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Abstract 
 

Department of Physics 

School of Chemical Engineering and Physical Engineering 

Lovely Professional University, 

Punjab, India 

 

Ph.D. Physics 

 

INVESTIGATE THE VARISTOR PROPERITES OF THE COMPOSITES OF TRANSITION 

METAL OXIDES, POLYMER, SILVER AND REDUCED GRAPHENE OXIDE 

NANOPOWDERS 

 

by MEHAR JYOTI PANESAR 

 

 

Nano – crystalline systems in today’s world has the preference in its manufacturing desirability 

in every facet of the working domains. The inclination towards the employment of nano – 

materials and nano – technology has made the synthesis processes and characterisations of such 

nano – scaled system a necessity. Nonetheless, there are still various categories of materials 

that are yet to be studied up to its potency. Varistors are known to operate on varying resistance 

values and exhibit non – linear characteristics. ZnO is the only semi – conducting metal - oxide 

that has been exclusively studied on, therefore, this research work focused on investigating the 

working capabilities of other metal – oxides of likewise categories as; CuO, CdO and TiO2 

(anatase). This work also entails the electric conduction behaviour for carbon dominated 

materials like; PANI and rGO with the addition of a metallic nanopowders i.e., Ag. The studies 

were done using a host material in which the dopant was added in varying weight ratios with 

the preparation of following four composite sample mixtures: 

 

▪ CuO + Ag (0:1, 1:1, 1:2 and 0:1) 

 

▪ PANI + CdO (0:1, 1:1, 1:2 and 0:1) 

 

▪ TiO2 (anatase) + Ag (0:1, 1:1, 3:1 and 0:1 
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▪ rGO + Ag (0:1, 1:1, 3:1 and 0:1) 

 

Sol – Gel auto combustion method was used to synthesis the CuO and CdO nano – powders 

whereas, Ultrasonic assisted sol gel method was employed on to obtain nano – particle samples 

for TiO2 (anatase form). Oxidative Polymerisation method was used for acquire PANI sample 

powders. Top – Down method with sodium borohydride as reducing agent was used for Ag 

nano – powders. Modified Hummer’s Method was applied to fabricate rGO nanoparticles and 

in this case hydrazine hydrate was used as reducing agent in method. 

 

Thermo – Gravimetric Analysis (TGA), X – Ray Diffraction (XRD), Fourier Transform Infra 

– Red Spectroscopy (FTIR), Raman Spectroscopy, Field Emission Scanning Electron 

Microscopy (FESEM), Energy Dispersive X – Ray (EDX), Particle Size Analysis (PSA) and 

Current – Voltage plots and measurements were employed on to investigate and study the 

thermal behaviour, structural nature, molecular inhabitation, surface studies including the 

topographical morphology, elemental ratio and distribution pattern, particle size and varistor 

nature of the synthesised nano – powders. 

 

Sol – Gel auto combustion method was employed on to fabricate CuO nano particles whereas, 

Top – Down method was used to obtain silver nano – powders. TGA characterisation revealed 

600 ℃ as calcination temperature which was according to the theoretical studies as well. XRD 

and FTIR gave the necessity structural peaks which led to the confirmation of the desired 

sample nano – crystalline powders. Raman spectroscopy showed C2h
6  C2/c and Oh

5Fm3m as 

space groups for CuO and Ag nano – structures. An elevation in the values for non – linear 

coefficient (α) was obtained for the composite mixtures, which meant the increase in the Ohm’s 

Law region. The current (IN) and voltage (VN) values for varistor studies were also found to be 

shown higher for the proceeding sample systems. 

 

A steady growth in the values was observed for all the sample cases for current – voltage plot. 

An irregularity was obtained in the slope due to the amorphous nature of PANI but it was found 

to be insignificant and did not interfere with the operational aspects of sample sets. The changes 

were computed to fall within the smaller scale of differences which implied its applicational 

prospects in lower voltage varistor industries. XRD revealed cubic arrangement of crystals in 

monteponite phase (Oh
5Fm3m) for CdO nano – powders whereas, Polyaniline exhibited 
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amorphous nature in CS plane. The information regarding surface morphology and elemental 

ratios for constituents were studied using FESEM and EDX tools. 

 

In this research work, composite mixtures of TiO2 (anatase) and silver were investigated. The 

content of silver was increased gradually to observe its effect on varistor properties of TiO2 

nanopowders. Wet chemistry method and ultra – sonic assisted sol – gel method was used to 

obtain the Ag and TiO2 nano powders respectively. Structural properties have been investigated 

using X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, Raman 

spectroscopy and Field emission scanning electron microscopy (FESEM). Thermal properties 

have been studied using thermogravimetric analysis (TGA) and revealed 450℃ for the 

calcination of the powders. FTIR and Raman analysis exhibited the structural peak values and 

FESEM gave details regarding the surface morphology. Current versus voltage graphs were 

obtained to examine the extent of applicational prospects and it was observed that TiO2 sample 

mixtures gave small increase in current voltage values when used with single conductive 

material. 

 

In this frame of work, behaviour of rGO individually and when mixed with Ag – nanopowders 

was for composition: RA1 [rGO, 1:0], RA2 [rGO + Ag, 3:1], RA3 [rGO + Ag, 1:1], RA4 [Ag, 

0:1]. Modified hummers method and burst method were used to synthesise the reduced 

graphene oxide and silver nanopowders. The structural aspects were investigated through 

XRD, FTIR and Raman Analysis. Further, the purity of Ag – nanopowders was confirmed 

through Rietveld refinement. FESEM and EDX gave the surface and elemental details. Its 

capability for varistor applicational areas was studied via current versus voltage graph; rGO 

composite sample mixtures, despite showing smaller voltage changes, exhibited an increase in 

the values. 

 

This thesis has been divided into five chapters i.e., introduction, literature review, method of 

synthesis, characterisation tools and formulae and results and discussions. In Introduction, the 

materials that have studied in the research paper have been discussed in details. The innate 

nature, structural arrangements, applicational prospects and electrical, thermal, magnetic 

properties of such materials have been reviewed. The applicational aspect of the work, purpose, 

scope and research gap has also been written under this chapter. In Literature Review, a brief 

summary for the papers have been given that were studied concerning the chemicals and 

synthesis processes that were employed on during the work. In Methods of Synthesis, various 
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fabrication processes that were adopted to obtain the nano – powders have been discussed. The 

working principle behind each experimental tool that has been studied and the formulae that 

were used for computing size and non – linear coefficient values were given with brief details 

under characterisation techniques and formulae. In Results and Discussions, the results 

obtained and analysed for each sample composition for all the objectives have been discussed.   
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Chapter 1 

 

1 INTRODUCTION 

 

In this globalized sphere, the advancements in the machineries have made the tranquil lifestyle 

to have a pre – eminent involvement in our day – to – day chores. Be it in any domain; work, 

home, industrial sectors or medical prospects etc, the device construction for that purpose and 

material synthetisation are the pertinent aspects. The discipline of Nano – technology comes 

under such classified category of technology. Nanotechnology, is the province of research and 

development that concerns with the blueprint of making, classifications and characterisations 

of the materials, varying from microscopic, atomic or molecular and macroscopic degrees. 

They entail the synthetisation engineering and manoeuvring of the nano-scaled materials [1] 

(Figure 1.1). 

 

 

 

Figure 1.1 Figurative representation for the applicational aspects of the nano – technology 

[2]. 
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Incessant evolution in the sector of nano – scaled materials and their technology has unfastened 

the doors for the opportunities for the furtherance in the field of material science; from the 

commencement of newer materials, newer combinations of materials and the constant 

requirement in the upgradation of the technologies to keep up with the need, to uncovering the 

newer domains and applicational areas for such said materials. Nano – particles by definition, 

having the size scale from 1nm – 100 nm have precisely amassed the attention in the field of 

synthesisation of materials and their employment in the device fabrication [3]. Why these nano 

– structured particles are appraised? These nanopowders as they are known, have unequivocal 

uniqueness attached to it, which are dominantly due to their structural conduct [4]. 

Nanoparticles unlike their peer bulk materials, have very distinct physio – chemical traits, they 

have the competence to interfere with the intermural arrangements of the material’s networks 

involved and to enhance their potency for various chemical, physical, biological or magnetic 

needs. They have the leverage of having availability of atoms near if not at, the surface, for 

wide – ranging exposure to surface areas, which helps them with better interaction and thus 

acts as a catalyst for phenomenon [5]. Furthermore, these nano – powders also allocate the 

availability of options as per the necessity. They are cost – effective and easy to synthesis. 

Their structures can be effortlessly controlled and are easy to work with, when aligned with 

other materials. They have very distinct surface to volume ratio, which further helps in the 

advancement of various reactions. They have specific phase – dependent, electrical, catalytic, 

optical and magnetic traits and possess fine values of sensitivity time and response time in case 

of sensors [6] (Figure 1.2). 
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Figure 1.2 Figurative representation for the nano – structured materials, their usage and 

fabrication routes [7]. 

 

Their expanse of accessibility covers a broader spectrum; nanopowders have its existence very 

well established for the device fabrications in innumerable well – recognised industrial 

provinces such as; environmental sectors, medical devices, IT, nano reactors, nano sensors, 

commercial areas, raw materials for pigments and coatings, for the constructions of 

semiconductors, varistors, thermostats etc. They have extended the usage of their properties in 

miscellaneous provinces as well in self – care products and skin / makeup products; lipsticks, 

sunscreens and body lotions [8][9] (Figure 1.3). 
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Figure 1.3 Figurative representation for the applicational arenas of the nano – structured 

materials [10]. 

 

From the immeasurable diversity of nano – powders (Figure 1.4) to select from, semi – 

conducting or metal oxide nanoparticles are the commending choices. They are used in various 

opto – electrical, magnetic fields; sensors, energy storage devices, thermostats, capacitors, 

piezo – electric devices, fuel cells and much more. They are favoured over because, they have 

cost – friendly synthesis processes, their size and structures can be controlled by outer forces 

and can be obtained in room temperature, they are readily available and are fashioned in almost 

every aspect of life, from industries to commercial networks [11]. Transparent or Transition 

metal – oxides is another form of denomination for them and they are further sub – categorised 

as transparent conductive oxides and transparent semi – conducting oxides. The present work 

is concerned with three such semi – conducting metal oxides: Copper Oxide (CuO), Cadmium 

Oxide (CdO) and the Anatase form of Titanium Dioxide (TiO2).  
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Figure 1.4 Figurative representation for the classifications of nano – particles [12]. 

 

1.1 Copper Oxide (CuO) 

 

Copper wholesome has been the subject of an extensive study; be its nature-structure- 

properties or the oxides. Copper and oxygen interact with each other and give two structures: 

Cupric Oxide (CuO) and Cuprous Oxide (Cu2O). CuO is an intrinsically p-type semiconductor 

because of the Cu vacancies. It has monoclinic crystal structure and have black color. It is 

occurring as tenorite rocks in nature. Its bandgap is 1.2-1.9 eV and has work function of 5.3eV. 

The copper atom is coordinated by 4 oxygen atoms in an approximately square planar 

configuration. Cu2O is also a p-type semiconductor with cubic crystal structure having energy 

gap of 2.1 eV. And occurring as red mineral known as cuprite, which is less stable than CuO. 

It is used for water photo decomposition or photo degradation of organic pollutants [13] 

(Figure 1.5). 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Work_function
https://en.wikipedia.org/wiki/Electronvolt


Chapter 1. Introduction 

 

 

6 

 

 

Figure 1.5 Figurative representation for the Cuprous Oxide, Cu2O and Copper Oxide, CuO 

[14]. 

 

CuO is endowed with some pronounced features; it has stronger electrochemical facet, higher 

values for the specific areas, exceeding stability in the solutions, refined potential for redox 

reactions, it has distinct magnetic, optical and electrical characteristics. CuO has its 

applicational employment in diverse disciplines; electro – chemistry branch, filters, sensors, 

raw materials for paints and coatings where they are utilized as anti – fouling barriers, catalysts 

in reactions, energy storage devices, super capacitors, magnetic storage mediums and medical 

and commercial sectors as well [15] (Figure 1.6). 

 

Figure 1.6 Figurative representation for the various synthesis routes and applicational 

prospects of Copper Oxide, CuO [15]. 
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1.2 Cadmium Oxide (CdO) 

 

Transparent conducting oxides such as; indium–tin oxide (ITO), cadmium oxide (CdO), zinc 

oxide (ZnO), tin oxide (SnO2) have been colossally researched on because of the excessive 

implementations in semiconductor optoelectronic device technology [16][17]. 

 

Cadmium oxide is the n-type II – VI metal oxide semiconductor having direct band gap: 2.5eV 

and an indirect bandgap: 1.98eV. It exhibits lower resistivity towards electrical conduction i.e., 

10-2 Ω cm to 10-4 Ω cm because of the defect caused by the formation of oxygen vacancies and 

cadmium interstitials [18]. It has density value of 8150 kg / m3 which is quite high, and efficient 

refractive index of 2.75 [19]. It’s an inorganic compound with conducting and transparent 

properties that solidifies itself with the cubic rock – salt lattice having face – centred cubic or 

FCC crystal structure alike sodium chloride that contains an octahedral cation with anion in the 

middle (Figure 1.7). It accommodates stronger carrier transporters, exceeding capability for 

electrical conduction, higher values of transparency within the visible region on the electro – 

magnetic scale [20].  

 

 

Figure 1.7 Figurative representation for the Cadmium Oxide, CdO. 

 

There are numerous routes to synthesis CdO nano – powders such as; chemical spray – 

pyrolysis, micro – emulsion, sol – gel, pulsed laser deposition, solvo – thermal and hydro – 

thermal, electro – chemical deposition, successive ionic layer adsorption and reaction (SILAR), 
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DC magnetron reactive sputtering, chemical bath deposition (CBD) and chemical vapor 

deposition (CVD) [21] (Figure 1.8). 

 

 

Figure 1.8 Figurative representation for the numerous fabrication processes for CdO nano – 

powders [22]. 

 

CdO is widely utilized in medical, commercial industries but more specifically in the electrical 

and electronical sectors; in fabrication of semiconductors, used as raw materials in dyes, paints 

and coating pigments, for the photo – catalytic degradation for the unsafe organic components, 

solar cells, gas sensors, opto – electronic devices etc [23] (Figure 1.9). 

 

Figure 1.9 Figurative representation for the employment facilities of CdO nano – powders in 

medical field [22]. 
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1.3 Titanium Dioxide (TiO2) 

 

Titanium dioxide, TiO2 has made its presence well celebrated, for experimental and theoretical 

purview. It’s a multifaceted material owing some of the remarkable physical, chemical, 

magnetic and thermal assets; high photo – preformation efficiency, commendable electron re 

– combination speed, chemical inertness, high melting point, thermal stability etc. Its 

employment ranges from capacitors, raw materials for paint pigments, varistors, thermostats, 

has durability in harsher, rougher environments [24][25]. TiO2 takes form in three 

constitutional polymorphisms: (I). Rutile (Metastable Phase having Tetragonal Crystal 

Structure and Space Group = P42 / mnm), (II). Anatase (Thermodynamically Metastable Phase 

with Slender Tetragonal Crystal Structure and Space Group = I41 / amd) and (III). Brookite 

(Thermodynamically Metastable Phase having Orthorhombic Crystal Structure of Space Group 

= Pbca). Anatase form of TiO2 exists at lower temperatures and starts to transmute to the Rutile 

structure at the temperature 600℃ approximately [26][27] (Figure 1.10). Both Rutile and 

Anatase TiO2 relish their integration in working provinces of the lifestyle; Rutile TiO2 is mainly 

applied in the fields requiring higher reflectivity, white paint pigments and opacifiers, its thin 

films are used in capacitors for having noticeable dielectric constant. Anatase TiO2 is used for 

fabrication of nano – structured devices, photo – catalysts etc. Whereas Brookite TiO2 does not 

has its utilization in the commercial sectors [28]. Anatase TiO2 has a broad band – gap around 

3.23 eV and also arrays magnificent optical transmittance values both visible and near IR – 

regions [29][30]. The differences between all three forms of titanium dioxide are represented 

by (Figure 1.11). 
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Figure 1.10 Figurative representation for crystalline structures of 3 phases of TiO2: Rutile, 

Brookite and Anatase [31] 

 

 

 

Figure 1.11 Figurative representation for the differences between each of the three crystalline 

structures phases. 
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TiO2 nano – powders have made themselves available in disparate ways; environmental 

cleaning – protection, solar cells for the generation of electric energy and also hydrogen energy, 

sensors, medical facilities, paper, printing ink, and day – to – day necessities as food colouring 

agents, sunscreen lotions and other cosmetic products, they are heavily used in paints and 

coatings industries in the form of white pigments for better stronger thermal stability. They are 

also employed on in numerous others industrial branches; they are appraised for gas sensing 

abilities, used in earth sciences, electrical sciences, medical sciences where they are considered 

for biocompatibility for bone implants and much more [32][33] (Figure 1.12). 

 

 

 

Figure 1.12 Figurative representation for the varying utilizations of TiO2 nano – powders in 

several fields [34]. 

