.98, which is almost consistent with the stoichiometry of CdS. 

Similar kind of results are observed with other CdS samples and therefore, omitted for 

the sake of brevity. 

3.3.1.4. SEM and TEM analysis oj CdS nanoparticies 

Figure 3.4 presents the SEM and TEM images of CdS-l sample, and shows the 

distribution of spherical shaped nanoparticles in large areas. The magnified SEM image 

(Figure 3.4b) reveals well ordered arrangement of the nanoparticles. TEM image further 

supports the formation of spherical CdS nanoparticles with a narrow size distribution 

(Figure 3.4c). The particle size (5 ± 1 nm) obtained from the TEM image is consistent 

with the XRD data. 

SEM and TEM images of CdS-2 nanoparticles are displayed in Figure 3.5. The 

micrographs give an overview ofthe sample in which evenly distributed cubic structures 

of CdS of two distinct categories of sizes (with the lower size dominating) are observed. 

The growth of bigger cubic nanocrystal may be due to the oriented attachment suggested 

in several reports2
S-

27
• This mechanism of crystal growth views the formation of bigger 
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crystals as a result of pileup and coalescence of smaller particles with sizes of a few 

nanometers rather than the adhesion of individual monomers such as ions. The average 

size of the bigger cubic nanocrystal is 30 ± I nm that might have been formed from the 

pileup of smaller nanocrystal of about 5 ± 1 nm in size. Formation of cubic CdS is also 

supported by XRD analysis. 

Figure 3.4. Top-down FE-SEM (a, b) and TEM (c) images of CdS-I nanoparticles 
(inset ofTEM is the statistical size distribution). 

Formation of CdS nanocubes accumulated into bunch of flowers-like clusters are 

observed in the SEM micrographs of CdS-3 sample as shown in Figure 3.6. The 

enlarged SEM image further reveals that the nanocubes are supported on a sheet-like 

material. Niu and Gao reported that thioglycolic acid (TGA) reacts with Cd2+ ions to 

form wire-like structures28
• This interaction between TGA and Cd2+ occurs through the 

carboxylic group of TGA. The capping agent MPA used in this study has the potential to 

form similar [Cd2+-MPA] complex nanostructures. The stem-like features observed in 

Figure 3.6 could be this amorphous coordinated complex that acts as glue to assemble 

the nanocubes. Further, the growth and accumulation of nanocrystal can be described 

based on the combined mechanism of 'Ostwald Ripening' and oriented attachment. The 
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Figure 3.5. Top-down FE-SEM (a, b) and TEM (c) images ofCdS-2 nanoparticles 
(inset ofTEM is the statistical size distribution). 

Figure 3.6. Top-down FE-SEM (a, b) and TEM (c) images ofCdS-3 nanoparticles 
(inset ofTEM is the statistical size distribution). 
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'Ostwald Ripening mechanism explains the formation of particles larger than the 

average size resulting from the shrinking and disappearance of smaller nanocrystal while 

larger ones are still growing. It is well-known that nanoparticles have the tendency to get 

accumulate to clusters in some ordered fashions under certain experimental conditions29
• 

Thus, it appears that nanomaterials growth is sensitive to the experimental conditions 

and through the adjustment of these conditions, nanostructures with different 

morphologies and sizes can be controllably synthesised. 

3.3.1.5. AFM analysis oledS nanoparticles 

The AFM tapping mode 2-D, and 3-D topography and phase images, and height 

profile of CdS-1 nanoparticles are shown in Figure 3.7. Homogeneity was checked by 

taking AFM scans on different areas of the same sample and same kind of results have 

been found in all cases. The 2-D topography and phase images show near spherical CdS 

nanoparticles. It is even clearer from the 3-D images. The height profile of the 

topography image reveals homogeneous size distribution and points out a maximum 

height difference of ca. 14 nm. 

Figure 3.8 reports the topography, phase and height profile images of CdS-2 

sample. Cubic nanostructures of CdS are revealed from the 2-D and 3-D topography and 

phase images. Consistent with SEM results, nanocubes of two distinct size categories 

can be seen in the AFM images. The height profile of the topography image further 

supports this observation and indicates a maximum height difference of ca. 95 nm. 

The 2-D topography and phase images of CdS-3 sample (Figure 3.9) clearly 

reveal the presence of spherical shape particles accumulated on top of sheet-like 

material- a result consistent with the SEM and TEM analysis. A better view of the 

surface can be obtained from the corresponding 3-D images. The height profile of the 

topography image is inhomogeneous and indicates a maximum height difference of ca. 

34 nm. The sheet-like material makes the surface rough resulting in inhomogeneous 

height profile. From the height profile images, it is very difficult to estimate the average 

particle sizes of the CdS samples because of wider size distribution. 
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Figure 3.7. AFM tapping mode 2-D topography (a) and phase (b) images of CdS-I 
nanopartic\es prepared with CdAc: STS: MP A molar ratio of I: I: 6. (c) 

and (d) are the corresponding 3-D images of (a) and (b); and 
(e) is the typical height cross section image of (a). 
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Figure 3.8. AFM tapping mode 2-D topography (3) and phase (b) images of CdS -2 
nanoparticles prepared with CdAc: STS: MP A molar ratio of I: 2: 2. (c) 

and (d) are the corresponding 3-D images Of(3) and (b); and 
(e) is the typical height cross section image Of(3). 
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Figure 3.9. AFM tapping mode 2-D topography (a) and phase (b) images ofCdS-3 
nanoparticIes prepared with CdAc: STS: MPA molar ratio of I: 3: 4. (c) 

and (d) are the corresponding 3-D images of (a) and (b); and 
(e) is the typical height cross section image of (a). 
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3.3.2. CdSIP ANI nanocomposites 

3.3.2.1. Synthesis of CdSIP ANI nanocomposites 

CdS nanoparticles synthesised by three different molar ratios of 

CdAc: STS: MPA show variation of particle size and morphology. All three dispersions 

of nanoparticles demonstrated good stability and narrow size distribution. They were 

subsequently used in the synthesis of CdS/PANI nanocomposites by in-situ 

polymerization technique. The objective is to understand the effect of CdS nanoparticles 

size and morphology on the morphology, and optical and electrical behaviour of the 

resultant nanocomposites. Scheme 3.1 presented below gives a schematic layout of the 

synthesis procedure. 

Temperature: O°C 
Duration: Sh 

CdS nanoparticles 
disDersion 

CdS nanoparticles + 
aniline 

CdS/PANI 
disDersion (Green) 

Aniline monomer in 
1.5 M HCI 

K2~08 in 1.5 M HCI 

Scheme 3.1 . Schematic illustration of the synthesis of CdS/PAN I 
nanocomposites. 

3.3.2.2. XRD analysis of CdSIP ANI nanocomposites 

Figure 3.10 displays the powder XRD profiles of pure PANI and CdSIPANI 

nanocomposites. The diffraction peaks of PANI are observed at 29 values of 15.2°, 

20.3°, 25.1 0, 27° and 30°, and can be assigned to (0 II ), (020), (200), (I 2 1) and (022), 

respectively, crystalline plane diffraction peaks of PANI in its emeraliadne formJo,Jl. 
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These peaks might have originated from the scattering of PANI chains at interplanar 

spacing32 and suggests a significant crystalline fraction. 

.-

= eo: -c .-'" = ~ ... 
= -

10 

--PANl 
--CdS-lIPAN I 
--CdS-2/PANI 
--CdS-3IPANJ 

20 30 40 50 60 

28 (degree) 

Figure 3.10. Powder X-ray diffraction patterns of pure PAN] 
and CdS/P ANI nancomposites. 

70 

For CdS/PAN I nanocomposites, the diffraction peaks are observed at 28 ~ 15.2°, 

20.3°, 25.2°, 27°, 30°, 36.9" and 44.3°. It is clearly seen that the characteristic peaks of 

both PAN] and CdS (Section 3.3.1.2) appear in the XRD patterns of CdS/PAN 1 

nanocomposites. The first three and the fifth peaks are originated from PANI while the 

other peaks correspond to the peaks of CdS nanoparticles as discussed in Section 

3.3.1.2. However, with respect to the diffraction patterns of the CdS nanopartic1es, 

change in intensity and slight shifting in positions are observed in the diffraction patterns 

of nanocomposites. Further, a new peak appeared at 36.9° and the peak at 51.5° 

disappeared in the XRD patterns of the nanocomposites. These changes can be related to 
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some structural change in the polymer caused by ~he close interaction with the disperse 

nanoparticles phase33
• During the growth of crystals (nanocomposite), the growth of 

each plane of the components can be different due to the different adsorptions between 

each plane and organic or inorganic additives34
• Further, compared to PANI diffraction 

pattern, the peaks corresponding to PANI in the nanocomposites, are sharp, indicating 

higher crystallinty in composites. Thus, the XRD patterns of nanocomposites evidence 

reorganization in the structure of the polymer and the co-existence of the CdS reflections 

suggesting its effective and stable incorporation in the nanocomposite structure. 

3.3.2.3. FTIR analysis of CdSIP ANI nanocomposites 

Interaction between CdS nanoparticles and PANI matrix could be possible, and 

to investigate this, FTIR spectra of pure P ANI and CdS/P ANI were recorded. FTIR 

spectra of CdSIPANI nanocomposites are presented in Figure 3.11. A detail about the 

FTIR spectrum of pure PAN! is discussed in Section 2.3.2.3, Chapter 2, and found to be 

~nllo 18110 

\V;I\'cnumbcr, cm·1 

Figure 3.11. FTIR spectra of pure PANI, and CdSIPANI nanocomposites. 

in emeraldine form3s
• The different vibrational bands found in PANI are compiled in 

Table 3.2. These characteristic bands of P ANI can also be identified in the IR spectra of 

the nanocomposites confirming the presence of P ANI in the composites. The infrared 
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bands of CdSIP ANI nanocomposites are also compiled in the Table for ease of 

comparison. However, shifting in peak positions associated with C=C and C=N 

stretching of the quinoid ring has been observed. This can be attributed to the interaction 

Table 3.2. Assignment ofIR bands for PANI and CdSIPANI nanocomposites 

IR band Assignment Peak positionlWavenumber em-I 

PANI CdS-lIPANI CdS-2IPANI CdS-3IPANI 

V-N.H stretching Amine-N-H 3282 3206 3209 3207 

v -C.N stretching 2° amine 1296 1299 1299 1300 
-C-N bond 

v -C-N stretching -C=N bond 1243 1240 1238 1240 
in bipolaron 

v -c=e-stretchi ng Quinoid ring 1567 1564 1563 1556 

v _ c=cstretching Benzoid ring 1466 1470 1473 1474 

V-C.H in- plane Benzoid ring 1106 1119 1112 1110 
Bending 

V-C-H out- of- plane Benzoid ring 876 882 885 876 
Bending 

V-C.H stretching C-H bond 2920 2925 2924 2927 
in phenyl ring 

between CdS and P ANI by virtue of the presence of CdS nanoparticles in close 

proximity of the imine nitrogen of PAN!. 

3.3.2.4. XPS analysis of CdS/P ANI nanocomposites 

The nanocomposites are further characterised by XPS and the survey spectrum of 

CdS-lIP ANI is reported in Figure 3.12. The survey spectra of CdS-21P ANI and 

CdS-31P ANI are very similar and therefore, omitted for the sake of brevity. The 

spectrum of pure PANI was also recorded as a reference material and a detailed 

discussion can be found in Section 2.3.2.4, Chapter 2. All the essential elements (Cd, S, 

o and C) ofthe nanocomposite can be identified in the survey spectrum. Peaks for C and 

o are originated from PANI and that implies PANI formation in the nanocomposites. 

The intense CIs peak at 284.5 e V. is assigned to PANI backbones36
• A sharp 

peak observed at 531.6 eV for 0 Is. The presence of oxygen is attributed to the 
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oxidant and to extra contaminating oxygen. The N Is peak could not be detected which 

is usually found at 398.6 eV. This could be due to the interaction of CdS nanoparticles 

with the -NH- group of PANI. From the XPS spectrum, Cd 3d and S 2p peaks are 

8000 

7000 

6000 -00 
~ 5000 
U -~ 4000 'r;; 
= ~ .. 
= 3000 ~ 

2000 

1000 

0 
0 

Cis 

" 

200 400 

OIs 

" 

600 800 

Binding Energy (e V) 

Na Is 

" 

1000 1200 

Figure 3.12. X-ray photoelectron survey spectrum of CdS-lIPANl nanocomposite. 

located at 408.5 eV and 163.6 eV, respectively. The peak positions of the essential 

elements identified the XPS spectra of pure PANI and CdS-lIP ANI nanocomposites are 

compiled in Table 3.3. The composites and the reference material exhibit similar CIs, 

Table 3.3. XPS peak positions of essential elements in pure PANl and 
CdS-lIP ANI nanocomposites 

Compound 

CIs 

PANI 285.5 

CdS-lIP ANT 284.9 

Peak positions, eV 

o Is 

532.6 

532.9 

N Is 

400.0 

Cd 3d 

408.5 

S2p 

163.6 
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N I sand 0 I s peaks, however, their intensity and positions are slightly changed. These 

changes can be accounted for the change in the chemical environment of PAN I in 

composites. 

3.3.2.5. TGA of CdSIP ANI nanocomposites 

The thermal behaviour of the polymer before and after introducing CdS 

nanoparticles was investigated by thermo gravimetric (TG) analysis. The TGA profiles 

of PANI and CdS/PANI are shown in Figure 3.13. The TGA patterns were recorded up 

to 800 °C at a heating rate of 10 °C/min under nitrogen flow. The thermal events 

accompanying weight losses lead to similar kind of degradation profiles for both pure 

PANI and CdS/PAN I (Figure 3.13). Though all the compounds experience gradual 

weight loss throughout the thermal process, yet a three step weight loss steps can be 

tOO --PANI 
--CdS-3fPANI 
--CdS-IIPANI 

90 --CdS-2IPANI 

80 -. 
~ 0 -<Ii 70 <Ii .s .... 
..c: 
Oil 60 .~ 

~ 
50 

40 

30 
0 )00 ZOO 300 400 500 600 700 800 

Temperature (C) 

Figure 3.13. TGA thermographs of pure PAN I and CdS/PAN I nanocomposites. 

di stinctly identified in the TGA profiles. The first weight loss up to 120 °c is mainly 

contributed by the elimination of moisture. The second weight loss in the temperature 
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range of 220-340 °C is accompanied by the removal of HCl bound to the P ANI chain 

and low molecular weight 0ligomers37
• The third step after 500 °c experiences the major 

weight loss and indicates the structural decomposition of the polymer. The essential 

weight loss characteristics are summarized in Table 3.4. 

Table 3.4. Essential weight loss characteristics of 
P ANI and CdSIP ANI nanocomposites 

Compound Characteristics 

Weight loss (%) at 

115°C 340°C 600°C 

PANl 8.5 28.7 52.5 

CdS-lIPANl 11.2 31.8 45.4 

CdS-2IPANl 9.5 26.9 41.7 

CdS-3/PANl 10.3 28.6 46.7 

Even though both the two compounds experience heavy weight loss after 500 °c, 

the loss is relatively lower in Cd SIP ANI which indicates that the thermal property of the 

polymer is improved due to the presence of CdS nano fillers. Thus, it strongly attributes 

the interaction between CdS and PANI through stronger binding forces between 

nanoparticles and the lone pair electrons ofN atom in the polymer backbone38
• 

3.3.2.6. SEM and TEM analysis of CdS/P ANI nanocomposites 

The morphology of CdSIP ANI nanocomposites and pure P ANI are studied by 

SEM, TEM and AFM. Fibrous morphology was observed for pure PANI as discussed in 

Section 2.3.2.6, Chapter 2. Introduction of CdS nanoparticles into PANI matrix, 

however, resulted in morphologies different from PANI. Figure 3.14 shows the 

SEM and TEM micrographs of CdS-IIPANI nanocomposite. SEM image reveals the 
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Figure 3.14. Top-down FE-SEM (a) and TEM (b) images of 
CdS-\ I PANI nanocomposite . 

Figure 3.15. Top-down FE-SEM (a) and TEM (b) images of 
CdS-2/PANI nanocomposite. 

Figure 3.16. Top-down FE-SEM (a) and TEM (b) images of 
CdS-3/PANI nanocomposite. 
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fonnation of bee-hive like morphology of the composite material. The TEM image of 

the nanocomposites revels that the CdS nanoparticles are well combined and distributed 

within the polymer matrix. The morphology of CdS-21P ANI is interesting. The SEM 

image of Figure 3.15 shows the growth of spike-paddy like features. The TEM image 

reveals the existence of CdS nanoparticles into the polymer matrix- a result consistent 

with XRD analysis (Section 3.3.2.2). 

Unlike fibrous morphology of PANI, the SEM image of CdS-3IPANI 

nanocomposite shows the formation of raspberry-like features (Figure 3.16). TEM 

further reveals the incorporation of CdS nanoparticles into the polymer matrix. 

Existence of CdS nanopartilces in the P ANI matrix is also confinned by XRD analysis 

as discuss in the Section 3.3.2.2. 

3.3.2.7. AFM analysis of CdS/P ANI nanocomposites 

The AFM tapping mode topography and phase images of CdS-lIPAN I are shown 

in Figure 3.17. Similar to SEM and TEM results, growth of micrometer size lumps can 

be seen in the 2-D and 3-D topography and phase images. The height profile of the 

topography image points out a maximum height difference of ca. 150 nm and average 

size of the lump> 1 Jlm. 

Figure 3.18 reports the AFM scans of CdS-21P ANI nanocomposite along with 

the height profile image. The 2-D topography and phase images demonstrate the 

fonnation of nanocomposites in the form of tree-branch- a result consistent with the 

SEM and TEM study. The height profile of the topography image indicates a maximum 

height difference of ca. 13 nm. Growth of raspberry-like features can also be identified 

in the 2-D and 3-D topography and phase images of CdS-3IPANI sample presented in 

Figure 3.19. The height profile of the topography image reveals almost irregular size 

distribution of the composite particles with a maximum height difference of ca. 110 nm 

and average particle size of -400 nm. 
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Figure 3.17. AFM tapping mode 2-D topography (a) and phase (b) images of 
CdS-I /PANl nanocomposite. (c) and (d) are the corresponding 

3-D images of (a) and (b); and (e) is the typical 
height cross section image of (a). 
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Figure 3.1S. AFM tapping mode 2-D topography (a) and phase (b) images of 
CdS-2IPANl nanocomposite. (c) and (d) are the corresponding 

3-D images of (a) and (b); and (e) is the typical 
height cross section image of (a). 
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Figure 3.19. AFM tapping mode 2-D topography (a) and phase (b) images of 
CdS-3/PANI nanocomposite. (c)and (d) are the corresponding 

3-D images of (a) and (b); and (e) is the typical 
height cross section image of (a). 
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3.3.3. Optical properties of CdS nanoparticIes and CdSIP ANI nanocomposites 

UV-vis absorption spectra of CdS nanoparticles synthesised with different molar 

ratios of CdAc: STS: MPA are presented in Figures 3.20. The spectra of CdS 

nanoparticles exhibit absorption maxima at 340, 400 and 410 nm for CdS- I, CdS-2 and 

CdS-3, respectively. The absorption maxima are blue-shifted with respect to bulk CdS 

(- 515 nm) arising from quantum confinement effect in the nanoparticles39
. 

300 350 400 

Wavelength (nm) 

--CdS-l 
--CdS-2 
--CdS-3 

450 

Figure 3.20. UV-vis absorption spectrum of CdS nanoparticles. 

soo 

Figure 3.21 displays the UV-vis absorption spectra of PANI and CdS/PAN I 

nanocomposites. As discussed in Section 2.3.3, Chapter 2, pure PANI shows two 

distinct characteristic peaks at 340 and 635 nm. Both bands of PANI are blue-shifted 

after the CdS/PANI nanocomposites are formed implying decrease in conjugation. 

The PL emission spectra of CdS nanoparticles excited at absorption maximum 

are reported in Figure 3.22. One strong emission peak is observed in each of the CdS 

samples. When the precursor molar ratio of CdAc: STS: MP A was 1: I: 6 (CdS-I), the 
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resultant nanoparticles show PL characteristic in the range of orange colour 

(peak: 595 nm). CdS nanoparticles synthesised with I: 2: 2 molar ratio of 

CdAc: STS: MPA (CdS-2), emit in green region (peak: 520 nm), and when the molar 

ratio was 1: 3: 4 (CdS-3), the as-prepared nanoparticIes show emission in the red region 

(peak: 635 nm). 

300 

--CdS-tlPANI 
--CdS-2/PANI 
--CdS-3/PANI 
--PANI 

400 500 600 700 

Wavelength (nm) 

Figure 3.21 . UV -visible absorption spectra of P ANI, 

CdS/PAN I nanocomposites. 

800 

All CdSIPANI nanocomposites are found to be photoluminescent (Figure 3.23). 

As stated earlier, PANI does not possess photoluminescence property and therefore , the 

emission spectra found in the composites are mainly due to CdS nanoparticles. 

However, the PL maximum for CdS-1 nanoparticles in presence of PAN I is blue-shifted 

with band centre at 400 nm. In case of CdS-2/PANI, two emission peaks centred at 

622 nm and 670 nm are observed and found to be red-shifted as compared to CdS-2. 

CdS-3/PANI nanocomposite also shows emission spectra at 645 nm that is red-shifted. 
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Figure 3.22. PL spectra of CdS nanoparticles. 
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Figure 3.23. PL spectra of CdS-liPAN I (a), CdS-2/PANI (b) and CdS-3/PANI (c) nanocomposites. 
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3.3.4. Electrical properties of Cd SIP ANI nanocomposites 

The I-V plots of three types of CdSIPANI nanocomposits at room temperature 

are shown in Figure 3.24. The plots show asymmetric and nonlinear characteristics for 

forward and reverse directions of applied voltage. Thus, the nanocomposites are 

semiconducting in nature and implies the formation of Schottky barrier40. The diode like 

I-V characteristic of the nanocomposites is due to the interaction of CdS nanoparticles 

with PANI and the formation of nanosize grains. 
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Figure 3.24. I-V characteristic curves of Cd SIP ANI nanocomposites at room temperature. 