 

There are copious procedures for the production of nano – scaled TiO2; Thin film and spin 

coating, electrochemical, chemical vapour decomposition (CVD), chemical solvent 

decomposition (CSD), electrodeposition, thermal treatments (Solvo – Thermal, Ethanol – 

Thermal, Hydro – Thermal), pulsed – laser deposition and various other sol – gel Methods 

[35][36]. 
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1.4 Polyaniline (PANI) 

 

As the varistor devices are cementing their presence in day-to-day activities, various other 

materials are being explored for the fabrication of a better sensing equipment. One of the 

domains in the world of the materials that are been excessively studied on are Polymers and 

amid them comes the name Polyaniline, PANI which is the conducting form of the polymers. 

Polyaniline are formed by the repetition of aniline monomers. These are the non – complex 

aromatic amines having formula C6H5NH2 (Figure 1.13). 

 

 

 

Figure 1.13 Figurative representation for the transformation of aniline monomer in 

polyaniline polymer in the presence of HCl and ammonium Persulphate, (NH4)2S2O8 [37]. 

 

PANI benefits from its inert nature as it possesses stronger chemical and environmental solidity 

over longer periods of time, simpler and cost – efficient routes for its fabrications, capability 

to form affinities with metal – oxides and ceramics, it allocates the availability to be worked 

with at room temperatures, its distinctive electrical and opto-electrical properties, inexpensive 

monomer, higher sensitivity values, reversible process, fast response time etc. all leading up to 

its potential for a better material [38][39][40][41]. This conducting polymer (Figure 1.14) are 

also used in sensors because they can be functionalized at room temperatures whilst inorganic 

sensors function only at certain elevated temperatures. It also exhibits stronger reactivity 

regarding humidity and gases as they have porous nature. They are light weighted chemical 

with flexibility [42]. 
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Figure 1.14 Figurative representation for the conversion of polymer into the conductive form 

through the process of protonation [43]. 

 

It has its usages in various potential industries, for example: commercial sectors, electrical – 

electronical units, secondary batteries, photovoltaic devices, micro-electronic devices memory 

device, biological sensors, gas sensors etc (Figure 1.15). Various synthetization methods are 

used to obtain PANI: electro – chemical and oxidative polymerization reactions, chemical and 

electrochemical deposition, spin coating etc [44][45]. 

 

 

 

Figure 1.15 Figurative representation for the applications domains of polyaniline [46][47]. 
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1.5 Silver (Ag) 

 

Metal – oxide semiconductors or polymers, even though they possess abundance of distinctive 

properties under its name, lags behind to match the momentum and needs demanded in the 

continuously developing sectors of research, when used individually and hence the mixing and 

doping of materials comes into play. Incorporation of foreign materials, has proved to elevate 

the working mechanism of the host materials. Crystal phase and surface area are the vitals, 

when manipulating the physical attributes of the semiconducting material. Defined crystal 

structure influences the rate of reactions, re – combination rate, facilitating with compelling 

oxidizing and reducing powers whereas the surface areas provide with the betterment of the 

reactions and interactions of the molecules and faster adsorption rates [48][49]. Metallic nano 

– powders, due to their notable structure alignment and characteristics, have been successful 

dopants. They inherently have atypical physico – chemical nature and because of the definite 

shape – size and distribution of the molecules, they are made use in build – ups of nano – 

ranged devices [5][50] (Figure 1.16). 

 

 

 

Figure 1.16 Figurative representation for the classifications of metallic nano – powders [51]. 
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Silver nano – powders have very prominent electrically conductive nature and defined 

arrangement of atoms. They are cost – effective, have easy synthesisation and the fabrication 

process can be controlled through external terms and needs room temperature. They comprise 

of unique traits; atypical chemical, biological and physical characteristics, high thermal and 

electrical conductivity, surface – enhanced Raman scattering, non – linear optical nature, 

chemical solidity. These properties are by the reason of its crystal network, morphology and 

dimensions of the Ag – nano – particles. These nano – powders are fully taken advantage of, 

they are pre – dominantly utilized in every discipline possible; commercial arenas, industrial 

sectors, used as edible decorative measures in food sectors, in medical firms they uphold a 

strong foot, coatings for medical equipments, biomedical devices, anti – cancer agents, anti – 

bacterial facets, pharmaceutical, they are as well employed in keyboards, textiles and electrical 

circuits (Figure 1.17). There is a dire necessity to prepare the nano – particles via 

uncomplicated and constructive methods so as to have as well command over their shape and 

sizes. Ag – nano – powders can be obtained by the means of many mechanical and chemical 

procedures, such as; electro – chemical method, photo – chemical reaction, micro – wave 

assisted reaction, chemical reduction, Burst method [52][53][54][55]. 

 

 

 

Figure 1.17 Figurative representation for the uses of silver nano – structured powders [56]. 
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1.6 Reduced Graphene Oxide (rGO)  

 

The selection of the materials for the fabrication of devices, has an undeviating impression on 

its applicational purposes. And with the pace of developments, search for the newer kinds of 

materials also rises. Carbon dominated networks are a no – shy factor and graphene and its 

derivatives are the prime example of it. Graphene is a two – dimensional system that has 

enjoyed recognition in the arena of material and appliance build-up. Graphite oxide (GO) or 

Graphitic Oxide in simple words can be explained as a set of functionalized graphene sheets 

that has constituents of carbon, oxygen (– containing functional groups; epoxy (– COC), 

hydroxyl (–OH), and carboxyl groups (– COOH)) and hydrogen atoms on its surface [57]. 

Graphene has a two-dimensional honeycomb monolayer structure comprising of sp2 – bonded 

carbon atoms. This material can be used as a precursor for graphene itself. Graphene and its 

derivatives (GO, rGO) brags of the fact that it is the only 2 – D material that is been studied 

vigorously for its applications in broader range of industrial sectors. It has high electron 

mobility at room temperature, large surface to volume ratio, high specific area (Figure 1.18). 

 

 

 

Figure 1.18 Figurative representation for the sp2 – hybridised carbon derivatives: (a) 

Graphene, (b) Graphene Oxide and (c) Reduced Graphene Oxide [58]. 

 

Graphene and its derivatives (GO, rGO) has garnered colossal recognition in fields of 

biological/ chemical sensors, electronics/ opto-electronics, humidity detection etc. because of 

its unique physical, mechanical, electrical, thermal conductivity nature, high conductivity. 

Reduced graphene oxide (rGO) is one of the graphene derivatives. It is classified as an 
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interesting one of its kind of material. rGO has oxygen-containing functional groups such as -

COOH and -OH on the surface [59][60]. 

 

Graphene can be obtained from graphite using by chemical vapor deposition (CVD), 

mechanical or chemical method whilst Graphene oxide is obtained by hummers method and 

further oxidation of the obtained product leads to reduced graphene oxide [61]. Graphene oxide 

(GO) and Reduced Graphene Oxide (rGO) illustrates exceptional performances as: ultrahigh 

sensitivity, ultrafast response time, light weight, easy fabrication, ultrahigh sensitivity, low 

hysteresis, fast response/recovery time, excellent repeatability and good long-term stability. 

Few of its application examples are: electronics, bio-medical, energy storage, super-capacitor 

[62] (Figure 1.19). 

 

 

 

Figure 1.19 Figurative representation for utilisations domains of Graphene Oxide and 

Reduced Graphene Oxide [63]. 
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1.7 Varistor 

 

The integration of the nano – dimensional materials has seen a sustainable progress throughout 

the years, novel materials and incorporation of different kinds are demanded for, as the 

industrial machinery sees an advancement in the terms of technology. The applicational 

domains for these materials have broadened now as well, from space and aviation, optics, solar 

– industries, automotive engineering, thermo – electric equipments, to medical sectors and even 

cosmetic and skin – care products. In electronics, nano – materials also share an appreciable 

fascination. They are utilized in the construction of lasers, batteries, fuel – cells, chips, lighting 

and displays etc. One such important constituent of / in and electrical circuit is varistor. 

 

Varistors are the electrical appliances that regulates a curb on the transient voltage whilst its 

operation. They are used as protective measurements in the electrical circuits, as they shut 

down the system when a specific value is surpassed, hence saving the whole unit from short – 

circuiting or catching fires. And because of this factor they are recognize with their other tags; 

surge suppressers, non – linear resistor / voltage sensor, voltage regulators / arrestors. They are 

competent to function over a larger – scale of voltage values. And therefore, their capabilities 

and functionality can be modulated in terms of size and voltage value as per the demand of the 

tool i.e., they can be used from higher voltage systems to modest voltage valued set – ups as 

well. They are effectively exercised in many industrial and domestic gadgets and devices; 

mobile phones, cameras, LED’s, TV’s, computers, notebooks, laptops, doorbells, smart house 

gadgets etc. They can work on both DC and AC and are capable of absorbing and supressing 

both the positive and negative transient values. Varistor mechanism and structure necessitates 

inclusion of foreign materials to elevate its working conditions. They have poly – crystalline 

micro structure which is a crucial need for the existence of the Varistor – Effect [64][65]. 

 

• Structures and Working Mechanisms. 

 

Varistor is an electro – ceramic device that is the blend of the words VARI-able resi-STOR. It 

is dependent on the voltage and exhibits non – linear behaviour with respect to the resistance 

values. The resistance decreases with the increase in the voltage and in case of excessive 

voltage increase, the resistance shows a steep decline. It consists of an ohmic and non – ohmic 

region depending on its behavioural aspects under certain conditions. In the pre – breakdown 
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area it follows the ohm’s law whereas in the breakdown area, the resistance sees a dramatic 

drop. Now due to this kind of deportment, it is associated with the properties indicated because 

of the grain boundaries present. And thus, making them suitable as the protective measurements 

against the extreme voltage surges [66] (Figure 1.20). 

 

 

Figure 1.20 Figurative representation for (a) Voltage-Resistance Curve and (b) Voltage-

Current Curve. 

 

Varistors, unlike their peers Zener – diode operating on single junctions, are actually multi – 

junctional devices. Their working prospects mainly depend on the factors; grain boundaries 

and Schottky barriers. Their electrical nature is governed through interface state of the grain 

boundaries existing within them. The varistor incorporates of the inter – granular non – 

conductive grains and the conductive grain layers. Now, as mentioned there are linear and non 

– linear approach of the varistor and the non – linear behaviour depends on the potential barrier 

formed at the grain boundaries. Schottky barrier, the potential barrier is created because the 

electrons present at the grain boundaries are confined. Simply put, consecutive Zener diodes 

are formed at the grain boundaries due to the attenuated inter – granular layers between the 

molecular grains. Because to this structure build up, the potential barrier obstructs the charge 

carriers and thus decreasing the movements of such carriers [65]. The junction formed because 

of the Schottky barrier is Schottky junction, which is explained as the junction created at the 
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immediate contact between the semi – conductor and metal. This kind of structural behaviour 

sees its uses in the likes of; rectifiers, integrated circuits, microwave mixers, MESFEST etc 

[67]. 

 

• Requirements for a varistor. 

 

A varistor is considered a functional liability when it compromises of the following factors: 

 

(I) Stronger energy absorption capacity. 

(II) Availability at lower prices. 

(III) Higher threshold voltage to withstand all kinds of stresses; environmental and manual 

or within the system. 

(IV) The prospects of mass production at the industrial scale. 

(V) Has slow aging process. 

(VI) Positive approach towards the thermal, electrical, mechanical and chemical stress [68]. 

 

• Applicational areas. 

 

Varistor has applications as a protector of the electrical/ electronical appliances as: Telephone 

and communication line protection, Radio communication equipment transient suppression, 

Cable TV system surge protectors, Power supply protection, Microprocessor protection, Low 

voltage board level protection, Car electronics protection, Industrial high energy AC protection 

etc. They are employed on in electrical circuits as to safe guard the electrical circuits and as 

protective measures against sudden surges in the AC and DC motors, as they are highly 

sensitive towards the voltage changes (Figure 1.21).   

 

Their applicational view of point is not limited to any specific spectrum rather, they have broad 

spectrum; 

(I) Low voltage varistors – fire protection system, house systems, garage alarms. 

(II) High voltage varistors – This is used in the circuits for the protection purposes. As it 

shuts down the circuit system, when a certain value of voltage is acquired and saves the 

system from short circuiting. 
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Figure 1.21 Figurative representation for uses of varistors as surge protector in different 

types of circuits and formats. 

 

1.8 Chemicals and Reagents used 

 

Copper Oxide, CuO: Copper (II) Nitrate Trihydrate (Cu (NO3)2.3H2O) (AR/ACS grade 99.5%, 

Central Drug House (P) Ltd.), Polyvinyl Alcohol (PVA, (C2H4O) n) (AR grade, Loba Chemie 

Pvt. Ltd.), distilled water. 

 

Cadmium Oxide, CdO: Cadmium Nitrate Tetrahydrate (Cd (NO3)2.4H2O), (AR grade 99%, 

MOLYCHEM), Absolute Ethanol (C2H5OH) (AR grade 99.9%, Suzhou Yacoo Laboratories), 

Polyvinyl Alcohol (PVA, (C2H4O) n) (AR grade, Loba Chemie Pvt. Ltd.), distilled water. 

 

Titanium Dioxide, TiO2 (Anatase): Titanium Tetra-isopropoxide (TTIP, C12H28O4Ti) (AR 

grade, Spectrochem Pvt. Ltd. Mumbai, India), Iso – Propyl Alcohol ((CH3)2CHOH) (AR grade 

99.5%, MOLYCHEM), Hydrochloric Acid (HCl) (AR grade, Loba Chemie Pvt. Ltd.), distilled 

water. 
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Polyaniline, PANI: Aniline (C6H5NH2) (AR grade 99.5%, MOLYCHEM), Ammonium 

Persulphate ((NH4)2S2O8) (AR grade 98%, Central Drug House (P) Ltd.), Hydrochloric Acid 

(HCl) (AR grade, Loba Chemie Pvt. Ltd.), distilled water. 

 

Silver Nanoparticles, Ag-nanopowders: Sodium Borohydride (NaBH4) (AR grade 98.00-

102%, HIMEDIA), Silver Nitrate (AgNO3) (AR grade 99.9%, MOLYCHEM), Ice bath. 

 

Reduced Graphene Oxide, rGO: Graphite powder (AR grade < 20 µm, SIGMA – ALDRICH), 

Hydrogen Peroxide (H2O2) (AR grade 30% W/V solution, MOLYCHEM), Sulphuric Acid 

(H2SO4) (AR grade 98%, Loba Chemie Pvt. Ltd.), Hydrochloric Acid (HCl) (AR grade, Loba 

Chemie Pvt. Ltd.), Potassium Permanganate (KMnO4) (AR/ACS grade 99.5-100.5%, Central 

Drug House (P) Ltd.), Hydrazine Hydrate (NH2NH2H2O) (AR grade 80%, MOLYCHEM), 

Ammonia Solution (NH3) (AR/ACS grade, Central Drug House (P) Ltd.), distilled water. 

 

1.9 Materials under present investigation 

 

The research work done on the topic of varistor is copious but limits itself to only ZnO with 

addition of ferrites therefore, the present work focuses on newer categories of materials for 

their structural and varistor characteristics. The present work studies the methodical 

analysation of the structural and the electrical properties of the individual as well as the 

composites of the semiconducting metal oxides (CuO, CdO, TiO2 – anatase), polymer (PANI), 

metallic nanopowders (Ag) and graphene derivative (rGO) through varying compositions. The 

materials for the present investigation are: 

 

(i) Objective 1 – CuO + Ag 

Sample Code Composition Elemental Ratio 

CA1 CuO 1 : 0 

CA2 CuO + Ag 1 : 1 

CA3 CuO + Ag 1 : 2 

CA4 Ag 0 : 1 
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(ii) Objective 2 – PANI + CdO 

Sample Code Composition Elemental Ratio 

PC1 PANI 1 : 0 

PC2 PANI + CdO 1 : 1 

PC3 PANI + CdO 1 : 2 

PC4 CdO 0 : 1 

 

(iii) Objective 3 – TiO2 + Ag 

Sample Code Composition Elemental Ratio 

TA1 TiO2 1 : 0 

TA2 TiO2 + Ag 3 : 1 

TA3 TiO2 + Ag 1 : 1 

TA4 Ag 0 : 1 

 

(iv) Objective 4 – rGO + Ag 

Sample Code Composition Elemental Ratio 

RA1 rGO 1 : 0 

RA2 rGO + Ag 3 : 1 

RA3 rGO + Ag 1 : 1 

RA4 Ag 0 : 1 

 

1.10 Research Gap 

 

The foremost applicational purpose of varistors is to protect the circuit from short – circuiting 

and catching fires. These devices undergo incessant flow of voltage which furthermore leads 

to the leakage current, initially in smaller values. But as the time goes, the varistor commences 

to show decline in its working system as thus results in gradual and increased amounts of 

leakage currents. This results into the thermal degradation of device and as a consequence 

shortens the working life of the device. Therefore, newer materials are now needed to be 

researched on to solve such occurring problems [69]. 