The DC conductivity, one of the most important properties of nanocomposites 

gives information on the conduction phenomenon and interaction of nanoparticles with 

polymer. The enhancement in DC conductivity of PANI has been observed due to the 

interaction PANI with CdS nanoparticles in the temperature range of 30-100 0c. All the 

data are summerized in the Table 3.5. From the table, an abrupt increase in conductivity 
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Table 3.5. DC electrical conductivities of pure PANI and CdSIPANI nanocomposites 
at different temperatures 

Temperature Conductivity 
('q (S/cm) 

PANI CdS-IIPANI CdS-2IPAN] CdS-3IPAN] 

30 0.044 1.95 6.60 0.127 

50 0.042 0.052 5.35 0.119 

70 0.044 0.159 5.43 0.317 

90 0.046 2.26 3.88 4.60 

100 0.046 3.37 3.78 3.37 
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of 6.60 S/cm at room temperature is observed in case of CdS-21P ANI nanocomposite. 

From room temperature (30 °C) to 50 °c, the conductivity decreases in all samples. In 

the initial state of heating, heat may be used up in molecular as well as filler orientation 

resulting in the decrease in conductivity. The Table clearly shows that in PANI and 

CdS-IIPANI, conductivities continuously increase upto 100 °c, whereas it decreases at 

that temperature for CdS-2IPANI and CdS-3/PANI. This increase in conductivity is due 

to the increase interchain and intr~chain hopping that results in high charge carrier 

mobility within the nanocomposite. The decrease in conductivity of CdS-2IPANI and 

CdS-31P ANI at 100 °c could be the consequence of increase in resistive interparticle 

contacts within the composite material. 

3.4. Conclusions 

The following important conclusions can be extracted from this investigation: 

• CdS nanoparticles have been successfully synthesized using CdAc, STS and 

MPA in three different CdAc: STS: MPA proportionate ratios following a 

simple colloidal dispersion synthetic route. 

• XRD patterns indicate the fonnation of cubic CdS nanoparticles irrespective of the 

precursor molar ratios used in the synthesis. CdS nanoparticles synthesized with 
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CdAc: STS: MPA molar ratio of 1: 1: 6 give smaller nanoparticles of average 

particle size 4.1 ± 1 run. 

• Formation of CdS nanoparticles was confirmed by XPS analysis and further 

quantification of Cd and S peak areas gives the Cd: S atomic ratio as 1: 0.98 that is 

almost consistent with the stoichiometry of CdS. 

• Morphology (SEM, TEM and AFM) studies reveal well ordered near 

spherical-shape, cube-shape and nanocubes in bunch of flower-like clusters 

of CdS nanoparticles synthesized with CdAc: STS: MPA molar ratio of 

I: I: 6 (CdS-I), 1: 2: 2 (CdS-2) and 1: 3: 4, (CdS-3), :respectively. 

• All three CdS samples were utilised in the synthesis of PANI based 

nanocomposites via in-situ polymerization technique. 

• XRD reveals the presence of CdS and PANI in the nanocomposites. 

However, some changes in peak positions from the original CdS and PANI 

diffraction peaks are observed. 

• FTIR and XPS reveal the interaction of CdS with PAN! matrix. 

• The thermal property of P ANI was improved in the presence of CdS 

nanoparticles as revealed from TGA analysis. 

• SEM, TEM and AFM images reveal bee-hive-like, spike-paddy-like and 

raspberry-like morphologies for CdS-lIP ANI, CdS-21P ANI and 

CdS-3IPANI, respectively. 

• The UV -vis absorption bands for CdS nanoparticles are all blue-shifted with 

respect to bulk CdS. In CdSIP ANI nanocomposites, bands are also blue­

shifted with respect to P ANI suggesting decrease in conjugation in 

composites. 

• Both CdS nanoparticles and their corresponding PANI composites are 

photoluninescent. 

• The I-V characteristic curves are asymmetric and nonlinear for forward and 

reverse directions of applied voltage for all CdSIP ANI nanocomposites. This 
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suggests semiconducting behavior and the formation of Schottky barrier in 

the nanocomposites. 

• Among all the CdSIPANI nanocomposites, CdS-2IPAN! nanocomposite 

possesses highest DC electrical conductivity value of 6.60 S/cm at room 

temperature. 
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4.1. Iotrod..uctiQo 

The recent trend of nanoscience research is to design and fabricate functional 

nanoscale devices such as organic solar cells, light emitting diodes, biosensor, etc. 

Semconducting nanoparticles or quantum dots show unique size dependant electronic l
, 

photonic2
, and catalytic3 properties arising from quantum confinement and surface 

effects, and have been recognized .as promising building blocks for nanoscale devices. 

Owing to this, synthesis and characterization of semiconducting metal chalcogenides 

have drawn more and more attention. 

Amongst copper monosulphide (euS) has gain considerable attention in material 

science due to its excellent prospective in catalysis4, optical functionalitys, electronic 

functionalitl and so on. [n addition, copper monosulphide shows metallic conductivity 

and transform into superconductor at 1.6K, and exhibits fast-ion conduction at high 

temperature 7• 

Therefore, a flexible synthetic route is indispensable to exploit these properties in 

materials. So far, a number of physical and chemical routes have been applied to 

produce nanoscale semiconductor materials including sonochemistry8, solid state 

reaction9
, spray pyrolysislO

, etc. However, these techniques generally show 

disadvantages as poor size tuning and limited control on concentration. In recent years, 

to produce semiconductor nanoparticles via decomposition of organometallic precursors 

is extensively usedll
. Wang and Yang reported surfactant-assisted route to fabricate 

crystalline copper sulphide nanowires arrays from rough oxidized copper surfaces under 

hydrogen sulphide atmosphere12
. Dong et af. used water-in-carbon dioxide 

microemulsion to prepare eus nanocrystals13
• However, copper sulphide has a number 

of stable, metastable and intermediate compositions and structures occurring between 

the two common sulphide end members, Cu2S (the mineral chalcocite) and eus (the 

mineral covellite)14 and hence, the synthesis of CuS particles by a simple method is still 

a challenge. A simple colloidal synthesis route can be implemented to obtain nanosize 

semiconductor particles. Usually the particles in the dispersion adhere to one another 
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and, form aggre.gates of successive.ly incre.asing siz.e. that may seJtle out unde.r the 

influence of gravityls. In order to overcome this problem, different t)'pes of stabilizing 

agent are used during the colloidal synthesis. Gautam and Mukherjee used poly (N­

vinyl-2-pyrrolidone) (PVP) and sodium (bis-2-ethylhexyl) sulfosuccinate (Na-AOT) as 

stabilizers to synthesize the CuS nanocrystal16
• Triethylenediamine (TEDA), 

tetramethylenethylenediamine (TEMA) were used as stabilizers by Lu and co-workers 

during the synthesis ofCuS nanorodsl7. 

Composite materials based on conducting polymers and inorganic 

semiconductors have shown synergistic enhancement in properties. In this context, a 

special attention has been paid to polymers like polyaniline (PANn1S
, polypyrrole 

(pPYi9
, etc. The combination of nanoparticles with conducting polymers offers an 

attractive route to reinforce the polymer as well as to introduce electronic properties 

based on morphological modification or electronic interaction between the two 

components. Chandrakanthi and Careem reported the synthesis of Cu2SIP ANI 

nanocomposite20
• However, there is no report on the synthesis of CuSIPANI 

nanocomposite. 

This present investigation focuses on the synthesis of CuS nanoparticles using 

two different procedures. Stabilizing agents like SDS, PVP, Na-AOT and MPA are used 

in the synthesis processes. The synthesized nanoparticles are used in the preparation of 

PANI based nanocomposites. The effects of nanoparticles on optical and electrical 

properties of polymer have also been studied systematically. 

4.2. Materials and methods 

4.2.1. Materials 

Copper acetate monohydrate (CuAc) (Cu(CH3COO)2)' H20, aniline (99%, 

monomer), 3-mercaptopropionic acid (MP A) and sodium (bis-2-ethylhexyl) 

sulfosuccinate (Na-AOT) were obtained from Fluka. Thiourea (THU) (NH2CSNH2), and 

potassium peroxydisulfate (KPS) (K2S20 S), sodium dodecyl sulphate (SDS), poly 

(N-vinyl-2-pyrrolidone) (PVP) (Mw = 44,000), and sodium thiosulphate (STS) 
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(Na2S203 5H20) were purchased from Merck. Ethanol and_ hydroc.hloric. ac.id were of 

the highest purity commercially available and were used without further purification. 

Double distilled water was used in all reactions. 

4.2.2. Synthesis of CuS nanoparticies 

4.2.2.1. Synthesis of CuS nanoparticles (CuS(THU)) using THU as sulphur source: 

Procedure I 

CuS nanoparticles were prepared in aqueous dispersion by using PVP, Na-AOT 

and SDS' as stabilizers. The procedure employed- was as follow~: o.z g of SDS- in 10 ml 

water was taken in a 100 ml three-necked round bottom flask equipped with a condenser 

and the whole system was placed over a magnetic stirrer. 0.099 g (O.OOOSmol) CuAc 

was dissolved in LOml of double distilled water and added slowly to the aqueous 

solution of the stabilizer. The temperature was raised slowly to 80 °C and mixing was 

continued for 1 h. Then 0.076 g (0.001 mol) ofTHU in 10 ml of double distilled water 

was added drop wise to the above solution under vigorously stirred condition. During 

the process the colour changes from blue to white then colourless, followed by green 

was observed over a period of 24 h indicating the fonnation of CuS nanoparticles. 

Following the similar procedure, CuS nanoparticles were synthesized by using different 

concentrations of CuAc, THU and different types of stabilizers. 

4.2.2.2. Synthesis of CuS nanoparticles (CuS(STS)) using STS as sulphur source: 

Procedure-Il-

CuS nanoparticles were prepared in aqueous dispersion by using MP A as 

capping agent. CuAc of 0.001 mole was dissolved in 30 ml double distilled water, taken 

in a 100 ml three-necked round bottom flask equipped with a condenser. The whole 

system was placed over a magnetic stirrer. Then 0.006 mole of MP A was dropped 

slowly into the above solution with constant stirring. The solution became white. The 

temperature was raised slowly up to 80 °C and mixing was continued until the solution 

became optically clear. Next, 0.003 mole STS in 30 ml water was added dropwise 

to the above solution under vigorously stirred condition. The reaction mixture was 
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c.ontinuously purged with nitrogen .. The colour of the initial solution turned slightly 

brown after addition of STS dropwise, and then became dark brown followed by [feen 

to dark green. The reaction was completed in 6 h and the green precipitate was finally 

dried at 60 °c under vacuum for 24 h. 

4.2.3. Synthesis of poiyaniline (P ANI) 

Aniline of 1.mt (0.01 mole) was dissolved in 10 ml of 1.5 M He} solution in a 50 

ml conical flask and cooled down to 0 °c. The oxidizing agent was prepared by 

dissolving 0.0166 g (0.0125 mole) of KPS in 5 ml 15 M HC] solution. KPS solution 

was added dropwise to the aniline solution while stirring and continued to add for 1 h 

keeping the reaction temperature at 0 °c. The reaction mixture was then left to warm up 

to room temperature. Afterwards the reactioItmixture was filtered under gravity, washed 

with 1.5 M HCl and double distilled water until the washing liquid become colourless 

and finally dried at 60°C for 24 h under vacuum to obtain a fine tint green powder. 