 

In the past, research has been extensively and solely focused on ZnO with the addition of 

ferrites. The raw materials for such are expensive and need extremely high temperatures for 
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the sintering and calcination purposes as well. These materials are not much of good electrical 

conductors thus leading to lesser life time of the devices. Some chemicals are expensive to 

acquire and also the synthesis processes for obtaining such materials are as well time 

consuming. Moreover, there is very less independent research done in the field of varistors 

using other semi-conducting materials, polymer and graphene derivatives without the usage of 

ZnO. Furthermore, the area of varistors that has been studied majorly has dealt with only higher 

values of voltage and current. The areas where varistors were used at larger scale concerning 

the electrical circuits where higher amounts of currents and voltages flow, for example; 

industries where the varistors are used as surge-suppressers for the whole building. However, 

the sectors with usage of low voltage varistors have not been studied thoroughly. This category 

of varistors is employed in smaller scale circuits such as; smart house devices, smart switches, 

sensors etc, where the flow of current and voltages are comparably less where varistors act as 

voltage arrestor for a certain appliance, sensor or switch rather in contrast to high scales 

industrial circuits. In simpler words, as opposed to the varistors that are used in industries where 

the burden of whole building falls upon on the varistors where the electrical circuits amass 

larger volumes of current-voltage values, the present work deals with varistors that are used in 

the circuits of appliances or sensors where smaller values of current – voltages occur. Work on 

small scaled industrial sectors of varistors has not been done intensively. 

 

The present work focuses on studying newer domain of materials that demonstrates stronger 

thermal withstanding capability, good electrical conductivity values to withhold recognisable 

amounts of voltage and current before the system gets shut down. The system is studied on 

metallic nanopowders, semi – conducting metal oxides with conducting polymer and graphene 

derivative. The raw materials are cheap, affordable and available moreover, the synthesis 

processes also include easy fabricating procedures with lower temperatures required for the 

calcinations. These materials have been studied to be better electrical conductors and are 

presently widely used for anti – bacterial properties which will help with elongated 

functionality periods of the appliances. These afore – mentioned materials have higher melting 

temperatures i.e., stronger thermal stability, are prepared via non – complex synthesis routes 

and have robust strength which lengthens the working life period of the device. These qualities 

make them candidates as raw materials in the fabrication of varistor devices. 
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1.11 Objectives of the present work 

 

The aims of the present work are to investigate the varistor properties of the semiconducting 

metal oxides, polyaniline, silver and reduced graphene oxide independently and in amalgam 

with one another. The studies are done to investigate the capacity of nano – composite materials 

with regards to how much amounts of voltage and current they can withstand before reaching 

the saturation point for the sample matrix. 

 

The objectives of the present research work include the studying of the following: 

 

(i) Varistor properties [current-voltage graph] of Copper (II) Oxide (CuO) and Silver (Ag) 

Nanopowders nano-composites. 

(ii) Varistor properties [current-voltage graph] of Polyaniline (PANI) and Cadmium Oxide 

(CdO) nanocomposites. 

(iii) Varistor properties [current-voltage graph] of Titanium Dioxide (TiO2-anatase form) 

and Silver (Ag) nanocomposites. 

(iv) Varistor properties [current-voltage graph] of Reduced Graphene Oxide (rGO) and 

Silver (Ag) nanocomposites. 

 

1.12 Purpose of the present work 

 

With the background mentioned above, the purpose of the present work incorporates: 

 

(i) The values for current and voltage that the system can hold before shutting down or 

exhibiting saturation has been tried to increase. 

(ii) The efforts have been done to recognise and expand the categories of materials 

considered for the studies of varistor properties. 

(iii) Copper oxide and Cadmium oxide have been synthesised using sol – gel auto 

combustion method, anatase form of Titanium dioxide has been obtained through ultra 

– sonic assisted sol – gel technique. Top – down method has been employed on for 

silver nanopowders and polyaniline has been acquired with oxidative polymerisation 

method. Reduced graphene oxide has been procured using modified hummer’s method. 
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(iv) The structural studies have been through X – Ray Diffraction (XRD) and Fourier 

Transform Infra – Red Spectroscopy (FTIR). The Raman Spectrum has done for the 

molecular analysis. Field Emission Scanning Electron Microscopy (FESEM), Energy 

Dispersive X – Ray (EDX) and Particle Size Analysis (PSA) has been investigated for 

surface and elemental details. The varistor studies has been conducted through current 

versus voltage plot. 

 

1.13 Future Scope of the present work 

 

The integration of the nano – dimensional materials has seen a sustainable progress throughout 

the years, novel materials and incorporation of different kinds are demanded for, as the 

industrial machinery sees an advancement in the terms of technology. The applicational 

domains for these materials have broadened now as well, from space and aviation, optics, solar 

– industries, automotive engineering, thermo – electric equipments, to medical sectors and even 

cosmetic and skin – care products. In electronics, nano – materials also share an appreciable 

fascination. They are utilized in the construction of lasers, batteries, fuel – cells, chips, lighting 

and displays etc. One such important constituent of/in and electrical circuit is varistor. 

 

Varistors are the electrical appliances that regulates a curb on the transient voltage whilst its 

operation. They are used as protective measurements in the electrical circuits, as they shut 

down the system when a specific value is surpassed, hence saving the whole unit from short – 

circuiting or catching fires. And because of this factor they are recognize with their other tags; 

surge suppressers, non – linear resistor/voltage sensor, voltage regulators/arrestors. 

 

They are competent to function over a larger – scale of voltage values. And therefore, their 

capabilities and functionality can be modulated in terms of size and voltage value as per the 

demand of the tool i.e., they can be used from higher voltage systems to modest voltage valued 

set – ups as well. They are effectively exercised in many industrial and domestic gadgets and 

devices; mobile phones, cameras, LED’s, TV’s, computers, notebooks, laptops, doorbells, 

smart house gadgets etc. They can work on both DC and AC and are capable of absorbing and 

suppressing both the positive and negative transient values. Varistor mechanism and structure 

necessitates inclusion of foreign materials to elevate its working conditions. They have poly – 



Chapter 1. Introduction 

 

 

27 

 

crystalline micro structure which is a crucial need for the existence of the Varistor – Effect 

[65][64].
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Chapter 2 
 

2 LITERATURE REVIEW 

 

Singhal et al. [2012] studied the DC electrical resistivity response, the structural 

characterisations and synthesis process for ZnO nanopowders; pure and doped with Cu in 

varying percentiles i.e., 5, 10, 15, 20, 25 and 30 at% Cu. The incline of the Cu nanopowders 

decreased the values for both the resistivity and activation energy. The activation energy gave 

values from ~ 0.67 eV for pure ZnO to ~ 0.41 eV for ZnO doped with 30 at% Cu content. The 

co – precipitation method was employed on to acquire the aforementioned nanopowders. A 

broad absorption band for Zn – O bond stretching was obtained at ~ 490 cm-1 which was 

confirmed through FTIR. Though the CuO peaks in 10 at% Cu solution were insignificantly 

apparent nonetheless, Powder XRD exhibited the peaks for ZnO and the structured doping of 

Cu up to 10 at% Cu sample composites. In the proceeding sample composites, the Cu peaks 

adjacent to CuO was confirmed with formation of separate secondary phases of CuO. A Quasi 

– spherical structural was observed using TEM analysis [70]. 

 

Cho et al. [2004] synthesised polyaniline (PANI) nanoparticles by disseminating them in the 

aqueous solution which were arranged with the utilization of polyvinyl alcohol (PVA) and poly 

(styrene sulphonic acid) (PSSA) which were further used as polymer stabilizers. The PVA 

based sample composite films were made with PANI – PSSA (PANI – PSSA/PVA) and PANI 

– HCl (PANI – HCl/PVA) for varying compositions of PANI. These were further procured by 

employing caster method to study the electrical conductivities of the said samples. The sample 

composite of PANI – PSSA (PANI – PSSA/PVA) exhibited an increase in the electrical 

conductivity beyond the threshold value as compared to PANI – HCl (PANI – HCl/PVA) 

composite because the percolation threshold value for conductivity was obtained around 10 

wt.% of PANI for PANI – PSSA (PANI – PSSA/PVA) solution. UV – visible spectrometer 

also showed an increased value for the doping level for PANI – PSSA (PANI – PSSA/PVA) 

sample. The spherical structure was obtained for PANI prepared by both the solutions, with 

PANI – PSSA (PANI – PSSA/PVA) giving nanopowders of size 50 nm along with uniform 
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distribution whereas a diameter of 150 nm was observed for the PANI – HCl (PANI – 

HCl/PVA) sample [71]. 

 

Karthik et al. [2010] used sol – gel method to synthesis anatase form of TiO2 nanoparticles 

and used Ni – doping to study the structural impact, optical properties and electrical response 

of the said nanopowders. The tetragonal structure was obtained through powder XRD which 

corresponds to the anatase TiO2. A crystallite size of 14 nm was acquired through TEM. The 

dielectric loss, tan δ and dielectric constant, ɛ' revealed a prominent frequency dependency in 

the frequency scale of 42 Hz to 5 MHz at room temperature. This behaviour was observed for 

the composite samples with varying levels of doping. At lower frequency scale, higher values 

for dielectric constant were obtained because of the production of the interfacial polarization 

which furthermore, were the resultant of the accumulation of mobile charge transporters at 

grain boundary. The frequency dependence of dielectric losses for the primal relaxation 

operations disclosed an asymmetrical structure. The AC – conductivity analysis showed the 

decline in the conductivity values with the increase of the Ni – dopant level for the composite 

samples [72]. 

 

Ma et al. [2008] studied the enhancement of electrical conductivity of carbon nanotubes, CNTs 

with the addition of silver nanopowders, Ag – NPs. The CNTs were put into operation through 

ball mining method in the company of ammonium bicarbonate, which were further followed 

by the reduction process of silver ions in N, N – dimethylformamide and as a result silver 

decorated CNT’s, Ag@CNTs were fabricated. Next, electrically conductive composites of 

polymer were produced by applying the Ag@CNTs obtained as the conducting filler in the 

epoxy resin. The mechanical, electrical and thermal characteristics of pure and functionalised 

CNTs were studied with comparisons to the aforementioned composites. The results showed 

that at pH ~ 6, the highly dispersed Ag nanoparticles could feasibly decorate the CNT’s. The 

electrical conductivity of the 0.10 wt.% of Ag@CNTs sample composites were observed to be 

greater than the four order of magnitude, which were higher as compared to the pure and 

functionalised CNT consisting of the same content [73].  

 

Alshehri et al. [2012] showed an amplification in the values of electrical conductivity up to 

frequency scale of 220 GHz, for the silver nanopowders (nAg) that were obtained through 

screen – printing at lower temperatures. It was observed that the electrical losses in the co – 
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planar waveguide structures procured through nAg has lower values at 350℃ temperature and 

frequency > 80 GHz, in comparison to the counterpart thick film Ag – Nano sized conductors 

synthesised at 850℃. This upgraded electrical production was the resultant of the superior 

packing of the Ag – NPs, which furthermore lessened the roughness of the surface amounting 

by the factor of 3. The work discussed the applicational forefront of the silver nanopowders in 

the arena of temperature sensitive substrates with sub – THz metamaterials at higher frequency 

spectrum [50]. 

 

Vidyasagar et al. [2011] used one – step mechno – mechanical procedure called solid state 

reaction synthesis process in the attendance of poly – ethylene glycol 400 for the preparation 

of the semi – conducting nanopowders, individually and when doped with copper; ZnO, CuO, 

CdO, Cu – ZnO, Cu – CdO. In this method, they proceeded with physical size reduction of the 

sample materials through grinding them in desired nanoscale scale via both conventional and 

chemical ways. This paper aimed to study the effect of temperature on the optical properties of 

the aforementioned samples. The applicational prospects considered were; photovoltaic cells 

and higher absorbance values in case of solar energy. The Cu – ZnO composite gave 3.28 eV 

as the value for band gap whereas, Cu – CdO gave the value in the range of 2.80–2.21 eV. The 

prepared samples were studied for their structural confirmation using XRD, FTIR and FESEM 

– EDAX and UV – vis absorption spectra was done to study the optical properties. The XRD 

results obtained showed that the values of the band gap energy values showed a decline as the 

annealing temperatures of the samples were increased, which led to the enhanced crystallinity 

of the sample powders. This observation was attributed to the fact that the doping of Cu made 

the lattice constants change its values to a specific extent [74]. 

 

Pourbeyram et al. [2019] prepared the fabricated a non-enzymatic glucose sensor for the 

detection of glucose that was a pencil-based graphite electrode (PGE) which was further 

enhanced using a composite of modified by copper oxide nanoparticles decorated with reduced 

graphene oxide (CuO (NP) / rGO – PGE). Improved Hummer’s Method was used for the 

synthesis of GO powders and the rGO – PEG was prepared by putting the PEG in the GO 

suspension and further reducing it for obtaining the rGO – PEG sample. The XRD results 

showed that GO was electrochemically reduced and gave confirmation regarding the formation 

of CuO on the surface of PEG. A nano – porous structure was confirmed through SEM analysis 

and TEM showed the homogeneous formation of CuO on rGO that exhibited semi – spherical 
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shape following the diameter scale range of 3 – 5 nm. The samples exhibited that immobilized 

CuO nanopowders displayed a stronger stability in the alkaline solutions with higher electro – 

catalytic values towards the glucose oxidation. The values were obtained using amperometry 

in the detection limit of 0.091 (±0.003) μM and 4760 (±3.2) μAmM−1 cm−2 for concentration 

sensitivity. The showed their candidacy in the applicational sectors where the concentration of 

glucose determination needs to be done in the human blood [75]. 

 

Baturay et al. [2017] investigated the n – type conduction for the pristine and Cobalt, Co metal 

doped CuO thin films. The sample were prepared using spin – coating technique and the 

procured thin films were studied for their structural and electrical framework through Van der 

Pauw Hall measurement system. XRD exhibited the impact on the structure of CuO thin films 

because of the varying concentration ratios. The transmutation of the conductivity by 3% of 

cobalt doped content was obtained. UV – Spectroscopy in the wavelength scale of 300 – 1100 

nm was used for analysing the effects of doping the metal on the optical band gap width and 

the values for optical band gaps were obtained around 1.43 eV, 1.44 eV, 1.44 eV and 1.42 eV 

for un – doped and 2 %, 4%, 6% Co doped – CuO thin films respectively [76]. 

 

Dang et al. [2011] used chemical reduction technique to synthesis colloidal samples for nano 

– sized Copper using water and ethylene glycol, EG. The difference in the impact of using the 

aforementioned solvents and surfactants on copper was investigated through XRD, UV – 

spectroscopy and TEM. The results for surface plasmon resonance were taken immediately 

after the synthesis process and it was obtained around 551 nm and 579 nm for colloidal copper 

in EG and water respectively. Also, the stability factor for the colloidal copper in ethylene 

glycol was observed to be longer as compared to water. The sample solution in water changed 

its colour from lighter – red to black and after time period of 22 days, precipitation took place 

which was associated with the oxidation process of copper in copper (I) oxide and it was further 

confirmed using optical absorption measurements. Whereas, the sample solution in EG had red 

colour attributed to it and it displayed a stability even after 2 months. In this work, polyvinyl 

pyrrolidone was used to control size and to also act as a polymeric capping agent. This prevents 

the nuclei from the production of polar groups agglomeration, because the copper nanoparticles 

get effectively absorbed on the surface forming coordination bonds. The capability of ascorbic 

acids to find available radicals and reactive oxygen molecules helps with its anti – oxidant 

properties for the colloidal copper samples [77].  
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Thema et al. [2015] used certain specific tools to understand the nature of the molecular 

bonding and structural nature of the CdO nanopowders. X – Ray Diffraction (XRD) was used 

to obtain the structural build – up and as well the lattice parameters of the nanopowders. The 

vibrational properties were studied using Attenuated Total Reflection - Fourier Transform 

Infrared spectroscopy (ATR-FTIR). The molecular level analysis was done via Raman 

Spectroscopy and the surface and elemental ration analysis was done using High Resolution 

Scanning Electron Microscopy (HRSEM), X – Rays Fluorescence (XRF) and Energy 

Dispersive X – Ray Spectroscopy (EDS). This paper opted on preparing the CdO nanopowders 

via a non – toxic and green route using plant extract namely; Agathosma betulina which was 

to be used as an effective agent for bio – reduction and bio – oxidation processes [78]. 

 

Ranjithkumar et al. [2016] studied the synthesis process and the structural characterizations 

for CdO and Fe – doped CdO nanopowders. The sample powders were obtained through the 

process of chemical co – precipitation method. The structural behaviour was studied through 

various characterization tools; the XRD analysis confirmed the crystal phase of the sample 

powders which was observed to be face centred cubic structure (FCC). The vibration pattern 

was obtained using Fourier Transform Infra – red spectroscopy. The topographical morphology 

was done via Field Emission Scanning Electron Microscopy and the elemental ratio as well the 

constituting elements was obtained using Energy Dispersive X – Ray analysis. UV – Visible 

analysis was done to attain the absorption spectra [79]. 

 

Askarinejad et al. [2009] prepared the nano – sized samples for cadmium (II) carbonate, 

CdCO3 and cadmium (II) hydroxide, Cd (OH)2 using hydrothermal and sonochemical routes 

of synthesis processes at the air and inert temperature atmospheres for varying conditions. 

Whereas, cadmium (II) oxide, CdO was obtained by thermally treating CdCO3 and Cd (OH)2 

at a temperature of 400 ℃. The structural investigations were done through scanning electron 

microscopy, SEM and powered x – ray diffraction, XRD techniques. The results from XRD 

revealed that the CO2 was the reason behind the CdCO3 production [80]. 