4.2.4. Synthesis of CuSIP ANI nanocomposites 

CuSIPANI nanocomposites have been synthesized by in-situ polymerization 

technique. The polymerization was carried out by injecting 1 ml aniline jnto 10 ml of 

1.5 M HCl with 0.1 g of synthesized CuS nanoparticles under constant stirring to reduce 

the aggregation ofnanoparticles. After 2 h, 0.0166 g KPS (dissolved in 5 ml water) was 

then dropped into the solution with constant stirring. The polymerization was allowed to 

proceed for 5 h. The reaction mixture was then filtered under gravity, washed repeatedly 

with 1.5 M HCI followed by double distilled water, and finally. dried at 60°C for 24 h 

under vacuum. The final product was obtained in powdery form with green tint. 

4.2.5. Characterization of CuS nanoparticles and CuSIP ANI nanocomposites 

4.2.5.1. Scanning electron microscope (SEM) 

Top-down SEM images of the samples were conducted in a high resolution field 

emission scanning electron microscope (FE! INSPECT F, model no. FP 2031111) 

operating at a voltage of 5 kV. Samples were gold coated (Bio-rad Polaron E5000 gold 

coater) prior to SEM analysis for 10 s at a voltage of2.5 kV and a current of 18 rnA. 
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4.2.5.2. Transmission electron microscope (TEM) 

Transmission electron microscopy (TEM) imag_es were taken on JEOL-JEM-

2000FX transm'ission electron microscope. The samples were prepared by sonication in 

appropriate solvents for 10 min prior to transfer ·to copper grids. To obtain an accurate 

estimation of the average particle size, at least 100. particles were manually.counted. 

4.2.5.3. Atomic for.c.e .micr.osc.ope (AFM) 

AFM provides images of structural details without any chemical treatment 

(etching or staining) of the specihlens. The AFM' used' was a DME' 2452 DualScope 

Scanner·DS Atomic Force Microscope. Scans' were carried' out in AC mode under 

ambient conditions with· a· silicon microcantilever probe tips, using the parameters: force 

constant:. 60,o.OON/m;.force:. o..J.5. nN;. loop. gain:. 1,000. loop. filter: 3 Hz .. 

4.2.5.4. Fourier transform infrared spectrometer (FTIR) 

Spectra were recorded from pressed KBr pellets using aPel'kin Elmer OFT -lR 

spectrometer in the range of 40.0.0-40.0. em-I at room temperature. 

4.2.5.5. Powder X-ray diffraction (XRD) 

XRD data were .collected on a Rigaku Miniflex X-ray .diffractometer with eu Ka 

radia.,tjoJ) (A = O.JS418 nm)at 30. kV and ]5 .InA usin.g.a sC.aJJ rate of 0. .. 0..5° S-I in .~e 

r~ges from 10.° to 70.°. 

4~2$;6; X-ray pbotoetectron spectrometer (XPS) 

Spectra were acquired on a PHI Quantum 20.0.0.· spectrometer' with 

monoehromatedAlKa 1486·.6eV X-ray radiation. Samples were·loaded·intothe·vaeuum 

chamber. within. 1. h. after being prepared. and wer.e subjected. to. XPS. analysis. The 

analysis area was. 120.0. ~m. x 4.0.0.. ~m on. each. sample .... The .. take off angle. in the. 

instrument was set at 90.°: 

4.2.5.7. Thermogravimetric analysis (TGA) 

Thermogravimetric (TGA-DTG) and differential thermal (DTA) analyses were 

performed in a Shimadzu TGA-5o. thermal analysis apparatus. Prior to the run, sample 

(typically 50 mg) was stabilized for 3.0 min at 25°C and then the temperature was 
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linearly incxe.ased from 25 to 8.00 °C with a ramp of 10 °C minot using dry nitrogen as a 

carrier gas. 

4.2.6. Evaluation of optical and electrical properties 

4.2.6.1. UV-vis spectroscopy 

UV-vis absorption spectra of the samples were recorded in the range 250-900 nm 

using Shimadzu UV -2550 UV -visible spectrophotometer. 

4.2.6.2. Photoluminescence (PL) spectroscopy 

PL spectra were recorded on a Hitachi F- 2500 Fluorescence spectrophotometer, 

by excitation of the samples at their absorption maximum. 

4.2.6.3. I-V characteristics and DC electrical conductivity 

The room temperature current-voltage (I-V) characteristics of PAN! and 

CuSIP ANI nanocomposites were measured with a Keithley 2400 programmable current 

source meter by the two probe method in the frequency range of 102-106 Hz. 

The temperature dependent direct current (DC) conductivity was measured by 

the standard four probe method over a temperature range from 30 up to 110 °C on pellets 

of approx. 1.5 em diameter and 2 mm thickness compressed at 700 MPa with a 

compression-moulding machine with manual hydraulic press. The conductivity of the 

samples was calculated using Equation 2.1 as discussed in Chapter 2. 

4.3. Results and discussion 

4.3.1. CuS nanoparticles 

4.3.1.1. CUS nanopartkLes (CuS(THU)): Procedure I 

4.3.1.1.1. Synthesis ofCuS(THU) nanoparlicLes 

The formation of CuS(THU) nanocrystal from CuAc and THU involves 

formation of many intermediates. However, reason is not known yet why CuS formation 

could not take place directly. In the present investigation, the formation of intermediates 

can be noticed by gradual change of colour of the reaction mixture (Scheme 4.1). The 

reaction carried out with equimolar amount of CuAc and THU, the blue colour of CuAc 

solution became white. With further addition of THU, the white solution turned light 
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brown after 2-3 h followed by golden brown after 24 h. On further keeping the reaction 

for almost 7 days golden brown sol produced brown sol with a greenish tint. 

Silvester and his co-workers reported that the golden brown solution is a poorly 

crystalline form of covellite (the green form) and has been assigned the general form 

CUI+xS, i.e. a copper-rich covellite, of a stoichiometry approaching that of CU2S also 

c.Ae:TBU -1:1 CaAe:TBU -1:2 

Scbeme 4.1. Schematic illustration of the colour changes during the 
formation of CuS(THU) nanoparticles. 

named chalcocite21 . It has been reported that the white coloration of the solution is due 

to the formation of [THU-Cu(Il)] complex in the solution and the formation of golden 

brown dispersion is due to the formation of CU2S. This CU2S is assumed to stay 

associated with some elemental sulphur21,22. Thus, the possible reaction can be written as 

[Cu (THU) x (H20) yf + - Cu2
+ + THUx + (H20 )y 

While colour 

THU + H20 - NH3 +C02 +S2-
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2(:u2+ + 2S2- ...... CU2SBo 

Golden brown 
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By using CuAc: THU in the moh~r ratios of 1: 1.1, 1: 1.3 and 1: 1.5 after 2-3 

drops addition of THU in to -the CuAc solution, the blue colour of the solution turned 

white. With passage of time, white solution became brown, and then converted into dark 

green over a period of 24 h. The conversion of golden brown sol to green is presumed to 

the conversion from Cu(I) to Cu(II) via direct oxidation of dissolved oxygen. The 

probable reactions are given below: 

Cu + + 2ft + 11202 - Cu2+ + H20 

S2- + Cu2+ ~CuS 

Green sol 

Thus, at a little excess of THU, complete conversion of golden brown sol to 

green takes place. However, in case of equimolar amount of THU, golden brown sol 

with greenish tint has been obtained. In addition, in this case conversion process is less 

time consuming. 

At CuAc: THU molar ratio of 1: 2, after addition of THU the blue solution of 

CuAc first turned white became colourless then green and became increasingly dark 

green over a period of 24 h. Thus, CuAc: THU molar ratio of 1: 2 results in formation of 

new intermediate other than golden brown CU2S. Colourless dispersion has not been 

observed, when the- reaction was carried out with CuAc: THU molar ratios of 1: 1, 1: 

1.1, 1: 1.3 and 1: 1.5, and instead of getting colourless dispersion, golden brown CU2S 

has developed. The formation of colourless intermediate is presumed to be the formation 

of [THU-Cu(I)] complex, which is colourless11
-
1S

• It implies that redox process happened 

to occur owing to the excess ofTHU. The probable reactions are given below: 

[CU(THU)x(H20)y]2+ - [Cu(THU)x(H20)yt 

White colour Colourless 

[Cu (THU)x(H20)yt- Cu+ +THUx + (H20)y 

Cu+- Cu2+ 
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Cu2+ + S2- -+ GuS 

Green sol 
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The most important factor concerning the synthesis of nanoparticles is their 

stability. It is well known that strong intermolecular forces, such as van der Waals 

attraction, 1i-1i interaction etc contributes to the aggregation of nanopartic1es. Thus, it is 

Table 4.1. Experimental sumrn!lfY of the synthesis of C~S(TH{l) n!lIloparticles under 
different reaction conditions 

CuA-c:mu Surfactant Amount of Stability of the Result 
molar J"ldio Used surfactant dispersion 

used (gil) 

1:1 SDS Precipitate out Golden brown 
CU2S sol 

1: 1 SDS 10 Precipitate out Golden brown 
CU2S sol 

1:1 SDS 20 Some portion Golden brown 
precipitate out CU2S sol 

1 :1.2 SDS 20 Some portion Golden brown 
precipitate out CU2S sol 

1 :1.5 SDS 20 One day stability CuS green sol 

1:2 SDS Precipitate out CuS green sol 

1:2 SDS 10 30days stability CuS green sol 

1:2 SDS 20 210days stability CuS green sol 

1:2 PVP 20 210days stability CUS green sol 

1:2 Na-AOT 20 210days stability CuS green sol 

CuAc: Copper acetate monohydrate; THU: Thiourea; SDS: Sodium docecyl sulphate; 
PVP: polyN-vinylpyrrol,done; Na-AOT: Sodium (bis-2ethylhexyl) sulphosuccinate 

a challenge to obtain stable dispersion. Therefore during the synthesis of CuS(THU), 

different types of stabilizers have been used to get stable dispersion. The concentration 

of the stabilizer influences the stability of the dispersion. To study the stability 

of the- dispersion, the reaction was carried out with different experimental conditions 
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4.3.1.1.3 .. XPS analysis o/CuS(THUJ nanoparticles 

The as-prepared CuS(THU) nanoparticles were further characterized by XPS for 

the evaluation of their composition and purity, and a typical survey spectrum 

is presented in Figure 4.2. The XPS survey spectra indicate the presence of Cu, S, C, 
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Figure 4.2. X-ray photoelectron survey spectrum ofCuS(THU) nanoparticles 
prepared with CuAc: THU molar ratio of 1: 2 and O.2g SDS. 

0, N and Na elements. Stronger oxygen peak in the sample is likely due to (i) the 

presence of O=C-O of acetate ligand26 and (ii) exposure to the atmosphere since 

T]anocrysta.1Jine materiaJ ex.hjbits a higb surface-to-volu.rne ratio. The Na 1 s peal< at 

1072.9 eV in the spectrum evolved from SDS used as stabilizer in the synthesis. Peaks 

of any impurities such as oxide or metallic copper are not detected in the XPS spectra, 

indicating-a relatively pure product. This result is in- good agreement with XRD analysis. 

The high~resolution XPS spectra of Cu 2p and S 2p are shown in Figure 4.3., indicate 
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the. presenc_e_ of two strong peaks Loc.ated at 932.2 and_ 952~ 1 eV (Figure 4.33) are 

assigned to Cu 2p binding energ):, and the one at 162.8 eV (Figure 4.3b) is attributed to 
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Figure 4.3. High resolution (a) Cu 2p and (b) S 2p XPS spectra of the CuS(THU) 
nanoparticles prepared with CuAc: THU molar ratio of 1: 2 and O.2g SDS. 

the S 2p core-electrons. Peak- area of Cu and S cores is measured and quantification of 

the peaks gives an atomic ratio of eu to S. as 1: 0.96, which is close to the stoichiometry 

ofCuS. 

4.3.1.1.4. SEM and TEM analysis o/CuS(THU) nanoparticles 

The morphology of the CuS(THU) nanopartic1es prepared in different molar 

ratios of CuAc: THU are investigated by SEM and TEM. Figure 4.4 shows the SEM 

and TEM images ofCuS(THU) nanoparticles prepared in 1: 2 (a, d), 1: 1.5 (b, e) and 1: 

1 (c, f) CuAc: THU molar ratios and 0.2 g SDS. From the images, it is clearly seen that 

the particles prepared in CuAc: THU molar ratios 1: 1 and 1: 1.5 with 0.2 g SDS adhere 

and have formed bigger particles with almost spherical in shape. On the other hand, the 

sample prepared in CuAc: THU molar ratio of 1: 2 with 0.2 g SDS consists of 

well-spherical structures and disperses uniformly as compared to the other two samples. 

The average particles sizes are calculated from the statistical size distribution 

diagrams and are plotted against the molar ratios of the precursors used in the synthesis 

(Figure 4.5). Thus, particle size increases with decreasing the concentration of THU. 
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CuS(THU) nanopartides prepared with CuAc: THU molar ratio of 1: 2 gives the lowest 

particle size (76 ± 1 nm). 

Figure 4.4. Top down FE-SEM images ofCuS(THU) nanoparticIes prepared with CuAc: THU 
molar ratios of: a, I: 2, b, I: 1.5 and C, I: I ; and d, e and f are the corresponding 

TEM images (insets are the statistical size distribution). 

Figure 4.6 shows the SEM and TEM micrographs of the sample prepared by I : 2 CuAc: 

THU molar ratio with 0.2 g SDS after 210 days of preparation. The image reveals that 
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particles tend to agglomerate to some extent. 
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Figure 4.5. Plot of particle size against CuAc: THU molar ratios 
used for CuS(THU) synthesis. 

1: I 

Figure 4.6. Top down FE-SEM (a) and TEM (b) images ofCuS(THU) nanoparticles 
prepared with CuAc: THU molar ratios of I: 2 imaged after 210 days. 
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4.3.1.1.5. AFM analysis o/CuS(THU) nanoparticles 

The AFM tapping mode topography and phase images acquired simultaneously 

for CuS(THU) nanoparticles prepared with CuAc: THU molar ratios of I: 2, 1: 1.5 and 
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Figure 4.7. AFM tapping mode 2-D topography (a) and phase (b) images ofCuS(THU) 
nanoparticles prepared with CuAc: THU molar ratio of I : 2 and 0.2 g SDS. (c) 

and (d) are the corresponding 3-D images of (a) and (b); and 
(e) is the typical height cross section image of (a). 
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1: 1 ,and 0.2 g SOS, are presented in Figures 4.7, 4.8 and 4.9, respectively. AFM scans 

were performed on different areas of the same sample to check homogeneity and in all 
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Figure 4.8. AFM tapping mode 2-D topography (8) and phase (b) images ofCuS(THU) 
nanoparticles prepared with CuAc: THU molar ratio of I: 1.5 and 0.2 g SDS. (c) 

and (d) are the corresponding 3-D images Of(8) and (b); and 
(e) is the typical height cross section image Of(8). 

samples, the same kind of results has been found. Like SEM and TEM, near spherical 

shape of the particles are clearly visible. from the topography images, which are even 
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clearer from the 3-D images. A comparison of the height profiles of the topography 

Images of all the samples reveals very inhomogeneous size distribution in case of 

e 

o 02 04 0.6 0.8 1.0 12 

Figure 4.9. AFM tapping mode 2-D topography (a) and phase (b) images ofCuS(THU) 
nanoparticles prepared with CuAc: THU molar ratio of I: I and 0.2 g SDS. (c) 

and (d) are the corresponding 3-D images of(8) and (b); and 
(e) is the typical height cross section image of (8). 

CuS(THU) nanoparticles prepared with CuAc: THU molar ratios of 1: 1.5 and 1: 1. 

CuS(THU) nanopartic\es prepared with CuAc: THU molar ratio of 1: 2 produced near 
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homogeneous partjcJes as is evident from the height profile image,. and indicates a 

maximum height difference of ca. 95 run and average size of ca. 140 nm. The average 

particle sizes of other samples are very difficult to calculate from the height profile 

images because of wider size distribution. The average particle sizes calculated from 

AFM are higher than TEM data and are due to the AFM tip used is not small enough and 

traces all the materials associated with the nanoparticles apparently giving a larger 

particle. 

4.3.1.2. CuS nanoparlic/es (CuS(STS)): Procedure II 

4.3.1.2.1. Synthesis of CuS(STS) nanoparlic/es 

Synthesis of CuS(STS) nanoparticles involves the use of CuAc, STS- and MP A in 

the molar ratio of 1: 3: 6. As described in Section 4.2.2.2, the blue coloured CuAc 

solution turned cloudy upon addition of MP A. The mixture became optically clear when 

heated to 80 °C. This could be due to the formation of the complex intermediate [Cu­

MPA]2+. Thus, the possible reactions can be outlined as 

Cu(CH3COOh.H20 --+ Cu2+ + 2CH3COO- + H20 

I:l. 
Cu2+ + MPA --+ Cloudy dispersion (immessjble) --+ [Cu-MPA]2+ 

Clear solution 

This optically clear solution turned brown after the addition of STS dropwise and then 

became dark green after 6 h. Appearance of brown colour is due to the formation of 

Cu2S. Literature reveals that this Cu2S- is associated with some elemental sulphu~1,22. 

The possible_reaction mechanism for the formation ofCu2S is given below: ~' 

Na2_S203 + Hz.O --+ 2Na + + SO/- + Hz.S 

H2S --+ 2H+ + S2-

2Cu2+ + 2S2- --+ Cu2SSO 

Brown colouration (unstable) 

The brown coloured sol (Cu(l)) is converted to green (Cu(II)) via a direct 

oxidation of dissolved oxygen. 
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Ctt + 2W + 11202 ~ Cu~+ + H20 

S2- + Cu2+ ~ CuS 

Green precipitate 

4.3.1.2.2. XRD analysis o/CuS(STS) nanoparticies 
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The powder XRD pattern of CuS(STS) nanoparticles prepared with CuAc: STS: 

MPA molar ratio of 1: 3: 6 is presented in Figure 4.10. Bragg's diffraction peaks for 

CuS(STS) are observed in the XRD pattern at 29 values of 27.5°, 29.6°, 32.3°, 48.4°, 

52.9° and 59.5° representing Miller indices (100), (102), (103), (107), (108), and (203) 

20 30- 40 50 60 70 

29 (degree) 

Figure 4.10. Powder X-ray diffraction pattern of the CuS(STS) nanoparticles 
prepared with CuAc: STS: MPA molar ratio of I :3:6. 

of hexagonal primitive eus [PCPDFWIN 78-0880] and indicate the formation of 

CuS(STS). Peaks corresponding to impurities are not observed in the product 

synthesized by this approach. The average particles size_ calculated from the XRD data 
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using. the Scherrer's formula (Equation 2.1~ Chapter 2.) has been found. to be 1 ± t run in 

diameter, far smaller than CuS(THU) nanoparticles. 

4.3.1.2.3. XPS analysis of CuS(STS) nanoparticles 

Figure 4.11 shows the XPS survey spectrum of the synthesised CuS(STS) 

nanoparticIes. This investigation was done with the aim of evaluating the 

composition and purity of the product. The survey spectrum indicates the presence of 

Cu, S, C and 0 elements in the sample. A strong oxygen peak is identified in the 

spectrum and- is likely to originate from (i) the presence of O=C .. O of acetate ligand26 

and (ii) exposure of the sample to the atmosphere. Even though STS was used as the 
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Figure 4.11. X-ray photoelectron survey spectrum of CuS(STS) nanoparticles 
prepared with CuAc: STS: MP A molar ratio of 1: 3: 6. 

sulphur source in the synthesis, lack-ofNa Is peak in the spectrum is a fair indication of 

the complete elimination of Na during purification. The high-resolution XPS spectrum 

of Cu.2p and S 2p shown in Figure. 4.12 indicates the presence of two strong peaks 
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locat~d_ at 932.9 and. 952.2 eY>- and are assigned to Cu. 2P312 and. Cu. 2Pl12 transitions, 

respectivel)', and the one at 163.8 eV is attributed to the S 2p core-electrons. Further, the 
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Figure 4.12.. High resolution (a) Cu 2p and (b) S 2p XES spectra of the CuS(SlS) 
nanoparticles prepared with CuAc: STS: MPA molar ratio of 1: 3: 6. 

peak areas of Cu and S cores were measured and quantified to determine the 

stoichiometric ratio and found to be 1: 0.98, a close stoichiometry to CuS. 

403.1.2.4. SEMand TEManalysis o/CuS(STS) nanoparticles 

Similar to CuS(THU) nanoparticles, CuS(STS) particles were also imaged by 

SEM and TEM to investigate morphology and particle size distribution. The SEM and 

TEM imag.es of the CuS(ST.S') nanoparticIes are compiled in Figure 4.13. The SEM 

image shows that CuS(STS) nanoparticles of spherical shape are distributed over a sheet­

like material. Some of the particles were aggregated in the edges of the sheet-like 

material. The sheet .. like material could possibly be the complex [Cu(lI)-MPA] formed 

froT]) t.be interaction between Cu(lJ) and MP A. Niu and Gao reported that carboxylic 

acid groups of thioglycolic acid (TGA) reacts with Cd2
+ ions to form Cd-TGA c0l1l;plex 

resulting in amorphous wire like structures27
. The sheet-like material observed in the 

SEM image could' be this amorphous coordinated complex that acts as glue for the 

CuS(STS) nanoparticles distributed over the material surface. This is further 

substantiated. by the. TEM image which shows a similar panicle distribution. The 
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average particle size measured from the statistical size distribution diagram is about 

4 ± I nm- a value very close to the XRD data. 

Figure 4.13. Top down FE-SEM (a , b) and TEM (c) (inset is the statistical size distribution) 
images ofCuS(STS) nanoparticles prepared with CuAc: STS: MPA molar ratio of 1: 3: 6. 