 

Saha et al. [2008] used radio frequency magnetron sputtering route to synthesis a highly 

conductive and transparent titanium doped – CdO thin films. A defined set of environments 

with substrate temperature of 473 K and 0.1 mbar of pressure in Ar atmosphere was used to set 

down the thin films on the silicon and the glass substrates using varying Ti – percentages. The 
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said sample films were studied on for electrical and optical characteristics and XRD, AFM, 

XPS and UV – vis – NIR spectroscopy were used to obtain results regarding the 

crystallographic structures. A rock – salt structure was observed for the sample composite thin 

films. A structured incline was obtained in the values for the optical band gap and electrical 

conductivity with the increase in the Ti – content [81]. 

 

Navale et al. [2007] studied the varistor values for the Tantalum doped Titanium dioxide, Ta 

– doped TiO2. The current versus voltage studies were conducted on the composite mixture 

with addition of 0.05–0.5 at. % Of tantalum pentoxide. The non – linear coefficient was 

obtained in the range scale of 25 – 30 with breakdown field strength, EB approx. around 4000 

V / cm. Schottky equation was used to compute the grain boundary barrier values which was 

formed on the surface of the acceptor due to absorption of oxygen whilst the sintering and 

cooling of the sample. The work was done on the pellets of the sample material and structural 

studies were done via XRD and varistor analysis was done using the current – voltage plot and 

certain formulae [82]. 

 

Oh et al. [2004] procured the pure form of titanium dioxide in two of its forms; rutile and 

anatase using the procedure of in – flight oxidation of titanium nitride powder in RF thermal 

plasma reactor. The obtained sample powders gave 93 % pure TiO2 anatase nanopowders with 

higher oxygen content. Hydrogen was added in the oxygen deficient TiO2 rutile phase to obtain 

purest form of rutile with average diameter of particle size of 50 nm. The formation of 

structures and presence of said phases were confirmed through optical microscopy, Raman 

spectroscopy, XRD and FESEM [83]. 

 

Zhang et al. [2008] modelled a newer kind of humidity measuring sensor. The work used 

anodic oxidation reaction procedure to procure TiO2 nano – sized powders and calcinated them 

at 5 temperatures; 300 ℃, 400 ℃, 500 ℃ and 600 ℃. The study was done to understand the 

effect of different temperatures w.r.t humidity sensing capability. The sample nanopowders 

that underwent the thermal treatment at 600 ℃ exhibited high sensitivity having approximately 

two order change in the values of the resistance. The results for recovery time were obtained 

to be < 190 sec and a shorter time period was also observed for response time. The obtained 

sample powders were characterised using XRD and FESEM tools [84]. 
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Yadav et al. [2008] prepared the composite samples consisting of ZnO – TiO2 nano – 

composites to investigate the humidity sensing and sensing properties of the said composites. 

The structural characterizations were studied at varying temperature scales using XRD and 

SEM tools. The best results were obtained at room temperature set at 19 ℃. The minimal size 

for the nanoparticles was 50 nm and the highest values for sensitivity obtained was 18 MΩ / 

%RH at the set ambient temperature. The radii of the pores, known as Kelvin Radii was also 

calculated and the average value measured at 8.35 Å [85]. 

 

Thampi et al. [2015] worked on improving the anti – bacterial nature of the fabrics by 

introducing immobilized CuO and PANI nanopowders as one of the raw materials to be used 

whilst the synthesis process of the fabrics. The chemical precipitation method was used to 

obtain CuO nanopowders. The CuO and PANI matrix was settled down onto two types of 

fabrics; woven fabrics (WF) which were prepared by weaving and are cellulose rich and the 

other one was non – woven fabrics (NWF) which are also the regenerated fabrics that are 

porous – flat sheets, obtained from the chemical, mechanical, heat – solvent processes. These 

have their uses in textile and medical industries respectively. PANI – matrix was used to slow 

down the Cu – ion release on to the fabrics and then were coated on the sample fabrics for 

further analysis. The results obtained underwent characterization tools as; XRD, FESEM – 

EDAX, Raman Spectroscopy and TEM for the understanding of the structural domain of the 

samples obtained and as well to observe the values for the types of bonds obtained. The 

monoclinic structure with size = 50 nm was observed for the CuO nanopowders and agar 

diffusion plate method was used to study the anti – bacterial activity of CuO coated sample 

[86]. 

 

Zeng et al. [2010] synthesised a conducting polyaniline nano – fibres-based humidity sensor 

and its response time to change in the humidity. A shift in the oxidation state of polymer and 

an abnormal amount of water absorption was confirmed by IR – analysis. The behaviour 

obtained was found to be very distinguishable as compared to the conventional sensing 

materials. the sensors response when subjected to lower humidity environments i.e., < 50 % 

RH, a decline in the electrical resistance was observed w.r.t. increasing humidity values. 

Whereas at > 50 % RH, there was an increase in the electrical resistance with regards to 

humidity. This “reversed behaviour” was attributed to the polymer swelling due to the 

distortion of the nano – fibres [87]. 
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Vijayan et al. [2008] fabricated a humidity sensor using optical fibre of Co – Polyaniline clad. 

The recovery time was obtained to be 1 min for 95 – 20 % RH and the high – speed response 

time of 8 secs for 20 – 95 % RH was acquired for the fibre optical wavelength in the range 

scale of 20 – 100 % RH. The response results obtained by the sensor was observed to 

completely reversible, reproducible and repeatable. The length and thickness of the clad was 

also reformed by eliminating the primal cladding of the commercially acquired plastic optical 

fibre for much finer execution. Co – immersed Polyaniline which was deposited as clad had 

thickness and length of 10.38 µm and 10 mm respectively. FTIR, SEM and XRD were 

employed on for the studying the structural and surface morphology [39].  

 

Trchová et al. [2014] studied oligoaniline and polyaniline thin films for Raman Spectroscopy. 

These thin films were transferred via in – situ route on the non – conductive silicon supports 

whilst the chemical oxidation for aniline was taking place using ammonium persulfate in 

numerous liquid mediums. Polyaniline films exhibited globular structure when the 

polymerization was proceeded in a stronger sulphuric acid solution whereas, polyaniline 

nanotubes were obtained when the polymerization was done in a weaker medium; succinic 

acid, acetic acid and water – solutions. When the oxidation polymerization of aniline was 

carried following alkaline conditions, aniline oligomers were obtained having micro – spherical 

morphology. FTIR analysis showed that oligomers acquired at the initial stage of the oxidation 

process exhibited similarity nonetheless of the acidity levels of media, but the molecular 

morphology was unexplainable. The effect of the smooth gold support for Raman spectroscopy 

was done for the said sample thin films [88]. 

 

Zong et al. [2013] used a rational route to synthesis the novel composite mixture of rGO / 

Fe3O4 / Ag to study the microwave absorption capacity of the aforementioned sample. GO was 

obtained using Hummer’s Method whereas rGO and rGO / Fe3O4 composite was prepared by 

the in – situ process in which Ag was gradually added to enhance the absorption reaction of 

the composite. The synthesised sample gave – 58.1 dB of maximum reflection loss at 9.0 GHz 

constituting of thickness of 2.6 mm. The absorption bandwidth was obtained around 13.4 GHz. 

Higher values for the microwave absorption capacity were acquired for the studied sample 

composite mixture [89]. 
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Govarthanan et al. [2014] took the green synthesis route for the production of silver 

nanopowders using the traditional Indian farming formulating agent Panchakavya. Silver 

nitrate solution of 1mM was prepared and mixed with the formulating agent Panchakavya. The 

obtained dispersion was than studied on by using surface plasmon absorbance at 430 nm. 

Structural (XRD and FTIR) and morphological (FESEM – EDX and TEM) characterizations 

were also done to study to confirm the presence and formation of silver nanopowders. The 

process of reduction and capping of Ag nanopowders because of the proteins present in 

Panchakavya was confirmed through FTIR. Furthermore, the anti – bacterial study of the said 

synthesised Ag samples were also researched and it was found that acquired Ag sample 

powders showed the capability of declining the growth rate of bacteria as; Acinetobacter sp., 

Aeromonas sp., and Citrobacter sp. The used method of synthesis was observed to be non – 

toxic, organic and eco – friendly [90]. 

 

Power et al. [2010] fabricated Ag – Polymer nanopowders composite humidity sensor. Silver 

was obtained using chemical reduction method where an aqueous colloidal dispersion was 

assembled. UV – vis spectroscopy, XRD, dynamic light scattering and TEM were studied for 

material characterisations. The average dimeter for the nanopowders was obtained around 20 

– 22 nm. To study the humidity sensing capability of the said sample, Ag – Polymer composite 

was layered on to the platinum digital electrodes as sensing coats. At 1 V, the produced current 

was observed to in direct proportionality w.r.t the humidity levels. The values obtained 

exhibited selective, quick and reversible responses which were proportional to humidity levels 

in the humidity scale range of 10 – 60 % RH. The working of the sensor response was also 

done and observed to be in accordance with the theory for the second order Langmuir 

adsorption framework [91]. 

 

Narasimha et al. [2013] investigated the eco – friendly synthesis procedure for silver 

nanopowders using Actinomycetes, the structural characterisations and the anti – bacterial 

properties for medical field were also studied. The silver nanopowders were procured through 

extracellular synthesis procedure which included the usage of Actinomycetes that were 

separated from the mangrove soil and they exhibited an average size around 5 – 50 nm. The 

structural analysis was done using FTIR and UV – visible spectroscopy and the morphology 

was studied using TEM. Exceptional sets of results were observed for the anti – bacterial facet 
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for the said sample powders when used for both the multi – drug resistance negative and 

positive bacterial strains [92]. 

 

Guo et al. [2016] fabricated a computer – aided humidity sensor having fast response and 

higher levels of humidity sensitivity using graphene oxide. This COSMOL framework was an 

interdigital capacitive humidity sensor and the theory for diffusion methods of water molecules 

and the impact on the capacitance values were also provided. The capacitance values have been 

obtained for varying relative humidity stimulations and its effects on the structural variables 

have also been studied. These values show the capability to be used as reference work to design 

an electrode in order to elevated the humidity sensing abilities of the sensor. The dynamic 

process simulation was used to study the response time of the module and the results acquired 

exhibited an upgraded behaviour, which further makes it a candidate for the gas capacitive 

sensors as well [93]. 

 

Li et al. [2009] used reduction synthesis route on graphite oxide and H2PtCl6 to acquire the 

graphene nano structured sheets which were layered with platinum, Pt. These graphene sheets 

were studied for the electrochemical behaviour. The results showed an elevated catalytic 

characteristic regarding the methanol oxidation process. The positive results of the 

electrochemical studies showed the potency of Pt / graphene nano – composites to be used as 

catalysts transporters for electro catalysis and fuel cells [94]. 

 

Sohail et al. [2017] used different types of Hummer’s method; Modified Hummer’s Method 

and Improved Hummer’s Method to obtain the graphene oxide nanopowders and further used 

these sample powders to understand the difference between the values obtained for capacitors. 

The results showed that GO – powders exhibited approximately same physico – chemical 

nature. Structural studies were done using XRD and FTIR, both of them confirming the 

production of the GO – nanopowders by providing details regarding semi – crystallite phase of 

the sample. The crystallite size was obtained in the range scale of 27 – 28 nm. Impedance or 

Dielectric studies provided with reasoning of them being active at lower values of frequency 

which was found because of the interfacial polarization and furthermore, showing relaxed 

behaviour whilst being present at high frequency. The dielectric tangent loss was obtained to 

be 0.03 – 0.39 and 3.1 – 3.9 eV was observed to be range scale for the optical band gap energy 

[95]. 
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Ahmad et al. [2016] studied reduced graphene oxide for its relative humidity sensing 

properties which were based on a tapered single mode microfiber loop resonator, MLR of 

diameter 4.04 µm. The refractive index of the MLR – microfiber was improved through 

environmental humidity and the emission wavelength exhibited a change in its values w.r.t the 

RH – levels. The consideration for rGO was done on the basis of the inert nature of the material 

to have higher sensing capability with exceeding reduction in the recovery times and response 

times and as well having higher water permeability. The tapered fibres were analysed with and 

without the inclusion of rGO content. The fibres having rGO content gave a shift w.r.t 

increasing relative humidity. The sensitivity values for rGO – tapered fibres were obtained to 

be 0.0537 nm / % RH in the 30 – 50 % RH relative humidity scale as compared to 0.0316 nm 

/ % RH, which was observed for the fibres without rGO content [96]. 

 

Park et al. [2018] studied rGO / MoS2 sample composite for room temperature humidity 

sensing because of the oxygen rich functional groups of rGO and dangling bonds present at the 

edge sites in MoS2. The hydrothermal route of synthesis was used to obtain two – dimensional 

rGO / MoS2 hybrid (MS – GOs) nano – composites. rGO and MoS2 were used in varying molar 

ratios and further drop – casted on a SiO2 substrate having a Pt – interdigitated electrode. This 

optimised sensor device displayed exceeding behaviour with regards to sensitive nature, 

selectivity and recovery and response time and as well as showed satisfactory linearity. This 

behaviour of the sensor was attributed to the p – n junction existing in the middle of rGO and 

MoS2. The study showed the excellent performance rate and response time for 2D – 2D 

heterojunction and thus concluded its uses as chemo resistive humidity sensors [59]. 

 

Mohan et al. [2015] studied the structural characterisations of reduced graphene oxide 

procured using different reducing agents and the impact on its behaviour with regards to 

electrical conduction because of the aforementioned agents. The reducing agents used in 

synthesis process were; Hydroiodic acid (HI), Hydrazine Hydrate (N2H4) and Hydrobromic 

acid (HBr). XPS, Raman spectroscopy and XRD were employed on to understand the structural 

nature and behaviour or rGO and to compare the results so as to orderly upgrade its electrical 

conduction. The electrical conduction value was obtained to be 103.3 S cm-1 for the rGO 

reduced using HI acid, which was observed to be best results in comparisons to the results 
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obtained for the same using HBr acid and N2H4. The rGO obtained using HI acid also gave 

better flexibility [97]. 

 

Bidadi et al. [2013] studied the usage range of the gallium arsenide–polyaniline–polyethylene 

(GaAs – PANI – PE) composite varistors. The applicational domain was found between 46 V 

up to 54 V over voltages and furthermore, the values for bandgap, the breakdown voltage and 

the non – linearity attached to it exhibited an increase with the raise in the temperature it was 

being sintered but the hysteresis showed a decline in the values. The studies were conducted 

on the sample pellets that were hot pressed at pressure of 60 MPa and were sintered at varying 

temperatures [98]. 

 

Cristovan et al. [2011] prepared the organic polymers varistors using different categories of 

polymer materials; a conducting polymer i.e., PANI (polyaniline), a dielectric polymer and 

copolymer of acrylonitrile – butadiene – styrene composite. The results exhibited low – voltage 

varistor values consisting of approx. 10 V as breakdown voltage and 5.0 as non – linear 

coefficient. These materials showed stronger stability during the time duration of repeated 

voltage – current cycles. The studied composites were observed to be flexible with their nature, 

had inexpensive raw materials and the synthesis procedures were easy as well [99]. 

 

Lu et al. [2009] studied the electrical stability and varistor properties of ZnO thin films which 

were deposited by Gas Discharge Activated Reaction Evaporation (GDARE) technique. The 

micro-structural properties were examined by X-ray diffraction (XRD) and Atomic Force 

Microscope (AFM) and electrical nature was investigated by studying the I-V Graph. The ZnO 

thin films were annealed at 250 °C for 2 h and their varistor graph showed a strong nonlinear 

varistor-type I-V characteristics. Under the influence of a certain DC bias at the respective of 

temperature of 150 °C, the thin films proclaimed a good electrical stability. The structural 

characterization technique showed the polycrystalline structure of the films [100]. 

 

Gaponov et al. [2010] studied the SnO2 – Co3O4 – Nb2O5 – Cr2O3 composite ceramic varistor 

with the gradual addition of CuO for its electrical properties as well as their current – voltage 

response and temperature dependency attributes. It was found that the non – linearity showed 

an increase in the values in the range of 0 – 0.5 mol % CuO from 54 to 75 and further gave 

decrease in range of 2 – 8 mol % CuO with the values 3 – 7 range. The nature of non – linearity 
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was observed to be diminishing with increase in the amount of CuO added and the thickness 

dependence on the aforementioned trait has also been studied [101]. 

 

Fernandes et al. [2009] formed a morphologically homogenetic material which showed large 

particle size and purity. These characteristics were studied and confirmed through Scanning 

electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FT-IR), thermo – gravimetric (TGA) and differential scanning calorimetry (DSC). ZnO, CuO 

and a mixed composite Cu0.05Zn0.95O were synthesised with the sol-gel method using poly 

(vinyl alcohol) [PVA] aqueous solutions and the respective metal nitrate precursors. The 

average nano-crystallite size for ZnO and Cu0.05Zn0.95O was found to be 25-30 nm and 40nm 

for CuO which was calculated using the Scherrer’s equation [102]. 

 

Cui et al. [2020] studied ZnO-Bi2O3 based ceramics varistors which were sintered at low 

values of temperatures i.e., 900°C for only 2 hours and these were fabricated using 

conventional solid-state method. The research was done for non-linear coefficient and electrical 

breakdown voltage values. The studies were conducted using doped composite ZnO-Bi2O3-

Co2O3-MnO2 [ZBCM] for Bi-Sb-O phase. The results for the experiment concluded that 

ZBCM-Bi-Sb-O phase was capable of undergoing sintering at higher densities (above 0.98) 

and at the same time exhibiting non-linear coefficient (α) value = 53.0 which the result of an 

improved barrier height value = 1.85 eV. Moreover, smaller values of leakage current density 

were obtained due to the increased grain resistance and dielectric loss being its lowest at lower 

frequency values [103].  

 

Muremi et al. [2021] analysed the degradation effect on electrical properties of ZnO low-

voltage varistors that were under the influence of voltage switching surges. It was studied that 

functioning capability of ZnO varistors were determined from its physical-electrical properties 

and the type of stress that were applied. The conclusions were derived by comparing low-

varistors that same kind of electrical properties and sizes but were obtained from different 

manufactures A and B. These varistors then underwent Ac switching surges. Pearson 

correlation equation was used to study the degree of the relationship between the clamping and 

reference voltages. The mean percentile change for reference voltage value was obtained above 

10 – 11% for manufacture A and in 9.19 – 10.11% range for manufacture B respectively. An 
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increase in calculated clamping voltage ratio was obtained with decrease in capacitance under 

the applied surges [104]. 

 

Shaifudin et al. [2019] fabricated a low voltage varistor with composites of ZnO and BaTiO3 

through solid state reaction synthesis process. Various characterisation such as; XRD (X-Ray 

diffraction), EDS (Energy Dispersive X-Ray Analysis Spectroscopy), SEM (Scanning Electron 

Microscopy) were studied to understand the effects of BaTiO3 on ZnO varistor microstructure. 

Current density and electric field plot were analysed to investigate the electrical properties of 

above-mentioned sample composite varistors. The results exhibited that nonlinear coefficient 

value was obtained within range of 1.8 – 4.8 with barrier height values falling in range from 

0.70 – 0.88 eV. Varistor voltage of values from 4.7 – 14.1 V/mm with voltage grain boundary 

values from 0.03 – 0.05 V were obtained with the usage of BaTiO3 additive produced. 348 

µA/cm2 was acquired as lowest leakage current density value. The studies also concluded that 

as a result of increasing BaTiO3 content, barrier height values showed a decrease because of 

presence of O – vacancies in grain boundaries [105]. 

 

Staikos et al. [2020] researched the frequency response for low voltage metal oxide varistors 

that were used as circuit protectors in industrial sectors of telecommunication systems. The 

study of current voltage plot was done w.r.t. several excitation frequency values. A crossover 

point was obtained where effect of frequency on varistor resistance exhibited a reversal 

behaviour. It was observed that varistor resistance values that were obtained less than crossover 

current values showed a linear decrease with frequency. The objective of research work was 

aimed to study the development of metal – oxide varistors keeping in consideration the effect 

of frequency on the electrical properties of devices and its overall functionality [106]. 

 

Syaizwadi et al. [2021] worked with nonlinear coefficient property of cobalt oxide Co3O4 and 

barium titanate BaTiO3 composites that were used as additives in varying for the ceramic ZnO 

varistor structure. The analysis was done through the investigation of plot for current density 

and voltage density characteristics. Nonlinear coefficient gave an increased value of = 4.3 when 

12 wt.% BaiO3 sample was studied but on the other hand, the varistor voltage value underwent 

a decrease in value from 8.9V/mm to 7.o V/mm when Co3O4 content was increased from 0.5 

wt.% to 1.5 wt.% respectively. Moreover, barrier height values exhibited an increase in the 

values 0.88 to 0.98 eV for 0.0 to 1.0 wt.% for Co3O4 concentration. 7.2 was observed to be 
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highest value acquired nonlinear coefficient for 0.5 wt.% Co3O4 concentration which was 

considered to be the performance value for the ceramic varistors. however, as the cobalt content 

was increased the nonlinear value exhibited decreasing plot. This was because of reduction in 

barrier height due to the variations in electronic states at the grain boundaries as it led to 

formation of spinel phase [107]. 
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Chapter 3 
 

3 METHOD OF SYNTHESIS 

 

There are numerous methods for the synthesis of nano – structured materials (Figure 3.1). In 

the present work, the powdered form of the nano – structured materials are used. The desired 

transparent metal oxides; Copper Oxide (CuO), Cadmium oxide (CdO) and Titanium Dioxide 

(TiO2 – anatase) are synthesized using Sol-gel method, with the usage of nitrates of the 

materials. The conductive form of polymer; Polyaniline (PANI) is obtained through the 

employment of Oxidative Polymerization Process. The Top – Bottom approach of the wet 

chemistry method is used for the production of silver nanopowders. Modified Hummer’s 

Method is being used for the production of Graphene Oxide (GO) and the conducting form of 

graphene derivative i.e., Reduced graphene oxide (rGO) is procured by the reduction process 

of GO using hydrazine hydrate. 

 

 

 

Figure 3.1 Figurative representation for the various routes of synthesis on nano – powders 

[108]. 
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3.1 Sol – Gel Method 

 

The Sol-Gel Method is a wet chemical method that is been substantially utilized in obtaining 

the desired materials. This method is more favoured over other categories of material synthesis; 

co-precipitation method, hydrothermal method, solid state method available and the credit goes 

to its unique and yet easy advantages as: performed at low temperature, easy to control and 

perform, complex appliance/ instruments are not required hence making this method low cost 

effective and simple process and can have better hold of the desired particle size and porosity, 

highly homogeneity and can also be used for the synthetization of the thin films. The raw 

materials that are commonly metal nitrates or alkoxides are dissolved in a liquid medium as: 

ethylene glycol, water or a suitable acid to compose a colloidal suspension known as ‘SOL’ 

which is further accompanied by the aging and subsequent heating of the sol to obtain then 

called ‘GEL’. A colloid that is suspended in a liquid is called a sol whereas a suspension that 

keeps its shape is called a gel, thence the name SOL-GEL [109] (Figure 3.2). 

 

 

 

Figure 3.2 Illustration of the Sol-Gel Method and its various synthesis routes. 
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3.1.1 Sol – Gel Auto Combustion Method 

 

The GEL which is procured by the employment of the above-mentioned procedure is then 

further facilitated by heating / drying of the gel at higher temperatures which is a self – ignition 

process that happens due to catalyst added in solution i.e., polyvinyl alcohol (PVA) or citric 

acid. This self – ignition step is called ‘auto – combustion’ which evaporates the liquid channel 

and converts the gel into a ‘Precursor’. This precursor furthermore undergoes the thermal 

treatment; annealing, sintering or calcination at respective temperatures as per the requirement 

(Figure 3.3). After this step, the resultant nanopowders are the desired outcome that are further 

used for the purposes of structural characterizations and to check its applicational prospects. 

This method is being used to synthesize CuO nanopowders (Figure 3.4) and CdO nanopowders 

(Figure 3.5). 

 

 

Figure 3.3 The step – by – step schematic illustration of sol – gel auto combustion method 

[109]. 
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• Synthesis process of Copper Oxide, CuO. 

 

 

Figure 3.4 Diagrammatic representation of Sol – Gel Auto – Combustion method of 

synthesis for CuO nanopowders. 

 

• Synthesis process of Cadmium Oxide, CdO. 

 

 

Figure 3.5 Diagrammatic representation of Sol – Gel Auto – Combustion method of 

synthesis for CdO nanopowders. 
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3.1.2 Ultra-sonic assisted Sol – Gel Method 

 

In this step the obtained sol from the sol – gel method step does not undergo auto – combustion 

step as the chemicals involved are extremely volatile and can lead to explosion or fire. Rather, 

the sol undergoes the ultrasonic treatment to make the particles of the solution homogeneous 

(Figure 3.6) and henceforth, heated till the water content gets evaporated and gel is left behind. 

This gel is then dried at lower temperatures in order to break the remaining water bonds and to 

obtain a solid form of the sample. The sample is obtained with flak – like structure and it is 

further calcinated at desired temperatures to get the desired sample nanopowders. TiO2 – 

anatase nanopowders (Figure 3.7) are obtained using the ultrasonic assisted sol – gel 

procedure. 

 

 

 

Figure 3.6 Figurative description of the placement of the solution in the ultrasonic water 

bath. 
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• Synthesis process of Titanium Dioxide, TiO2 - anatase. 

 

 

 

Figure 3.7 Diagrammatic representation of Ultra – Sonic assisted Sol – Gel method of 

synthesis for TiO2 (anatase) nanopowders. 

 

3.2 Oxidative Polymerisation Method 

 

The conducting form of polymers i.e., Polyaniline (PANI) was synthesized on by the usage of 

chemical oxidative polymerization method. In this process, a catalyst protonic acid; HCl is 

used as a dopant whereas ammonium Persulphate solution (APS) is used as an oxidizing agent. 

The whole procedure takes place in the water bath with placement of large amounts of ice 

because the synthesis of PANI takes around 0 ℃ (Figure 3.8) and also the presence of large 

amounts of monomer and HCl acid makes the process extremely exothermic. The heat 

produced can result in combining of the aniline monomer hastily and therefore to slow down 

the reaction and to have quality polyaniline sample, the temperature is dropped down below 0 

℃ (Figure 3.9). 
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Figure 3.8 Figurative description of the placement of the PANI solution with temperature at 

0 ℃ [110]. 

• Synthesis process of Polyaniline, PANI. 

 

Figure 3.9 Diagrammatic representation of Oxidative Polymerisation method of synthesis for 

PANI nanopowders. 
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3.3 Top – Down Method 

 

Wet chemistry method was used to obtain the silver nanopowders. There are numerous 

techniques involved in the above-mentioned method and they are widely assorted in two 

categories: top – down and bottom – up method (Figure 3.10). 

 

 

 

Figure 3.10 Figurative representation of the Top – Down and Bottom – Up methods of 

synthesisation [111]. 

 

In this paper, ‘top – down process’ was used which means breaking down of the clustered and 

bulk of the material into smaller sized nano – particles. At first a stable colloidal dispersed 

solution of silver is obtained in water or other organic liquid solvents and which is further made 

to undergo the reduction step using a reducing agent such as; sodium borohydride or citrate. 

This step leads to the formation of the agglomeration of the nanoparticles, which are further 

broken down into desired sized nano structures by other means (Figure 3.11). The obtained 

sample powders with this process produces nanopowders with micro sized dimensions, no 

chemical purification is needed and also allows its easy deposition on the larger substrate 

surfaces. This process as well allows the production of the sample nanopowders on large scale 

[112][113][114] (Figure 3.12). 
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Figure 3.11 Figurative description of the cluster formation and breakdown of the solution. 

 

There are specific experimental requirements that are a necessitate to implement prior to the 

synthesis process. 

 

• Pre – Conditions for the Experimental Course of Action: 

 

(I). Surplus volume for Sodium Borohydride (NaBH4): the excessive amounts of NaBH4 

was required in the synthetisation procedure as it is an important constituent that stabilizes 

the Ag – nano – powders. 

 

(II). Requirement of the Ice – Bath: now, NaBH4 is an exceedingly strong reducing 

medium, so at room temperatures (or hot waters), NaBH4 can very well interact with the 

nitrate – ions because with temperature rise the rate of reactivity also shows an ascent and 

this will lead to secondary reactions taking place that will in – turn reduce the Ag – ions. 

So, with purpose to obtain the desired sample products, cooling throughout the reaction is 

required to kept – up. The equations for the reactions; Primary (Preferred Reaction) and 

Secondary are shown below. 

 

 𝑁𝑎𝐵𝐻4 + 𝐴𝑔𝑁𝑂3  → 𝐴𝑔 +  
1

2
 𝐻2 +  

1

2
𝐵2𝐻6 + 𝑁𝑎𝑁𝑂3 (Ice – Bath) = Primary Reaction. 

 

𝑁𝑎𝐵𝐻4 + 𝐴𝑔𝑁𝑂3  → 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑎𝑛𝑑 𝐵𝑜𝑟𝑎𝑥,  as Hydrogen will react with Ag – ion and 

reduce the Ag – ions instead of 𝐵𝐻4
− ions (Room Temperature) = Secondary Reaction. 
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Here, Hydrogen (H2) and Diborane (B2H6) were the gases and therefore, during the stretch 

of the procedure, they evaporated. Sodium nitrate (NaNO3, due to being salt, dissolved in 

the water only. Ag was the required product. 

 

• Synthesis process of Silver nanopowders, Ag – nps. 

 

 

 

Figure 3.12 Diagrammatic representation of Top - Down method of synthesis for Ag – 

nanopowders. 

 

3.4 Modified Hummer’s Method 

 

Graphene Oxide (GO), the derivative of graphene is generally obtained from the graphitic 

powder using the Modified Hummer’s Method which is the most extensively method of 

synthesis. This process includes the usage of chemicals as: Sulphuric Acid (H2SO4), Potassium 

Permanganate (KMnO4), Hydrogen Peroxide (H2O2) and Hydrochloric Acid (HCl) and also 

includes filtration process. H2SO4 acts as a catalyst that optimizes the graphite surface in order 

to have functional groups attached onto its surface in the presence of a reagent, whereas KMnO4 
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is the oxidizing reagent. H2O2 is added in the concluding step of the said route in order to cease 

the oxidation reaction with the excess of KMnO4 from happening i.e., by removing the – COOH 

functional groups therefore, reducing the O – content. The resultant of filtration process is then 

heat – dried to obtain the powdered form of GO. The hummers method has been physically 

revised a lot through the years for the convince of the usage and to obtain a considerable amount 

(Figure 3.13). 

 

The advantages of the modified hummers method outweigh other methods: (1). The oxidant 

NaNO3 is not used in this experimental work as NaNO3 is highly toxic and when it is heated, 

it releases fumes of NO (Nitrogen Oxide) and Na2O (Sodium Oxide), which are extremely 

harmful when inhaled. (2). This method as compared to the prior methods supplies an improved 

level of oxidation hence superior product quality is obtained. (3). The sample powders acquired 

as well have more amount of oxygen. (4). The quantity of GO powders obtained is also 

considerably more as compared to other methods. 
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Figure 3.13 Tabular representation of improvisations done in Hummer’s Method by time 

[115]. 

 

The resultant dried GO powders then underwent the reduction process using Hydrazine 

Hydrate (NH2NH2H2O) as to acquire the conductive derivative of graphite which is rGO, 

reduced graphene oxide [116]. In this process, the functional groups constituting of oxygen or 

carboxyl groups are reduced or removed from surfaces and the rGO nanopowders procured 
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through the reduction of GO done by hydrazine has proved to exhibit exceptional electrically 

conductive capability [117] (Figure 3.14). 

 

 

 

Figure 3.14 Figurative representation of conversion of Graphene into Graphene Oxide and 

final transformation into Reduced Graphene Oxide [118]. 

 

The upper hand with the reduction method for rGO done by hydrazine hydrate is: (1). The 

reduction process using NH2NH2H2O can be done under normal conditions with room 

temperature as it does not require very high temperature or any specific atmospheric conditions 

to operate in. (2). It provides with the better reduction of rGO because as the amount of 

NH2NH2H2O increases, the reduction degree of rGO also increases thus, a good quality of rGO 

is obtained. (3). The procured powders are of conducting form with less oxygen content, higher 

surface areas and finer rGO sheets (Figure 3.15). 
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• Synthesis process of Reduced Graphene Oxide, rGO. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3. Methods of Synthesis  

 

 

57 

 

 

 

Figure 3.15 Diagrammatic representation of Modified Hummer’s method of synthesis for 

rGO – nanopowders. 
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Chapter 4 
 

4 CHARACTERISATION TECHNIQUES AND FORMULAE 

 

4.1 Thermal Analysis 

 

4.1.1 Thermo – Gravimetric Analysis (TGA) 

 

TGA is an established approach to ascertain various factors that are inclusive of the physiology 

of the chemicals and substances such as; to discern the decompositions rates of explosions. 

Thermo – gravimetric analysis studies the mannerisms and properties of the materials by the 

means of the variation in mass of substance w.r.t the change in temperature. The sample 

undergoes thermal treatment in a provided environment, comprising of He, N2, air, Ar or CO2 

etc at a supervised rate, where upon heat is used a tool to initiate the reactions and compel the 

materials to experience physical changes, to compute the oxidation reactions, the extent of an 

inorganic or / and organic constituents in a mixture, the absorbed humid section of substances, 

the have values for exotherms – endotherms and thermal stabilities, the decaying rate for the 

material and to study the properties of solvents residuals and polymers etc. The range scale of 

the materials is just not limited to the afore – mentioned, as the thermal analysis is also 

employed onto organic – inorganic substances, explosives, biological / chemical specimens, 

polymers – plastics, coatings and adhesives, petroleum, pharmaceuticals and composite 

samples.  

 

The apparatus set – up incorporates of a sample pan and a balance that is exceedingly accurate. 