4.3.1.2.5. AFM analysis o/CuS(STS) nanoparticles 

Figure 4.14 shows the AFM tapping mode topography and phase images of 

CuS(STS) nanoparticles. The topography and phase images clearly reveal the presence 

of spherical shape particles evenly distributed on top of sheet-like material- a result 

consistent with the SEM and TEM analysis. The corresponding 3-D images give even 

better view of the surface. The height profile of the topography image indicates a 

maximum height difference of ca. 37.5 nm and average size of ca. 45 nm for 

nanoparticles. Further, the width of the sheets are also calculated from the height profile 

and found to be of ca. 400 nm. The inhomogeneous nature of the height profile is due to 

the surface roughness created by the sheet-like material. Relatively larger particle size 

calculated from AFM could be due to (i) the AFM tip used is not small enough having 
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insufficient lateral resolution, and (ii) tracing of all the materials associated with the 

nanoparticles. 

o 02 04 06 0.8 1.0 12 14 1.6 1.8 [~mJ 

Figure 4.14. AFM tapping mode 2-D topography (a) and phase (b) images ofCuS(ST.S) 
nanoparticles prepared with CuAc: STS: MPA molar ratio of I: 3: 6. (c) 

and (d) are the corresponding 3-D images of (a) and (b); and 
(e) is the typical height cross section image of (a). 
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4.3.2. CuSIPANI nanocomposites 

4.3.2.1. Synthesis ofCuSIPANI nanocomposites 

Two types of CuS/PANI nanocomposites have been synthesized by in-situ 

polymerization technique. The principle variable considered for the synthesis of 

nanocomposites is the CuS nanoparticles synthesized in two different pathways as stated 

Temperature: O°C 
Duration: 5b 

CuS nanoparticles 
disoersion 

CuS nanopa.rticles + 
aniline 

CuSIPANI 
disoer-sion (Green-) 

Aniline monomer in 

1.5MBCI 

K2~08 in 1.5 M BCI 

Scbeme 4.2. Schematic illustration for the synthesis of CuS/P ANI 
nanocomposites. 

before. CuS nanoparticles synthesized with CuAc: THU molar ratio of I: 2 and 0.2g 

SDS (Procedure I : CuS(THU)) and CuAc: STS: MPA molar ratios of 1: 3: 6 (Procedure 

II: CuS(STS)) gave better stability and narrow size distribution among the CuS 

naoparticles synthesized. Therefore, these two nanoparticles were picked up to 

synthesize CuS/PANI nanocomposites. A schematic layout of the synthesis procedure is 

given in Scheme 4.2: 

4.3.2.2. XRD analysis of CuSIP ANI nanocomposites 

The powder XRD patterns of PANI and its composites with CuS(THU) and 

CuS(STS) nanoparticles are presented in Figure 4.15. The diffraction peaks for PANI 

are observed at 28 values of 15.2°, 20.3°, 25 .1°, 270 and 30°, and can be assigned to 
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(011), (020), (200), (121) and (022), re.spectjve.ly, crystalline. plane diffraction peaks of 

PANI in its emeraliadne form 28
,29. These peaks might have originated from the scattering 

of PANI chains at interplanar spacingJ
O, and suggests a significant crystalline 

--PANI 
--CuS(THU)fPANI 
--CuS(STS)fPANI 

10 20 30 40 50 60 70 

29 (degree) 

Figure 4.15. Powder X-ray diffraction patterns of pure PANI 
and CuSfP ANI nancomposites. 

fraction . For the CuS(THU)IPANI nanocomposite, the diffraction peaks are observed at 

29 values of 15.2°, 20.4°, 25.1 °, 27.5°, 32°, 38°, 46.1 ° and 56.9°. The first three peaks are 

originated from PANI while the other peaks correspond to the peaks of CuS(THU) 

nanoparticles as discussed in Section 4.3.1.1.2. In CuS(STS)/PANI, the diffraction peaks 

are observed at 29 values of 15.2°, 20.4°, 25.1 °, 27.5°, 31.9°, 38.0°, 48.0°, 52.9°, 59.5°. It 

is clearly seen that the characteristic peaks of both PANI (as mentioned above) and 

CuS(STS) (Section 4.3.1.2.2) appear in the XRD pattern of CuS(STS)/PAN I 

nanocomposite. However, with respect to the diffraction patterns of the CuS 

nanoparticles as stated in Sections 4.3.1.1.2 and 4.3.1.2.2, change in intensity and slight 
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shifting in positions are observed in the_ diffraction patterns of nanoc.ompQsites._ Beside.s, 

the diffraction peaks at 29 value of 29.90 for CuS(THU) and 29.60 for CuS(STS) 

nanoparticles are missing, instead a new peak appears at 29 value of 38.00 in both 

composites. These changes can be related to some structural change in the polymer 

caused by the close interaction with the disperse nanoparticles phase3l
. During the 

growth of crystals (nanocomposite), the growth of each plane of the components can be 

different due to the different adsorptions between each plane and organic or inorganic 

additives32
• Further, compared to PANI diffraction pattern, the peaks corresponding to 

PANI in the nanocomposites, are sharp, indicating higher crystallinty in composites. 

Thus, the XRD· patterns of nanocomposites evidence reorganization in the structure of 

the polymer and the co-existence of the CuS reflections suggesting its effective and 

stable incorporation in the nanocomposite structure. 

4.3.2.3. FTIR analysis o/CuSIPANI nanocomposites 

FTIR spectroscopy of pure PANI and its composites with CuS nanoparticies was 

performed in order to investigate the possibility of any interaction between CuS 

nanoparticles and P ANI matrix. Figure 4.16 displays the FTIR spectra of both 

CuS(THV)IPANI and CuS(STS)IPANI. Details about the FTlR spectrum of pure PANI 

4000 1800 

Wa\'cnumbcr, em-' 

Figure 4.16. FTIR spectra of pure PANI, and CuSIPANl nanocomposites. 
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are_ disc_ussed in Sect jon 2.3 .. 1.3, Chapter 2,. and found to he. in emeraldine form33
. The 

bands found in PANI are assi~ed to different vibrational modes as presented in 

Table 4.2. These characteristic bands of P ANI can also be identified in the IR spectra of 

the two nanocomposites confirming its formation in the composites. For comparison, 

the infrared bands of CuS/P ANI nanocomposites are also compiled in the Table 4.2. 

Table 4.2. Assignment ofIR bands for PANI and CuSIPANI nanocomposites 

IR band Assignment Peak positionlWavenumber em-I 

PANt CuS(THU)IPANI CuS(STS)1P ANI 

V-N_H stretching Amine-N-H 3282 3206 3207 

V-C-N stretching 2° amine 1296 1299 1300 
-C-N bond 

V-CoN stretching -C=N bond 1243 1240 1240 
in bipolaron 

v.c--c-stretching Quinoid ring 1567 1564 1556 

v _ c-cstretching Benzoid ring 1466 1470 1474 

V-C-H in- plane Benzoid ring 1106 1119 1110 
Bending 

V-C-H out- of- plane Benzoid ring 8;6 882 876 
Bending 

V-C_H stretching C-Hbond_ 2920 2925 2927 
in phenyl ring 

However, shifting in peak positions associated with C=C, C=N and C~N stretching of 

the quinoid ring are_ obseIVed. This can be attributed to the interaction betwe.cn CuS and 

PANI by virtue of the presence of CuS nanoparticles in close proximity of the imine 

nitrogen of PAN I. 

4.3.2.4. XPS analysis o/CuS/PANI nanocomposites 

The nanocomposites are further characterised by XPS and the survey spectra of 

CuS(THU)/P ANI and CuS(ST.S)/P ANI are reported in Figures 4.17 and 4.18, 

respectively. The spectrum of pure PANI was also recorded as a reference material 

and a detailed discussion can be found in Section 2.3.2.4, Chapter 2_ All the essential 
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elements (Cu, S, 0, C and. N) of the nanoc.omposite can be identified_ in the. survey 
, 

spectrum. Peaks for C, 0 and N are originated from PANI and that implies the formation 

of PANI in the nanocomposites. In both nanocomposites, the intense C 1s peak found 
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Figure 4.17. X-ray photoelectron survey spectrum ofCuS(THU)fPANI nanocomposite. 

~t -~84.5 eV is rulsigILed to P ~ NI backbon~s34. The sbarp peak observed at -53 L5 e V iJJ 

the spectra of CuS(THU)1P ANI and CuS(STS)1P ANI is for 0 1 s. The presence of 

oxygen is attributed to the oxidant and to extra contaminating oxygen. The N 1 speak 

detected in the spectra points out binding energy of -398.5 eV that corresponds to -NH­

group of PA~I. Further, the peaks at ",,933.2 eV and -163.5 eV are assigned to Cu 2p 

and S 2p, respectively. The peak positions of the essential elements identified the XPS 

spectra of pure PANI, CuS(THU)/P ANI and CuS(STS)/PANI are compiled in Table 4.3. 

The nanocomposites and the reference material exhibit similar Cis, N Is and 0 Is 
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peaks, howeveI, their intensities and_positions are slightly changed. These changes c.an 

be accounted for the change in the chemical environment of PAN I in composites. 
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Figure 4.18. X-ray photoelectron survey spectrum ofCuS(STS)IPANI nanocomposite. 

T.able 4.3. XPS peak positions. of essential elements. in pure P ANI and 
CuSIP ANI nanocomposites 

Compound 

PAN} 

CuS(THU)1P ANI 

CuS( ST.S')IP ANI 

Peak positions, eV 

Cls 

285.5 

284.9 

286.2 

018 

532.6 

532.9 

5340 

4.3.2.5. TGA oICuS/PAN] nanocomposiles 

Nls 

400.0 

398.7 

398.8 

Cu2p 

933.4 

933.2 

S2p 

163.7 

]63.5 

The thermal property of the PANl before and after introducing CuS nanoparticIes 

was investigated by thermo gravimetric (TG) analysis. The TGA profiles of PANI, 

STUDIES ON THE INTERACTION OF METAL AND SEMlCONDUCTORNANOPARTlCLES Wrrn POLYMERS 



Chapter 4: Synthesis of Copper Sulphide (CuS) Nanoparticles and Their Interaction wi th Polyaniline (PANI) 178 

CuS(THU)IPANI and CuS(STS)/PANI nanocomposites are shown in Figure 4.19. The 

TGA traces were recorded upto 800°C at a heating rate of 10°C/min under nitrogen 

flow. It is evident from Figure 4.19 that the thermal events accompanying weight 
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Figure 4.19. TGA thermographs of pure PANI and CuS/PANI nanocomposites. 

losses lead to similar kind of degradation profiles for both pristine PANI and its CuS 

nanocomposites. Though all the compounds experience gradual weight loss throughout 

the thermal process, yet a three step weight loss process can be distinctly identified in 

the TGA profiles. The first weight loss upto 120°C is mainly contributed by the 

elimination of moisture. The second weight loss in the temperature range of 220-340 °c 

is accompanied by the removal of HCl bound to the PANI chain and low molecular 

weight 0ligomers35
. The third step after 500°C which is considered as the major weight 

loss step indicates the structural decomposition of the polymer. The essential weight loss 

characteristics of P ANI, CuS(THU)/PANI and Cu S (STS)I PAN I are summarized in 

Table 4.4. It appears that the weight loss is relatively higher in both nanocomposites 
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below S.QO °C and could be. ac.counted for the presence. of aWed substances associated 

with the as-synthesized nanoparticles. However, the weight loss is relatively lower in the 

two composites after 500 °C, which indicates that the thermal property of the polymer is 

Table 4.4. Essential weight loss characteristics ofPANI 
and CuS/PANT nanocomposites 

Compound 

PANI 

CuS(THU)/P ANI 

CuS(STS)/P ANI 

Weight loss (%) at 

340°C 600°C 

8.5 28.7 52.5 

11.2 31.8 44.5 

9.5 30.6 45.7 

improved due to the presence of CuS nano fillers. Thus, it strongly attributes the 

interaction of CuS nanoparticles with PANI through stronger binding force between 

nanoparticles and the lone pair electrons ofN atom in the polymer backbone36
• 

4.3.2.6. SEM and TEM analysis o/CuSJPANI nanocomposites 

Morphologies of CuS(THU)PANI and CuS(S1S)PANI nanocomposites are 

studied uSIng SEM and TEM. As discussed earlier (Section 2.3.2.6, Chapter 2), pure 

PANI has fibrous morphology. However, with the introduction of CuS nanoparticles 

into PANI matrix, the morphology of the resulting composites has been changed. The 

morphological changes are expected because of possible coating of CuS with PAN!. 