The pan is positioned in an oven or furnace which undergoes the heating and cooling 

procedures and is used to carry the sample throughout the whole analysis procedure. The 

temperature within the bounds of the furnace is controlled and measured using a thermocouple, 

furthermore a reactive or an inert gas may also be employed on to discharge or control the 

environment. The procedure is furthered by increasing the temperature values with moderation. 

The mass of the sample is under consistent supervision and the obtained weight values are 

plotted in comparison to temperature values. This obtained graphical plot acquired between 

varying weight of the materials w.r.t increasing temperature values is also known as 

thermogram or thermogravimetric curve. The output curves i.e., temperature versus weight plot 
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is acquired through a computer set – up which also manages the apparatus environment (Figure 

4.1).  

 

Figure 4.1 Figurative representation of the apparatus for thermo – gravimetric analysis. 

 

 

TGA as well have its applicational purposes in the following; to determine the kinematics / 

dynamics for the rate of reaction constant, to understand the sublimation nature of substances, 

to compute thermal stability and purity factor for both primal and secondary reactions and to 

study the composition – decomposition of complex mixtures.   

 

Thermo – gravimetric analysis (Thermogravimetric Analyzer (PERKIN ELMER TGA 4000)) 

was done to obtain the calcination temperature for CuO, CdO and TiO2 (Anatase) and to 

understand the weight loss with respect to temperature for PANI, rGO and Ag nanopowders 

(Table 4:1).  

 

Table 4:1: Tabular representation for the sample materials and drying and calcination 

temperatures. 

 

Sample Name Drying Temperature Calcination Temperature 

CuO – 600 ℃ – 3 hours 

CdO – 400 ℃ – 7 hours 

TiO2 (anatase) 110 ℃ – 3 hours 450 ℃ – 3 hours 

PANI 60 ℃ – 7 hours – 

Ag air dried at room temperature – 

GO, rGO 40 ℃ – 7 hours – 
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4.2 Structural Analysis 

 

4.2.1 X – Ray Diffraction (XRD) 

 

X – Ray Diffraction technique plays a vital role in describing the physical and structural nature 

of the chemicals; powdered or thin films, gives details regarding chemical constituents and 

compositions, crystallographic nature / phases and orientations, state of purity, imperfection 

formations, phase composition, thickness of the thin films, magnitude of the particles, 

amorphous arrangement and crystallite size on an anatomical range, it also computes lattice 

parameters, grain stress and strain values, detects atomic arrangements, determines epitaxial 

structures and unit cell dimensions. 

 

The device of this characterisation tool consists of a source that initiates and provides the 

radiations, the wavelength of the device is set using a mono – chromator, the outline of the 

incident beam is supervised and adjusted by the usage of slits, the sample holder in which 

sample is placed and a locator or detector to detect the values. The nature of the provided 

powdered type sample should be very fine and it should evenly spread out in the glass well so 

as to have values from all the corners when rotation is done. The role of goniometer is to 

determine the position of the detector and also adjustment required for the placement of sample, 

as the construction upholds both the detector and the sample which helps with detailed and 

specific motions. The originator for the X – Rays incorporates various modules; Kα and Kβ, 

certain wavelengths are the primal attributes to the target substance such as; Fe, Cr, Cu, Mo. 

The filters and mono – chromator are fundamentally utilized to permit the passage of Kβ 

wavelength, whilst absorbing the unnecessary Kα wavelength emissions. The umpteen 

consideration for the source of X – Ray radiations in this procedure is Copper, with wavelength 

Cu Kα = 1.5406 Å. The sorted X – Rays are centralized and accumulated upon the sample 

material. The probability of orientation angle for the diffraction to take place is 2θ, when the 

striking of the incident beam takes place on the sample. Geiger counter is connected to the 

chart recorder and it is used as the moveable detector to discover the diffracted beams. The 

consideration for the pattern is done with the Geiger counter pre – determined over the range 

scale of 2θ values with an invariable angular velocity and scanning speed = 2θ for 2° min-1. 

The scale of 5° – 70° is considered for the spectrum values of 2θ for the readings of the sample 

material, as the required values and bonds tend to show within the said range. The obtained X 
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– Rays signals are then recorded and processed by a detector which further transforms these 

input signals to a count rate. These values are then put onto a computer monitor or a printer 

(Figure 4.2). 

 

 

Figure 4.2 Figurative representation of the working for x – ray diffraction analysis [119]. 

 

The working principle of XRD tool is simply based on the formation of constructive 

interference of the mono – chromatic x – rays obtained from the crystalline ordered structure 

of the sample material. The x – rays are produced from the cathode – ray tube and are furthered 

sorted out to form mono – chromatic radiations which are then collected and concentrated in 

the direction where the sample is placed. The primal interaction happens between the x – rays 

and electrons existing in the atoms. They strike and a certain number of photons of the 

incoming ray get deviated from the intended path. This constructive and destructive 

interference of the x – rays form the diffraction pattern onto the detector. If the mirror image 

of the incident x – ray beam interferes constructively within the several planes, then it leads to 

the formation of Bragg’s Peak. The interference is considered constructive only when the phase 

shift is obtained as the multiple of 2λ. This requirement is known as Bragg’s Law and is given 

as:  

n λ = 2 d sin θ 

 

 here; n = integer, λ = incident wavelength, d = spacing of the lattice planes and sin θ = angle 

formed between the incident beam and the scattering planes [119] (Figure 4.3). 
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Figure 4.3 Figurative representation of the Bragg’s Law [119]. 

 

X-Ray powder diffraction (XRD) (Bruker D8 Advance, CuKα 1.54Å) was used for purity 

analysis as well as to acquire data regarding crystal structure and phase analysis for the sample 

powders.  

• The crystallite size, D is defined as the smallest and theoretically, the single crystal present 

in the powdered form and is computed by Debye Scherrer’s Equation. 

      D = 
kλ

β∗cosθ
  

     Where, cos θ = Bragg angle 

     β*= full width at half maximum (FWHM) of the peak 

     λ= wavelength 

    k (space factor) = 0.94 

• Lattice parameters are given by unit lengths; a, b, c which represents a unit cell or the unit 

defining the periodicity for an atomic arrangement. They are computed by the respective 

structural formulae (Table 4:2). 
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Table 4:2: Tabular representation for the Crystal Structure, Lattice Parameters and Formulae, 

Space Group, JCPDS for the sample materials of the present work. 

 

Sample 

Name 

Structure Space 

Group 

JCPDS Lattice 

Parameter 

Lattice Formula 

CuO Monoclinic 

[tenorite] 

C2h
6  C2/c 

 

48-1548 a ≠ b ≠ c, 

α = γ = 90° ≠ 

β 

 

1

𝑑ℎ𝑘𝑙
2 =  

1

𝑠𝑖𝑛2𝛽
[ 

ℎ2

𝑎2
+

𝑘2𝑠𝑖𝑛2𝛽

𝑏2
+ 

𝑙2

𝑐2
− 

2ℎ𝑙𝑐𝑜𝑠𝛽

𝑎𝑐
 ] 

 

CdO Cubic 

[monteponite] 

Oh
5Fm3m 

 

05-0640 a = b = c, 

α = β = γ = 

90° 

 

1

𝑑ℎ𝑘𝑙
2 =  

ℎ2 + 𝑘2 + 𝑙2

𝑎2
 

 

TiO2 Anatase 

[Slender 

tetragonal] 

 

D4h
19 I41/amd 

 

21-1272 a = b ≠ c, 

α = β = γ = 

90° 

 

1

𝑑ℎ𝑘𝑙
2 =  

ℎ2 +  𝑘2

𝑎2
+  

𝑙2

𝑐2
 

 

PANI Amorphous Cs – – – 

Ag Cubic Oh
5Fm3m 

 

04-0783 a = b = c, 

α = β = γ = 

90° 

 

1

𝑑ℎ𝑘𝑙
2 =  

ℎ2 + 𝑘2 + 𝑙2

𝑎2
 

 

rGO Amorphous P63/mmc – – – 

 

• Volume is represented by V which represents the amount of a three – dimensional space 

that is enclosed within a closed surface and is given by cubic meter. It is calculated using 

the given formula. 

𝑉 = 𝑎 × 𝑏 × 𝑐   

XRD Refinement was also done for the further confirmation of the sample purity. 

 

4.2.2 Fourier Transform Infra – red Spectroscopy (FTIR) 

 

FTIR is used to determine the organic and inorganic materials by identifying the occurrence of 

the peaks and the values and also to study the nature of the chemical groups pre-existing in the 

sample materials. The readings are taken over a large spectrum from 50 cm-1 to 12500 cm-1. 

The region that specifies the characteristics peaks of the material is called “Finger – print 
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region” and is usually considered between the scale from 400 cm-1 to 1500 cm-1. This tool uses 

the infrared radiations absorptions against the wavelength values. These absorbed infrared 

bands recognize the structures and components of a molecule. 

 

When the infrared radiations are made incident onto the materials surface, certain frequencies 

get transmitted without any absorption while, some frequencies get absorbed and these 

absorbed IR – frequencies provoke the molecules to enter into higher vibrational states. The 

wavelength of the light that is absorbed by a specific molecule occurs as the function of the 

energy difference between the stationary and excited states of vibrations. The occurrence of 

these vibrational bands in a molecule are used to identify and differentiate the various bonds 

and functional groups that have particular wavelength for the absorption. The apparatus 

consists of an interferometer which is used to regulate the wavelengths coming from the 

infrared source. The intensity of the transmitted and reflected rays is studied as the function of 

its wavelength and it is detected using a detector. The acquired signal is produced in the form 

of an interferogram, which is further examined by a computer that uses the Fourier – transform 

for the obtaining of infrared as single – beam spectrum. This FTIR spectra is graphically plotted 

between transmittance and wavelength (Figure 4.4). 

 

 

 

Figure 4.4 Figurative representation of the working for Fourier transform infrared 

spectroscopy analysis. 

 

This tool is extremely helpful in identifying, determining and distinguishing the organic 

compounds and structures for various inorganic materials as well, unknown substances, fibres. 

To determine constituents of the bulk materials, components of multi – layered substances etc. 
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To get the peak values and to determine the nature for the chemical groups existing in sample 

powders, Fourier Transform Infrared Spectroscopy (FTIR), (Nicolet FTIR interferometer IR 

prestige-21 (model-8400S)) was utilized. 

 

4.3 Molecular Analysis 

 

4.3.1 Raman Spectroscopy 

 

Raman analysis uses the spectroscopic approach to the molecular level using the data derived 

from the reaction between the incident light and the sample matter. This characterisation helps 

with determination of the material constituents by studying the light scattering processes 

occurring and giving details regarding the inter – and intra – molecular vibrations. Alike FTIR, 

Raman analysis also provides with a specific region for each vibration that determines the 

component, this particular region is called “Molecular Finger – print region”. This tool also 

helps with providing data for lower frequency modes, crystal lattice vibrations and molecular 

backbone structure. The applications of Raman spectroscopy also extend in determining the 

inorganic compounds, polymerization reactions and identification of polymorphism, chemical 

synthesis. They are employed on in various fields as well; solid – state and analytical chemistry, 

applied material, environmental and biomedical etc. 

 

When the sample material interacts with the incident mono – chromatic beam of light then this 

light undergoes either absorption, reflection or scattering to some degree. Now the scattering 

route of the light plays the vital role in Raman analysis because the statistics concerning the 

molecular structure are obtained from the scattered light (Figure 4.5). 
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Figure 4.5 Figurative representation of the working for Raman and Rayleigh scattering. 

 

The working mechanism includes the illumination of the material with the laser source and the 

interactivity between the light and the chemical bonds of the sample material. Majority of the 

light scattered has the wavelength equal to that of the laser wavelength and is not useful as it 

does not supply with functional details, this elastic scattering of light is known as Rayleigh 

scattering. Whereas, a certain quantity of the light gets scattered at varying wavelengths that 

has its dependence on the chemical structure and this type of inelastic scattering is known as 

Raman scattering. This is further sub – divided into two parts; Stokes and Anti – Stokes Raman 

scattering (Figure 4.6). 

 

Figure 4.6 Figurative representation of the working for Raman spectroscopy analysis. 
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Raman Analysis via (Confocal Micro-Raman spectrometer (STR 500) AIRIS Japan using the 

solid-state laser with the excitation wavelength 532 nm) was done to obtain the molecular 

vibrations and the states of existence for the specific components. 

 

4.4 Surface Analysis 

 

4.4.1 Field Emission Scanning Electron Microscopy (FESEM) 

 

FESEM utilizes the employment of electrons as compared to light used in structural and 

molecular spectroscopies. The electron is used to generate the electron beams at the pinnacle 

of the microscope. This beam of electron passes through the microscope in a perpendicular 

pathway that is supported in the vacuum. This electron beam then proceeds across the electro 

– magnetic fields and lenses which furthermore, centralize this beam into the sample’s 

direction. As the beam comes in connection with the sample, certain electrons and x – rays get 

ejected out of the sample. These ejected electrons are obtained by the detectors in the form of 

secondary electrons and back – scattered electrons, which then transformed in the signals that 

are acquired on the screen in the form of a concluded resultant image. Back – scattered 

electrons are procured when they get reflected back from the elastic collision between the 

incident beam and the sample material, whereas the Secondary electrons stem from the within 

the atoms of the sample material and arise after inelastic collision of the incident light and 

sample (Figure 4.7). 
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Figure 4.7 Figurative representation of the working for Field Emission Scanning Electron 

Microscopy analysis. 

 

The tool is applied to analyse the semiconductor device cross – sectional values regarding the 

details concerning gate widths, construction and thickness of the films. It is also used in the 

studying the thickness for the modified coatings and to determine the structure homogeneity. 

It also provides information for the minuscule impurities that occur within the sample and the 

elemental compositions.  

 

4.4.2 Energy Dispersive X – Ray (EDX) 

 

EDX or EDAX is used to obtain information regarding the compositions of the elements 

existing in a sample material. It is a non – destructive tool that gives qualitative and quantitative 

information, it supplies the details for constituents in the form of elemental ratio and gives 

particulars for the spatial distribution in the form of elemental mapping. EDX mapping permits 

the exceedingly instantaneous accumulation of the elemental concentrations to be collected 

from either along the lines or points and can be obtained as maps as well. EDX provides the 
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ratio details by creating an analysis spectrum that exhibits the peaks adjacent to the elements 

that are constructing the material composition.  

 

The working principle of EDX follows Moseley’s Law i.e., the core electrons that are not 

present in the outer most shell of the atoms gets ejected by the high energy electro – magnetic 

x – rays. This determines and confirms the occurrence of the first – hand connection between 

the light frequency and atomic number of an atom. When the electron gets removed from the 

network, it results into the formation of a hole which c be filled with a high energy electron. 

This also causes in the discharging of the energy as the electron relaxes. This released energy 

whilst the relaxation reaction has specific values w.r.t each element of the periodic table. 

Through this way, the pre – existing elements and their percentage can be determined by 

incident x – rays attack on the sample material (Figure 4.8). 

 

 

 

Figure 4.8 Figurative representation of the working for Energy Dispersive X - Ray analysis. 

 

EDX is often used for the fastened determination for the impurities and their sources, to find 

out the origin of the problem in a process chain, it provides complete command over the 

emissions and environmental facets, it provides higher values for the output generated, this tool 

as well aids with the functionalise of the process and supports authority for the advancement 

in the quality section.  
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4.4.3 Particle Size Analysis (PSA) 

 

Particle size distribution analysis is done to study the particle size distribution of the provided 

sample material and they can be employed on suspensions, aerosols, emulsions and solid-state 

substances. This characterization tool plays a vital role in various industries and firms where 

precisely fine particles are the requirements such as pharmaceuticals and medical industries, 

food – beverages, raw materials used for construction and building, paints, coatings etc.  

 

It is utilized where grinding, milling and such techniques are worked on where the finer quality 

of the demanded substance need supervision. Due to fact that, it regulates and decides the 

productivity and working capability of the processing techniques as well their rate of 

performance. 

 

The details regarding the topographical morphology were provided by Field Emission 

Scanning Electron Microscopy (FESEM) ((FEI Nova Nano SEM 450 FE-SEM), operated at 

15 kV voltage). The particle size plot was also obtained using the softwares ImageJ and Origin. 

The elemental ratio was obtained using EDX. 

 

4.5 Varistor 

 

Varistors are the electronical tools, having variations in its voltage values with respect to the 

device’s resistance. They are levelled up in parallel to the said circuits and are availed as the 

protection appliances against the high voltage outpouring. In the standard circumstances, a 

certain quantity of current is allowed to pass through the device, but when the voltage surpasses 

a definite value, the varistors shuns down the circuit activity by subduing the voltage and 

drastically decreasing the resistance within the circuit and thus protecting from short circuiting 

or causing fires. Varistors can operate with both low voltage and high voltage values, as per 

the requirement of the sector involved, such as; they are used in smart devices for households, 

where lower voltages are required and are used as protective measurements in electrical sectors 

in large scale sectors where higher voltages are necessity [64][66]. 

 

Current versus voltage trace was analysed for the in – depth understanding of the electrical 

performance of the samples and their functioning in terms of varistor usage. In order to see the 
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effect of the doped material in the working capability of the host material, the sample material 

content was also put against non – linear coefficient values (α) for the compositions where the 

said values were obtained. Pellets, each of thickness = 0.5 cm and diameter = 1.20 cm, were 

prepared and furthermore, a layer of silver paste which acted as an electrode was over – layered 

on them. 
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Chapter 5 
 

5 RESULTS AND DISCUSSIONS 

 

5.1 CuO mixed with Ag 

 

5.1.1 TGA Studies 

 

• TGA analysis – CuO nanopowders. 