Two distinct morphologies are observed in the two nanocomposites prepared from 

CuS(THU) and CuS(STS) nanoparticles (Figures 4.20 and 4.21). It can be seen from the 

SEM images of Figure 4.20, the nanocomposite prepared from CuS(THU) and PANI 

has worm-like features. In some areas, the particles are agglomerated forming bigger 

particles. On the other han~ shuttle-like features are observed in the SEM images 

(Figure 4.21) of the nanocomposite prepared from CuS(STS) and PANI. The 

same experimental conditions were applied for the synthesis of CuS(THU)/P ANI and 
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Figure 4.20. Top down FE-SEM (8, b) and TEM (c) images of 
CuS(THU)IPANJ nanocomposite. 

c 

Figure 4.21. Top down FE-SEM (8, b) and TEM (c) images of 
CuS(STS)/P ANI nanocomposite. 
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CuS(STS)/PANI, except CuS nanoparticles incorporated in PANI we.re produced from 

two different synthesis procedures. Thus, the difference in morphology observed in the 

two nanocomposites is the direct result of incorporation of CuS nanoparticles coming 

from two different environments. The presence of sheet-like structure resulting from the 

complex formation between Cu(II) and MP A during CuS(STS) nanoparticles synthesis 

also influence the formation of shuttle-like morphology in CuS(STS)1P ANI 

nanocomposite. The TEM images (Figures 4.20 and 4.21) of both composites revel that 

CuS nanoparticles are well combined and distributed within the polymer matrix. 

Existence of CuS nanoparticles in the P ANI matrix is also confirmed by XRD and XPS 

analyses as discuss earlier. Thus, the morphology of nanocomposites can be modified 

simply by tailoring the size and shape of nanoparticles. 

4.3.2.7. AFM analysis o/CuSIPANI nanocomposites 

Figures 4.22 and 4.23 display the AFM tapping mode topography, phase and 

height profile images of CuS(THU)IPANI and CuS(STS)/PANI nanocomposites, 

respectively. The topography and phase images were acquired simultaneously in the 

same location of the samples. Further, to check homogeneity AFM scans were 

performed on different areas of the same sample and the same kind of results were 

observed in all cases. The 2-D topography image of CuS(THU)/P ANI composite shows 

worm-like features (Figures 4.22)- a result similar to SEM and TEM analyses as 

discussed above. The 3-D image gives a better view of the topography. The height 

profile of the topography image reveals a rough surface and indicates a maximum height 

difference of ca. 400 nm. Like SEM, the 2-D topography and phase image's of 
'Y' 

CuS(STS)/PANI clearly reveal the presence of shuttle-like material, which is even 

clearer from the corresponding 3-D images (Figure 4.23). The height profile of the 

topography image indicates a rough surface with a maximum height difference of ca. 

llOnm. 
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Figure 4.22. AFM tapping mode 2-D topography (8) and phase (b) images of 
CuS(THU)/PANl nanocomposite. (c) and (d) are the corresponding 

3-D images of(8) and (b); and (e) is the typical 
height cross section image of(8). 
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Figure 4.23. AFM tapping mode 2-D topography (a) and phase (b) images of 
CuS(STS)/PANI nanocomposite. (c) and (d) are the corresponding 

3-D images of (a) and (b); and (e) is the typical 
height cross section image of (a). 
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4,3.3._0pticaJ properties ofCuS nanopartides and_CuSlPANI nanocomposites 

Figures 4.24 and 4.25 present the UV -vis absorption spectra of the two CuS 

nanoparticles synthesised with THU and STS as sulphur source using Procedure I and 

Procedure II, respectively. Even though copper sulphide has the ability to form various 

200 300 400 500 600 700 800 900 

Wavelength (nm) 

, '4 
Figure 4.24. UV-vis absorption spectrum ofCuS(THU) nanoparticles 

synthesised with Procedure I. 

stoichiometric products- including covellite (CuS), anilite (CU7S4), chalcocite (CU2S), 

djurleite (CUI 95S) each phase has its distinct optical absorption spectrum. However, it is 

evident from the figures that both CuS show broad absorption peaks in the near-IR 

region that correspond to the pure covellite phase17
,37,38. Absence of any peak at 450 nm 

in the UV -vis spectra corresponding to the CU2S phase39 strongly supports the formation 

of purely green covellite. 

PL measurements also give important information about opticaJ propertjes of 

nanoparticles. However, both CuS nanoparticles are unable to display any PL spectrum. 
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Jiang et al. also reported the. absenc.e. of emission pe.ak for CuS in the range.."of 400-800 

nm40, a result consistent with this study. 

200 300 400 500 600 700 800 
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Figure 4.25. UV -vis absorption spectrum of CUS(S~ nanoparticIes 
synthesised with Procedure fl. 

900 

The UV -visibJe absorption and PL spectra of P ANI and its composites with 

CuS(THU) and CuS(STS) nanoparticles were recorded in order to study the influence of 

nanoparticles on the optical properties of P ANI. Figure 4.26 shows the UV -vis 

absorption spectra of PAN 1 and CuSIPANI nanocomposites. The absorption spectrum of 

pure PANI shows two distinct characteristics peaks at 340 and 635 nrn. The absorption 

peak at 340 nm arises from the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) in the benzenoid rings. The peak at 635 nm is 

associated with a benzenoid to quinoid excitonic transition41
• The absorption bands for 

CuS(THU)IPANI are found almost in the same positions of PANI; however, the 

band centred around 635 nrn becomes broadened. In case of CuS(STS)/P ANI, the bands 
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are slightly shifted towards higher energies as compared to that of PANI. Such shift 

indicates minor reduction in conjugation. 

300 

-PANI 
--CuS(THU)fPANI 
--CuS(STS)/PANI 
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Figure 4.26. UV -visible absorption spectra of PANI, 

CuS(THU)/P ANI and CuS(STS)/P ANI. 

800 

Similar to eus nanoparticles, their corresponding composites with PANI are also 

unable to display PL spectrum. 

4.3.4. Electrical properties of CuSIP ANI nanocomposites 

The I-V characteristics of euS/PANI nanocomposites at room temperature are 

shown in Figure 4.27. It is evident from the figure that the I-V characteristics are 

asymmetric and nonlinear for forward and reverse directions of applied voltage 

suggesting the semiconducting behavior and the formation of Schottky barrier in the 

nanocomposites42. Thus, the diode like I-V characteristic of the nanocomposites is due 

to the modification of the eus nanoparticles with PANI and the formation of nanosize 

grains. 
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Variation of DC conductivities of PANI and CuS/PANI nanocomposites with 

respect to temperature has been studied over a temperature range of 30-1 00 0c. The data 

compiled in Table 4.5 reveals that both CuS(THU)/PANI and CuS(STS)/PANI 

nanocomposites show higher conductivities as compared to pure PANI at all 
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Figure 4.27. I-V characteristic curves ofCuS/PANI nanocomposites at room temperature. 

temperatures. However, decrease in conductivities up to 50 °C and gradual increase 

afterwards was observed in both nanocomposites. The decrease in conductivities in the 

initial stage of heating is due to the loss of solvent and trapped HC\. On the other hand, 

increased interchain and intrachain hopping results in high charge carrier mobility within 

the composite leading to increase in conductivities. Besides, the conductivities of 

CuS(THU)/PANI is higher than that of CuS(STS)/PANI. The interaction of different 

shape and size of CuS nanoparticles (as discussed in Sections 4.3.1.1.4 and 4.3.1.2.4) 

with PANI results this kind of behaviour. The highest DC conductivity of 
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CuS(THU)/PANI and CuS(SIS)IPANI were observed at 100 °C and found to be 

0.520 S/cm and 0.496 S/cm, respectively (Table 4.5). 

Table 4.5. DC electrical conductivities of pure PANI and CuSIPANI 
nanocomposites at different temperatures 

Temperature Conductivity 
("C) (S/cm) 

PANI CuS(THlI)/PANI CuS(STS)/PANI 

30 0.044 0357 0.301 

50 0.042 0.238 0.230 

70 0.044 0.430 0.398 

90 0.046 0.437 0434 

100 0.046 0.520 0.496 

4.4. Conclusions 

The important conclusions drawn from the above study are compiled below: 

• Nanosized CuS were synthesized following two different approaches. In one 

approach, near spherical CuS nanoparticles have been prepared via a simple 

colloidal synthesis route, employing CuAc and THU as copper and sulphur 

sources, respectively. The CuS dispersion with CuAc: THU molar ratio of 

1: 2 and 0.2 g SDS gives the lowest particle size (76 ± 1 nm) and is found 

stable for 210 days. 

• Further study shows that, CuAc: THU molar ratio greatly influences the 

conversion of golden brown copper sulphide sol to green covellite. 

• In the second approach, spherical shaped CuS nanoparticles have been 

obtained using CuAc and STS as copper and sulphur sources, respectively, in 

the presence MP A. The average particle size obtained from TEM is 4 ± 1 nm. 

The second method is advantageous in terms of simplicity and time effective. 
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• Both types of CuS nanoparticLes have been found to be in hexagonal CUS 

phase. The formation of the covellite CuS phase appears to be concurrent 

with the development of strong absorption band in the near-IR region of UV­

vis absorption spectra. 

• These two types of CuS nanoparticles were used in the synthesis of 

CuSIP ANI nanocomposites by i~situ polymerization technique. FTIR and 

XPS results confirm significant interaction of P ANI with GuS in the two 

nanocomposites. Comparison of the thermal properties of pure PANI and the 

nanocomposites show that the thermal stability of the polymer is improved in 

the composites . 

• - Two distinct morphologies of worm-like- and shuttle-like- are- observed- for 

nanocomposites CuS( THU)/P ANI and CuS(STS)1P ANI, respectiv.ely. 

• In both the nanocomposites, the absorption bands of PANI are blue-shifted 

indicatin~ reduction in conju~ation. Both nanoparticles and their 

corresponding composites do not display photoluminescence property. 