 

TGA is substantially availed to outline the thermal nature of the materials by evaluating the 

variations in the mass of sample powders w.r.t to increasing temperature. This tool provides 

details regarding the fluctuations in mass concerning with the quantity of water molecules 

present in the powders and due to process of evaporation, degradation or oxidation of the 

volatile compounds. 

 

TGA was used onto the uncalcinated sample powders of copper oxide, CuO which were 

obtained through the auto – combustion sol – gel synthesis procedure. This characterisation 

was done in order to acquire the calcination temperature for the thermal treatment to procure 

the pure nano – structured powders. The variation in the mass of the CuO powders w.r.t 

temperature was studied over the temperature scale range from 40 ℃ to 800 ℃ at the rate of 

10 ℃ per / minute, with a hold on the specimen for about 1 minute at 800 ℃. In total 3 phases 

were obtained for the declining percentage in the mass that were as follows: 

 

(I). Phase I: 41 ℃ – 619 ℃, Δ Y = Major weight loss. The first stage sustained a massive loss 

in the mass percentile with regards to the temperature because of the thermal degradation of all 

the volatile and organic compounds that were coupled on the surface of the sample nano – 

powders during synthesis process. This step as well entailed the decomposition of the water 

molecules that were pre – existing within the sample structure and also the CO2 molecules 

present in the atmosphere that were physiosorbed when the material was subjected to 

atmospheric conditions.  
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(II). Phase II: 619 ℃ – 754 ℃, This step did not observed a significant weight loss amounting 

to a considerable value. It was obtained to be less than 10%. Which further implies that no 

thermal declining takes place due to the loss of any molecule during this heat scale and thus 

confirming that the crystallization of CuO nano – powders has taken place. 

 

(III). Phase III: 754 ℃ – 800 ℃, This last phase exhibited a drop in its nature after the 754 ℃. 

This dip might be the indication of the probable appearance of the another intermediate of CuO 

i.e., Cuprous Oxide Cu2O. 

To obtain the needed pure metal – oxide phase for the sample material, CuO nano – powders 

were calcinated for 3 hours at 600 ℃ in the furnace [120][121][122][123][124] (Figure 5.1). 

 

 

CA1 

 

CA4 

 

Figure 5.1 TGA Analysis of CA1 [CuO, 1:0] and CA4 [Ag, 0:1]. 

 

• TGA analysis – Ag nanopowders. 

 

The Ag nano – powders were obtained by utilizing top – down method, in this process the 

procured sample nano – powders were dried in the atmospheric conditions by open air heat 

through the process of evaporation, till the water content of the solution was vaporized. Ag 

sample nano – powders underwent the heat treatment over the temperature range of 40 ℃ – 

800 ℃ with the rate of 10 ℃ per minute. The temperature was held for 1.0 minute at 800 ℃. 
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The TGA tool was employed on the Ag nanoparticles to observe the weight fluctuations with 

varying temperatures. The said plot exhibited 4 phases which were as follows: 

 

(I). Phase I: 40 ℃ – 149 ℃. This step was the result of the evaporation or release of the water 

molecules that were linked to the surface of the metallic nano – powders whilst the synthesis 

procedure. 

 

(II). Phase II: 149 ℃ – 353 ℃. In this phase, the degradation process of the volatile and organic 

– capping constituents that were prevailing in the sample Ag nano – structure takes place. 

 

 (III). Phase III: 353 ℃ – 472 ℃; Δ Y = 3.671 %. During this phase, the initiation for the 

crystallization process of Ag nano – powders was observed.  

 

(IV). Phase IV: 472 ℃ – 800 ℃; Δ Y = >10% weigh loss. In last stage not much of a decline 

in the mass percentile was obtained w.r.t temperature changes. This observation assured no 

further release of any molecules and thus confirmed the completion of the silver nano – 

structures. 

 

The acquired TGA plot affirmed the process of desorption on the surface of metallic nano – 

powders regarding the bio – organic compounds [5][125][126][127][128][129][130] (Figure 

5.1). 

 

5.1.2 XRD Pattern 

 

The tool of XRD was employed on to the sample nano – structured compositions for the 

analysation of the degree of the specimen purity, for the specifications w.r.t to unit dimensions, 

volume and crystallite size and crystalline phase. 

 

Both CuO and Ag has highly ordered crystalline structure and therefore, XRD peaks for all the 

sample codes were procured which were further compared with the existing data for the 

confirmation of the formation of the desired crystal arrangement. For CA1, the attendance of 

CuO construction was observed with the appearance of the peaks at 2θ° values = 32.46°, 

35.45°, 38.68°, 48.74°, 53.45°, 61.54°, 65.82°, 66.23°, 68.04°, 72.42°, 75.16° with the 
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corresponding (hkl) values at = (110), (11-1), (200), (20-2), (020), (11-3), (022), (310), (220), 

(311), (22-2) respectively. These values were obtained following the JCPDS card: 48 – 1548 

[86][131][132][133][134][135][136][137][138][139][140][141][142][143][144]. For CA2, the 

characterized peaks were acquired for the 2θ° values at = 35.49°, 38.69°, 48.75°, 58.27°, 

61.54°, 65.80°, 66.20°, 68.01° and the adjacent (hkl) values were indexed at = (11-1), (200), 

(20-2), (020), (11-3), (022), (310), (220) for CuO. In this case, the advent of Ag peaks was also 

observed for the values of 2θ° = 38.10°, 44.26°, 64.43°, 77.89° with the respective (hkl) values 

at = (111), (200), (220), (311). For CA3, the 2θ° values for CuO arrangement were = 35.48°, 

38.67°, 48.75°, 61.52°, 66.21°, 68.01° and the (hkl) planes were observed for the said values 

at = (11-1), (200), (20-2), (11-3), (310), (220). The Ag peaks were obtained at 2θ° values = 

38.09°, 38.18°, 44.27°, 64.43°, 77.38° and these values had (hkl) plane values recorded at = 

(111), (111), (200), (220), (311) respectively. For CA4, the peak values that were ascribed to 

Ag nature were procured at the 2θ° values = 38.09°, 44.27°, 64.45°, 77.40° with the values for 

(hkl) planes catalogued at = (111), (200), (220), (311). The afore – mentioned values were 

observed to be in assent with JCPDS card: 04 – 0783 [145][146][147][148][149][150][151] 

[152][153][154] (Figure 5.2).  

 

The outcomes of the sample codes CA1, CA2, CA3, CA4 were put in comparison to each other. 

CA1 (1:0) and CA4 (0:1) were containing of undoped sample powders therefore, they 

constituted purely of CuO and Ag nano – powders respectively. On the other hand, it was 

observed that the number of the peaks for CuO nano - powders showed a decline in the samples 

CA2 (1:1), CA3 (1:2) and the reason behind this was that the content of silver was increasing 

for the mentioned specimen codes. Thus, as the amount of Ag was increasing, the quantity of 

CuO was decreasing and hence the corresponding peaks were also lessening. This in 

furtherance assured the formation for silver crystal by exhibiting the corresponding peaks and 

Table 5:1 provides the XRD peaks and (hkl) plane values in tabular form. 
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Figure 5.2 XRD Analysis of CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 [CuO + Ag, 1:2] 

and CA4 [Ag, 0:1]. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5. Results and Discussions 

 

 

77 

 

Table 5:1: Values for the XRD peaks and (hkl) index planes of CA1 [CuO, 1:0], CA2 [CuO 

+ Ag, 1:1], CA3 [CuO + Ag, 1:2] and CA4 [Ag, 0:1]. 

 

Sample code CuO  Ag  

 2θ° hkl 2θ° hkl 

 32.46° 110   

 35.45° 11-1   

 38.68° 200   

 48.74° 20-2   

 53.45° 020   

CA1 61.54° 11-3 –  

(1:0) 65.82° 022   

 66.23° 310   

 68.04° 220   

 72.42° 311   

 75.16° 22-2   

 35.49° 11-1 38.10° 111 

 38.69° 200 44.26° 200 

CA2 48.75° 20-2 64.43° 220 

(1:1) 58.27° 020 77.89° 311 

 61.54° 11-3   

 65.80° 022   

 66.20° 310   

 68.01° 220   

 35.48° 11-1 38.09° 111 

 38.67° 200 38.18° 111 

CA3 48.75° 20-2 44.27° 200 

(1:2) 61.52° 11-3 64.43° 220 

 66.21° 310 77.38° 311 

 68.01° 220   

   38.09° 111 

CA4   44.27° 200 

(0:1) –  64.45° 220 

   77.40° 311 
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The crystallite size (D), lattice parameters (a, b, c), volume (V) were also computed for both 

CuO and Ag nano – powders. In this case, both copper oxide and silver have ordered structures 

and therefore the afore – mentioned variables were evaluated for all the sample codes. CuO 

executes monoclinic structure in tenorite phase and henceforth, the lattice parameters satisfy 

the condition a ≠ b ≠ c. Whereas, Ag constitutes of cubic crystalline arrangement and thus have 

lattice parameters a = b = c. The values for the parameters were calculated using the respective 

structural formulae and Table 5:2 lay – outs the tabular representation for the values. 

 

D = 
kλ

β∗cosθ
; (Debye Scherrer’s Equation) 

1

𝑑ℎ𝑘𝑙
2 =  

1

𝑠𝑖𝑛2𝛽
[ 

ℎ2

𝑎2 +
𝑘2𝑠𝑖𝑛2𝛽

𝑏2 +  
𝑙2

𝑐2 −  
2ℎ𝑙𝑐𝑜𝑠𝛽

𝑎𝑐
 ]; (monoclinic formula – tenorite phase for CuO 

nanoparticles) 

1

𝑑ℎ𝑘𝑙
2  = 

 ℎ2+𝑘2+𝑙2

𝑎2 ; (Cubic formula for Ag nanoparticles) 

𝑉 = 𝑎 × 𝑏 × 𝑐; (Volume) 

 

Table 5:2: Lattice parameters (a, b, c), Crystallite Size (D), FWHM (β*), Braggs angle (2θ) 

and Volume (V) for CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 [CuO + Ag, 1:2] and CA4 

[Ag, 0:1]. 

         

  a (Å) b (Å) c (Å) D (nm) β* (°) 2θ (°) V (Å)3 

CA1 (1:0) 

CA2 (1:1) 

 

CA3 (1:2) 

 

CA4 (0:1) 

CuO 

CuO 

Ag 

CuO 

Ag 

Ag 

4.7167 

4.7159 

4.0894 

4.7181 

4.0884 

4.0866 

3.4256 

3.4189 

4.0894 

3.4181 

4.0884 

4.0866 

5.1242 

5.1774 

4.0894 

5.1992 

4.0884 

4.0886 

30.0148 

23.1444 

19.7754 

24.9131 

26.6625 

23.9534 

5.1112 × 10-3 

6.6288 × 10-3 

7.9023 × 10-3 

6.1578 × 10-3 

5.8613 × 10-3 

6.5242 × 10-3 

38.68 

38.69 

44.26 

38.67 

44.27 

44.27 

82.8031 

83.4799 

68.3878 

83.8492 

68.3376 

68.3476 

         

Rietweld refinement graphical plots were also obtained using ‘Fullprof Suite’ software for all 

4 compositions CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 [CuO + Ag, 1:2] and CA4 [Ag, 

0:1] as the both CuO and Ag has structured crystalline nature (Figure 5.3). From the graphs, 

𝑌𝑜𝑏𝑠 = these were the already computed values, 𝑌𝑐𝑎𝑙 = these were obtained values from the 

experimental work done. 𝑌𝑜𝑏𝑠 − 𝑌𝑐𝑎𝑙 = this gave details regarding the difference between 

already calculated values and experimentally acquired values, Bragg’s angle = this revealed 

data concerning the positions and numbers of the visible peaks that were obtained from the 



Chapter 5. Results and Discussions 

 

 

79 

 

experimental work. From Figure 5.3. it was observed that all the computed peaks for both CuO 

and Silver nanopowders were in accordance with the standardised peaks values. The absence 

of 𝐶𝑢2𝑂 peaks and other unnecessary peaks were also noticed which furthermore, confirmed 

that the experimentally synthesised samples were single phased nanopowders. 

 

 

 

Figure 5.3 XRD-Refinement plot of CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 [CuO + 

Ag, 1:2] and CA4 [Ag, 0:1]. 

 

5.1.3 FTIR Analysis 
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FTIR spectroscopy was put into play for the distinguishing the materials involved and thus 

confirming the formation of the desired nanopowders. This characterisation tool discloses the 

elemental constitutions for liquids, solids and gases. Furthermore, it helps with the 

identification of impurities and anatomization for the coatings and thin films. For CA1, the 

asymmetric stretching vibrations for the hydroxyl bonds of the water molecules that lead to the 

engender of – OH bonds were obtained within peak range from 3991.83 cm-1 to 3213.90 cm-1. 

These were generated due to the H2O molecules which were present in the atmosphere whilst 

synthesis process and the moistened CuO nanopowders that were adsorbed because of the 

ability of nanoparticles to exert higher surface volume ratio. The bond at 2977 cm-1 was for the 

– OH symmetric stretching for adsorbed water molecules. The O = C = O peak was observed 

at 2359 cm-1. This peak was produced due the CO2 molecules present in the aerosphere while 

making of the sample nano – powders. The peak obtained at 1647.56 cm-1 was for the 

symmetrical stretching for Cu – O bond. The 1535.39 cm-1 peak represented the development 

of the covalent bonding of the – OH molecule from H2O on the surface of CuO nanopowders. 

The bond formation due to carboxylate ion acting up as bidentate ligand which led to C = O 

stretching was observed at procured at 1418.37 cm-1. The peaks acquired at 1248.09 cm-1, 

1150.44 cm-1, 1072.97 cm-1 were designated to stretching vibrations of the C – O bond 

correlating to the presence of metal cations. The characteristic peaks of for the CuO monoclinic 

structure that were adjacent to stretching vibrations for Cu – O bond were acquired at 687.22 

cm-1, 672.70 cm-1, 663.01 cm-1, 638.80 cm-1, 629.12 cm-1, 604.98 cm-1, 595.22 cm-1, 590.38 

cm-1, 575.05 cm-1, 570.20 cm-1, 536.31 cm-1, 521.78 cm-1, 507.26 cm-1. There was no peak 

obtained at 615 cm-1, which is related to the Cu2O formation. This means that obtained sample 

nanopowders did not contained any impurities [155][156][157][158][159][160][161][162] 

[163][164][165][166][167][168][169][170]. For CA2, the standardised peaks that were in 

accordance to the monoclinic arrangement of CuO were obtained as follows: a broad range of 

peaks in the scale range 3382.63 cm-1 – 3212.35 cm-1 (asymmetric – OH bond of H2O 

molecules). 2973.48 cm-1 (symmetric – OH bond of H2O molecules). 2354.50 cm-1 (O = C = 

O bond of atmospheric CO2). 1647. 56 cm-1 (symmetric Cu – O bond). 1535.39 cm-1 (covalent 

bond between – OH and CuO surface). 1413.53 cm-1 (– C = O bond stretching). 1235.57 cm-1, 

1145.60 cm-1, 1135.92 cm-1, 1121.39 cm-1, 1062.48 cm-1 (stretching vibrations of C – O bond). 

696.91 cm-1, 682.38 cm-1, 672.72 cm-1, 667.85 cm-1, 575.05 cm-1, 512.10 cm-1 (characteristic 

peaks for Cu – O bond). No peak was obtained for Cu2O in this sample case. The emergence 

of Ag nanopowders was also observed. A widened curve in the plot from 3967.71 cm-1 – 
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3412.49 cm-1 (– OH bond of residual H2O molecules). 1540.23 cm-1, 1520.86 cm-1, 1511.18 

cm-1 (N – O bonds for nitro compounds). 1389.32 cm-1 (𝑁𝑂3
− ion). 1360.27 cm-1 (N = O bond). 

For CA3, the characteristic bonds for CuO were; the peaks in the range from 3393.47 cm-1 – 

3217.20 cm-1 (– OH asymmetric bond for H2O molecules). 2973.48 cm-1 (– OH symmetric 

bond for H2O molecules). 2354.50 cm-1 (O = C = O bond for atmospheric CO2). 1647.56 cm-1 

(Cu – O symmetric bond). 1535.39 cm-1 (covalent bonding of – OH and CuO surface). 1418.37 

cm-1 (stretching bond for C = O). 1233.57 cm-1, 1145.60 cm-1, 1121.39 cm-1, 1062.48 cm-1 

(peaks for C – O stretching vibrations). 692.06 cm-1, 687.22 cm-1, 663.01 cm-1, 638.80 cm-1, 

580.70 cm-1, 571.20 cm-1, 516.94 cm-1, 502.42 cm-1 (Cu – O structural peaks). The Ag 

nanopowders also exhibited the structural peaks. The broad curve ranging from 3924.14 cm-1 

– 3417.33 cm-1 (residual water molecule – OH bond). 1549.91 cm-1, 152570 cm-1, 1511.18 cm-

1 (N – O bonds of nitro compounds). 1389.32 cm-1 (𝑁𝑂3
− ion). 1360.27 cm-1 (N = O bond) and 

no peaks around 615 cm-1 for Cu2O was observed in this case as well. For CA4, the Ag nano – 

powders displayed the desired peaks corresponding to its cubic structure. A broad – ranging 

curve was obtained which constituted of number of peaks from 3958.03 cm-1 to 3417.33 cm-1. 