• 1-V characteristic CuSIP ANI nanocomposites suggest semiconducting 

behaviour and the formation of Schottky barrier in the nanocomposites. 

• The electrical conductivity of CuS{THU)1P ANI nanocomposite is 0.520 S/cm 

at 100 °C, almost eleven and two times higher than that of pure PANI and 

CuS{STS)1P ANI. 
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5.1. ConcJllsions 

The combination of inorganic nanoparticles with polymers offers an attractive 

route to reinforce the polymers as well as to introduce properties of individual 

components with a synergistic effect. Conducting polymer based nanocomposites have 

emerged as an area of intense research because of potential applications in diverse fields 

including .electronics, non-linear optics, catalysis, .and magnetic and so on. Among 

conducting polymers, P ANI occupies a separate chair because of ease of preparation and 

processabi lity. 

The goal of this thesis is to develop simple synthesis paths to obtain metal and 

semiconductor nanoparticles, and utilization of synthesized nanoparticles for 

nanocomposites preparation with P ANI to study the influence of nanoparticles on the 

morphology, optical and electrical properties of the polymer. 

The important findings of the thesis are summarised chapter wise below: 

Cbapter 2: Synthesis of copper (Cu) and nickel (Ni) nanoparticles and their 

interaction with polyaniline (P ANI) 

.. A one-step synthesis procedure has been achieved successfully for synthesis 

of stable colloidal dispersion of Cu and Ni nanoparticles. T A, a green reagent 

is used as reducing as well as capping agent. It has been observed that 

particle size and morphology of metal nanostructures could be controlled by 

varying T A concentrations. Growth mechanism based on oriented attachment 

and Ostwald ripening is proposed. This.. method opens a new way for shape .... 

and siz-e- controlled synthes.is of other metallic naooparticles.. 

• XRD analysis reveals face-centred-cubic (fcc) structure for both Cu and Ni 

naoparticles. Average particle sizes calculated by Scherrer formula are 

8.7 ± 1 nm and 5.1 ± 1 nm, respectively, for Cu and Ni nanoparticles 

synthesized with 0.04 M TA. 

• FTIR analysis reveals that T A adheres to the metal nanoparticles and hence, 

offers stability to the naoparticles. This capping role of T A is further 

supported by XPS study. 
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• Weight loss characteristic studied by TGA reveals that less than 8% eu and 

5% Ni nanoparticles synthesized with 0.04 M TA remain in the samples at 

800°C. 

• Wire-like, flower-like and cluster-like morphologies are observed for eu 

nanostructures synthesized with 0.02, 0.04 and 0.06 M TA, respectively. This 

imp-lies structure--directing nature of T A. 

• P ANI and its metal-based nanocomposites of different morphologies have 

been synthesized utilizing the synthesized metal nanostructures by in-situ 

polymerization technique. FTIR and XPS results indicate sufficient 

interaction of metal nanoparticles with PAN!. From TGA data, it has been 

found that the thermal stability of bare polymer is enhanced after interaction 

with metal nanopartic1es. 

• UV -vis absorption study reveals the absence of surface plasmon resonance 

band in eu nanoparticles because of smaller particles and the presence of 

high conformational surface ordering of T A on the surface of eu 

nanoparticles. These eu nanoparticles are photoluminescent and emit in 

green light region. In case of all nanocomposites, the PL maximum of eu 

nanoparticJes is red-shifted. 

• For Ni nanoparticles, broad and weak surface plasmon resonance bands are 

observed in the UV-vis spectra. The two characteristics peaks of PAN I at 340 

and 635 nm remain unchanged after interaction with Ni nanoparticles. All Ni 

nanoparticles and their corresponding composites with P ANI do not exhibit 

any photoluminescence property. 

• Tile I-V cb&ractelistics of metal &n_d PANI based oanocomposites. are 

asymmetric and nonlinear for forward and reverse directions of applied 

voltage suggesting the semiconducting behavior and the formation of 

Schottky barrier in the nanocomposites. 
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• The temperature dependent DC conductivjties of Cu/P ANI oanocomposites 

are found to be significantly higher than that of pure PAN!. On the other 

hand, decrease in conductivity up to 70 °C with respect to bare P ANI are 

observed in case of NiIP ANI composites. However, after rising temperature, 

the conductivity of the NilP ANI composites increases as compared to pure 

PAN!. 

Chapter 3: Synthesis of cadmium sulphide (CdS) nanoparticles and their 

interaction with polyaoiline (P ANI) 

• CdS nanoparticIes have been successfully synthesized using CdAc, STS and 

MPA in- three different CdAc: STS: MPA proportionate ratios following a 

simple colloidal dispersion synthetic route. 

• XRD patterns indicate the formation of cubic CdS nanoparticles irrespective of the 

precursor molar ratios used in the synthesis. CdS nanoparticles synthesized with 

CclAc: STS: MP A molar ratio of 1: 1: 6 give smaller nanopartic1es of average 

particle size 4.1 ;;!;: 1 nm. 

• Formation of CdS nanoparticles was confirmed by XPS analysis and further 

quantification of Cd and S peak areas gives the Cd: S atomic ratio as 1: 0.98 that is 

almost consistent with the stoichiometry of CdS. 

• MQrpltolpgy (SEM. TEJ~l ami ~EM) studies reveal. weU otdete.d I)~ar:. 

spherical-shape, cube-shape and nanocubes in bunch of flower-like clusters 

of CdS nanoparticIes synthesized with CdAc: STS: MPA molar ratio of 

1: 1: 6 (CdS-I), 1: 2: 2 (CdS-2) and 1: 3: 4, (CdS-3), :respectively. 

.. All three CdS samples were utilised in the synthesis of PANI based 

nanocomposites via in-situ polymerization technique. 

• XRD reveals the presence of CdS and P ANI in the nanocomposites. 

However, some changes in peak positions from the original CdS and PANI 

diffraction peaks are observed. 

• FTIR and XPS reveal the interaction of CdS with PANI matrix. 
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• The thermal property of P ANI was improved in the presence of CdS 

n,anoparticles as revealed from TGA analysis. 

• SEM, TEM and AFM images reveal bee-hive-like, sI?ike-I?addy-like and 

raspberry-like morphologies for CdS-lIPANI, CdS-2/PANI and 

CdS-31P ANI, respectively. 

• The UV-vis absorption bands for CdS nanoparticles are all blue-shifted with 

respect to bulk CdS. In CdSIPANI nanocomposites, bands are also blue­

shifted with respect to PANI suggesting decrease in conjugation in 

composites. 

• Both CdS nanoparticles and their corresponding PANI composites are 

photoluninescent. 

• The I~V characteristic curves are asymmetric and nonlinear for forward and 

reverse directions of applie,d voltage, for aU CdSIP ANI nanoc,omposites. This 

suggests semiconducting behavior and the formation of Schottky barrier in 

the nanocomposites. 

• Among all the CdS/P ANI nanocomposites, CdS-21P ANI nanocomposite 

possesses highest DC electrical conductivity value of 6.60 Slcm at room 

temperature. 

Chapter 4: Synthesis of copper sulphide (CuS) nan9particies and their interaction 

with polyaniline (P ANI) 

• Nanosized CuS were synthesized following two different approaches. In one 

approach, near spherical CuS nanoparticles have been prepared via a simple 

colloidal synthesis route, employing CuAc and THU as copper and sulphur 

sources, respectively. The. CuS dispersion with CuAc: THU molar ratio of 

1: 2 and 0.2 g SDS gives the lowest particle size (76 ± 1 om) and is found 

stable for 210 days. 

• Further study shows that, CuAc: THU molar ratio greatly influences the 

conversion of golden brown copper sulphide sol to green covellite. 
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• In the second approach, spherical shaped CuS nanoparticles have been 

obtained using CuAc and STS as copper and sulphur sources, respectively, in 

the presence MP A. The average particle size obtained from TEM is 4 ± 1 nm. 

The second method is advantageous in terms of simplicity and time effective. 

• Both types of CuS nanoparticles have been found to be in hexagonal CuS 

phase. The formation of the covellite CuS phase appears to be concurrent 

with the development of .strong absorption band in the near-IR region of 

UV -vis absorption spectra. 

• These two types of CuS nanoparticles were used in the synthesis of 

CuS/PANI nanocomposites by in-situ polymerization technique. FTIR and 

XPS results confirm significant interaction of P ANI with Cus. in the two 

nanocomposites. Comparison of the thermal properties of pure P ANI and the 

nanocomposites show that the thermal stability of the polymer is improved in 

the composites. 

• Two distinct morphologies of worm-like and shuttle-like are observed for 

nanocomposites CuS(THU)/PANI and CuS(STS)/PANI, respectively. 

• In both the nanocomposites, the absorption bands of PANI are blue-shifted 

indicating reduction in conjugation. Both nanoparticles and th.eir 

corresponding composites do not display photoluminescence property. 

• 1-V characteristic CuSIP ANI nanocomposites suggest semiconducting 

behaviour and the formation of Schottky barrier in the nanocomposites. 

• The electrical conductivity of CuS(THU)/P ANI nanocomposite is 0.520 S/cm 

at 100 °C, almost eleven and two times higher than that of pure PANI and 

CuS(STS)/P ANI. 

Comparative study 

The principal focus of the thesis is to study the interaction of nanoparticles with 

PANI, one of the most studied conducting polymers to gather knowledge whether the 
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prop.eJ1y of the.. existing. polym~r can. be improved. or nolo Bas.ed. OR the. pre..viQ.us. 

chapters, a comparative study is put forwarded. 

~ Effect of nanoparticles on the morphology of P ANI: 

• Morphologiy of pure PANI can be tailored to various nanostructures such 

as cypress-leaf-like, raspberry-like, bee-hives like, etc. by interacting 

with metal.or semiconductor nanoparti.cles.ofdifferent shape .and size. 

~ Effect of nanoparlicles on the PL property of P ANI: 

• Nanocomposites of CuIP ANI and CdSIP ANI only exhibit 

photoluminescence properties. 

~ Effect-o/nanoparlicles-on· the DC conductivity of PANl: 

.. DC conductivity of P ANI can· be· enhanced- by interacting with· metal or 

semiconductor nanoparticles. 

• CaS n<mopC!Iticle~ synthe~izea with CdAc:. STS: MPA molar ra.tio of 

1: 2: 2 gives highest DC conductivity after interaction with P ANI. 

• Though enhancement of DC conductivity is observed in metallP ANI and 

semiconductorlP ANI nanocomposites, yet the results are not upto the 

·expectations due to the effect of capping agent associated with the 

nanoparticles, which .couLd have interrupted .conductivity.· 

5.2. Future prospects 

• Theoretical study of band ~ap calculation for Cu, Ni, CdS and CuS 

nanoparticles. 

• Utilization of synthesized' PANI-based' nanocomposites for- sensor; light 

emitting diode applications. 

•. Anti-microbial property study of Cu and. Cu/P ANI nanocomposites. 

• Magnetic. pr:o.p.erty study of Ni nanop.artiele.s and. the.ir c.orre_sp.onding. 

composites. 

• Scope for the improvement in the optical and electrical properties of 

nanocomposites. 
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