These peaks were the resultant of the unconsumed H2O molecules because the silver solution 

was heated till dried to evaporate the water content of sample solution. The heating was done 

at room temperature as the synthesis procedure did not require any further chemical treatment. 

The peaks at 1545.07 cm-1, 1525.39 cm-1, 1516.02 cm-1 were designated as the peaks for the N 

– O bond concerning the nitro compounds. The peak for the 𝑁𝑂3
− ion bond was observed at 

1384.48 cm-1 and 1365.11 cm-1 was recognised as the peak for the N = O bond [171][172][173] 

[174][175][176] (Figure 5.4). 

 

When the results for all the sample codes were compared against each other, it was noted that 

the intensity and quantity of CuO peaks were decreasing as the content for Ag nanopowders 

were increasing in the ratio for the composition sample codes CA2 (1:1) and CA3 (1:2). This 

also lessened the quality of peaks obtained for CuO nanopowders. Therefore, the peaks for Ag 

were observed to be more prominent and visible. This led to confirmation for the crystallisation 

of metallic nano – powders. The sample codes CA1 (1:0) and CA4 (0:1) consisted only of 

individual sample nanopowders and thus exhibited the bonds corresponding only for CuO and 

Ag respectively. Table 5:3 lays – out the tabular representation for the obtained FTIR peaks 

for all the sample codes. 
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Figure 5.4 FTIR Analysis of CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 [CuO + Ag, 1:2] 

and CA4 [Ag, 0:1]. 

 

Table 5:3: FTIR peaks and the corresponding bonds associations for CA1 [CuO, 1:0], CA2 

[CuO + Ag, 1:1], CA3 [CuO + Ag, 1:2] and CA4 [Ag, 0:1]. 

 

 Peak Names CA1 

(CuO - 1:0) 

CA2 

(CuO + Ag - 

1:1) 

CA3 

(CuO + Ag - 

1:2) 

CA4 

(Ag - 0:1) 

1. – OH asymmetric 

bond of H2O 

molecules 

3991.83 cm-1 – 

3213.90 cm-1 

3382.63 cm-1 – 

3212.35 cm-1 

3393.47 cm-1 – 

3217.20 cm-1 

– 
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2. – OH symmetric 

bond of H2O 

molecules 

2977 cm-1 2973.48 cm-1 2973.48 cm-1 – 

3. – O = C = O bond 

due to atmospheric 

CO2. 

2359 cm-1 2354.50 cm-1 2354.50 cm-1 – 

4. Cu – O symmetric 

vibrations 

1647.56 cm-1 1647. 56 cm-1 1647.56 cm-1 – 

5. Covalent bonding 

of – OH and CuO 

surface 

1535.39 cm-1 1535.39 cm-1 1535.39 cm-1 – 

6 C = O stretching 

bond 

1418.37 cm-1 1413.53 cm-1 1418.37 cm-1 – 

7. C – O stretching 

vibrations bond 

1248.09 cm-1, 

1150.44 cm-1, 

1072.97 cm-1 

1235.57 cm-1, 

1145.60 cm-1, 

1135.92 cm-1, 

1121.39 cm-1, 

1062.48 cm-1 

1233.57 cm-1, 

1145.60 cm-1, 

1121.39 cm-1, 

1062.48 cm-1 

– 

8. Characteristic peaks 

for Cu – O bond 

687.22 cm-1, 

672.70 cm-1, 

663.01 cm-1, 

638.80 cm-1, 

629.12 cm-1, 

604.98 cm-1, 

595.22 cm-1, 

590.38 cm-1, 

575.05 cm-1, 

570.20 cm-1, 

536.31 cm-1, 

521.78 cm-1, 

507.26 cm-1 

696.91 cm-1, 

682.38 cm-1, 

672.72 cm-1, 

667.85 cm-1, 

575.05 cm-1, 

512.10 cm-1 

692.06 cm-1, 

687.22 cm-1, 

663.01 cm-1, 

638.80 cm-1, 

580.70 cm-1, 

571.20 cm-1, 

516.94 cm-1, 

502.42 cm-1 

– 

9. – OH peaks due to 

the unevaporated 

water molecules left 

in sample solution 

– 3967.71 cm-1 – 

3412.49 cm-1 

3924.14 cm-1 – 

3417.33 cm-1 

3958.03 cm-1 – 

3417.33 cm-1 
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10. N – O bond 

resultant of the 

presence of nitro 

compounds 

– 1540.23 cm-1, 

1520.86 cm-1, 

1511.18 cm-1 

1549.91 cm-1, 

152570 cm-1, 

1511.18 cm-1 

1545.07 cm-1, 

1525.39 cm-1, 

1516.02 cm-1 

11. 𝑁𝑂3
− ion bond – 1389.32 cm-1 1389.32 cm-1 1384.48 cm-1 

12. N = O bond – 1360.27 cm-1 1360.27 cm-1 1365.11 cm-1 

 

5.1.4 Raman Spectroscopy 

 

The employment of Raman spectra was done to analyse the inert structure of the sample 

powders. This tool helps with the identification of the attached functional groups, intra – 

molecular and chemical bonding. Furthermore, it gives details with respect to the crystal 

structure at molecular level by providing the respective structural finger – print concerning the 

vibrations of the molecules. 

 

For CA1, CuO falls under the space group 𝐶2ℎ
6  i.e., each primitive cell is concerned with two 

primitive cells and therefore is associated with the monoclinic crystal structure. In this space 

group system, each primitive cell acquires 4 atoms within itself, thus the number of phonons 

branches existing are 12. The Zone – Centre Optical – Phonon modes are equated as: ᴦ = Ag + 

2 Bg + 4 Au + 5 Bu. Amid these, there are 9 optical modes and amongst them there persist 3 

Raman active modes that are given by (Ag + 2 Bg) and 6 Infra – red active modes that are 

represented as (3 Au + 3 Bu). In addition to this, there are 3 acoustic modes that is denoted by 

(Au + 2 Bu) symmetry. As only 3 effectual Raman modes exist therefore, the values for Ag, B1g, 

B2g – symmetry modes were obtained for CuO nanopowders. For the case of both Ag and Bg 

modes, O – atoms advance along the b – direction for Ag mode but moves in perpendicular 

direction to b – axis for Bg. The peak value procured at 286.37 cm-1 was designated to Ag – 

mode. The B1g – mode was observed at 332.71 cm-1 and 616.32 cm-1 peak was obtained for B2g 

– mode [177][178][179][180][181][182]. For CA2, the Raman peaks for CuO were observed 

as follows: 286.69 cm-1 (Ag – mode), 334.18 cm-1 (B1g – mode) and 616.48 cm-1 (B2g – mode). 

Proceeding from this sample case, silver content was introduced in varying rations and thus 

peaks for said nanopowders were as well obtained. 157.02 cm-1 (Ag - lattice). 240.71 cm-1, 

257.32 cm-1 (Ag – O bond). 687.57 cm-1, 821.07 cm-1, 896.47 cm-1 (N – O bond for 𝑁𝑂3
− ion) 

976.02 cm-1, 988.47 cm-1, 1059.71 cm-1, 1293.52 cm-1, 1365.51 cm-1, 1519.02 cm-1, 1615.71 

cm-1, 1660.82 cm-1 (Ag – characteristic peaks). For CA3, 286.37 cm-1 (Ag – mode), 336.32 cm-
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1 (B1g – mode) and 616.32 cm-1 (B2g – mode) were the designated CuO peaks for Raman spectra. 

In addition, 157.98 cm-1 (Ag - lattice). 241.93 cm-1, 261.47 cm-1 (Ag – O bond). 687.20 cm-1, 

825.22 cm-1, 896.21 cm-1 (N – O bond for 𝑁𝑂3
− ion). 971.86 cm-1, 1055.68 cm-1, 1084.62 cm-

1, 1293.08 cm-1, 1318.42 cm-1, 1364.76 cm-1, 1519.02 cm-1, 1623.47 cm-1, 1660.54 cm-1 (Ag – 

characteristic peaks) were the corresponding Ag – Raman mode peaks. For CA4, silver has 

cubic structure and thus is concerned with respect to space group 𝑂ℎ
5𝐹𝑚3𝑚. The peak values 

for the desired Raman modes for silver nanopowders were acquired for this space system and 

were identified in such wise: the band at 157.82 cm-1 was obtained for the attendance for 

vibrational modes of silver lattice. The peaks at 244.86 cm-1, 269.77 cm-1 were due to the 

formation of the Ag – O bond or silver – oxygen mode, which is the resultant of the ionic 

bracket being either undergoing absorption or adsorption when coming in contact with metal 

surface. The bonds that were recognised as doubly generated N – O in – plane vibrations were 

also observed at values 683.42 cm-1, 825.41 cm-1, 892.32 cm-1. These are obtained because of 

the presence of 𝑁𝑂3
− ion in the silver system. The standard Ag peaks associated with its crystal 

cubic structure were also recognized at 967.71 cm-1, 976.20 cm-1, 1059.71 cm-1, 1088.77 cm-1, 

1293.52 cm-1, 1318.28 cm-1, 1368.91 cm-1, 1527.32 cm-1, 1623.47 cm-1, 1652.47 cm-1. The 

attendance of such peaks was the confirmation of the formation of Ag nano – powders [183] 

[184][185] (Figure 5.5). 

 

The results obtained for Raman studies were analysed against each other and it was observed 

that the sample systems CA1 (1:0) and CA4 (0:1) which constituted of individual nano – 

crystalline powders of CuO and Ag respectively, exhibited the peaks that were necessity in 

accordance to their crystal structure arrangement. For the sample cases of CA2 (1:1) and CA3 

(1:2), these were comprised of composition of both the nano – powders in varying ratios and 

thus the peaks obtained were differentiated in both cases. As the content of Ag was increased, 

CuO peaks were lessened both in quality and quantity. The decreased intensity of the peaks for 

CuO led to the sharpness and visibility of silver peaks. The peaks values and corresponding 

bonds for the procured Raman modes are represented in tabular form in Table 5:4. 
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Figure 5.5 Raman Analysis of CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 [CuO + Ag, 1:2] 

and CA4 [Ag, 0:1]. 

 

Table 5:4: Raman Spectra peaks and the adjacent bonds for CA1 [CuO, 1:0], CA2 [CuO + 

Ag, 1:1], CA3 [CuO + Ag, 1:2] and CA4 [Ag, 0:1]. 

 

 Peak Names CA1 

(CuO - 1:0) 

CA2 

(CuO + Ag - 

1:1) 

CA3 

(CuO + Ag - 

1:2) 

CA4 

(Ag - 0:1) 

1. Ag 286.37 cm-1 286.69 cm-1 286.37 cm-1 – 

2. B1g 332.71 cm-1 334.18 cm-1 336.86 cm-1 – 

3. B2g 616.32 cm-1 616.48 cm-1 616.32 cm-1 – 

4. Ag – lattice – 157.02 cm-1 157.98 cm-1 157.82 cm-1 

5. Ag – O bond – 240.71 cm-1, 241.93 cm-1, 244.86 cm-1, 
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257.32 cm-1 261.47 cm-1 269.77 cm-1 

6 N – O bond for 𝑁𝑂3
− 

ion 

– 687.20 cm-1, 

825.22 cm-1, 

896.21 cm-1 

687.20 cm-1, 

825.22 cm-1, 

896.21 cm-1 

683.42 cm-1, 

825.41 cm-1, 

892.32 cm-1 

7. Characteristic peaks 

for Ag 

– 976.02 cm-1, 

988.47 cm-1, 

1059.71 cm-1, 

1293.52 cm-1, 

1365.51 cm-1, 

1519.02 cm-1, 

1615.71 cm-1, 

1660.82 cm-1 

971.86 cm-1, 

1055.68 cm-1, 

1084.62 cm-1, 

1293.08 cm-1, 

1318.42 cm-1, 

1364.76 cm-1, 

1519.02 cm-1, 

1623.47 cm-1, 

1660.54 cm-1 

967.71 cm-1, 

976.20 cm-1, 

1059.71 cm-1, 

1088.77 cm-1, 

1293.52 cm-1, 

1318.28 cm-1, 

1368.91 cm-1, 

1527.32 cm-1, 

1623.47 cm-1, 

1652.47 cm-1 

 

5.1.5 FESEM Analysis 

 

FESEM studies were done in order to get the visual information of the topographical data for 

the crystalline sample nano – powders. This tool employs its ability to examine smaller areas 

with less distortions, confirming the presence of the desired samples and also revealing 

contaminations if present. For CA1, CuO demonstrated a pseudo – spherical shape concerning 

the structure of the nano – powders. They inhabited a consistent size allocation within itself 

which furthermore consisted of a closely – packed arrangement associated with some 

irregularities to a degree to its order. The analysis also displayed the presence of cluster 

formation which happened when the sample was exposed to higher values of thermal energy 

i.e., when the sample was calcinated at 600℃. This led to the increasing rate of nucleation 

which further resulted into the elevated rate of growth and hence agglomeration was obtained. 

This correlated to the ‘bulk’ nature of CuO nano – powders [186][187][188][189][190][191]. 

For the proceeding sample codes CA2 and CA3, the visual presence for Ag nano – powders 

were observed because the spherical shape of afore – mentioned was obtained and the 

accumulation of CuO nano – particles over the surface of the metallic sample system were also 

confirmed. The difference between CA2 (1:1) and CA3 (1:2) were the varying ratios of the Ag 

content for each case. As the Ag – ratio for latter case was more and thus the prominence of 

Ag structure was more defined for CA3. Nonetheless, the cluster formation of CuO was 
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exhibited in both cases but the attendance of CuO over Ag surface in case of CA2 was more in 

comparison to its presence in CA3 as the CuO content was lessened which effected its intensity 

of occurrence. For CA4, the attendance of Ag – crystalline nano – system was distinguished 

with the prevalence of spherical – like structure obtained for the nano – powders. The particles 

were identified to be existing with mono – dispersive nature which was associated with the 

exceedingly ordered arrangement due to silver following cubic system. One habitual innate 

trait of silver was the origination of the agglomeration of the particles which were confirmed 

to be acquired till some extent because of the appearance of the clump formation in certain 

areas [112][147][174][192][193] [194]. It was also observed that the type of porosity behaviour 

exhibited by the sample material was closed porosity i.e., isolated gaps with non – uniform 

occurrence were present within the sample material (Figure 5.6). 

 

 

 

Figure 5.6 FESEM Analysis of CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 [CuO + Ag, 

1:2] and CA4 [Ag, 0:1]. 
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5.1.6 EDX and Mapping Studies 

 

Energy dispersive x – ray technique was used to attain the elemental ratio for each component 

present within the sample composition. A spectrum consisting of peaks was obtained as the 

result of the statistical figure which was produced due to the analysis tool. The procured peaks 

were observed to be adjacent to existing elements that were constructing the sample system. 

For CA1, the peaks for Cu and O corresponding to copper and oxygen – atoms respectively 

were observed. For CA2 and CA3, these sample systems were the composition mixture of CuO 

and Ag and therefore, the data revealed the peaks for Cu, O and Ag. For CA4, the peaks for 

Ag and O adjacent to silver and oxygen atoms (may be due to present in the atmosphere) were 

obtained (Figure 5.7). 

 

 

 

Figure 5.7 EDX Analysis of CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 [CuO + Ag, 1:2] 

and CA4 [Ag, 0:1]. 
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Elemental mapping for all the sample nano - powders were also done so as to obtain the data 

regarding the placements and the dispensation of the elements within the sample system 

(Figure 5.8). 
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Figure 5.8 Elemental Mapping for CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 [CuO + Ag, 

1:2] and CA4 [Ag, 0:1]. 

 

5.1.7 PSA Analysis 

 

Particle size analysis was done using the ImageJ software. The size distribution analysis was 

used to obtain the percentile data for the particles that were subjected to a specific size range. 

The particle size for CuO nano – powders was 6.5 nm with standard error = 0.419 % and 

particle size for Ag nano – particles was 7.75 nm having standard error = 0.073 %. The particle 

size value for Ag was slightly higher than CuO, that was because Ag nano – powders exit as 

colloidal particle phase and thus more likely to consist of larger shaped particles than CuO. 

When the results for the particle size and crystalline size obtained from PSA and XRD analysis 

were put in comparison to each other, it was noted the D – value from XRD was higher w.r.t 
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PSA analysis therefore, it was concluded that nature of the nano – system was crystalline 

(Figure 5.9). 

 

 

Figure 5.9 Particle Size Distribution Analysis of CA1 [CuO, 1:0] and CA4 [Ag, 0:1]. 

 

5.1.8 Varistor Studies 

 

In this paper, the current and voltage nature was studied for a simpler two – constituent system 

which consisted of a semi – conducting metal oxide i.e., CuO as host material and metallic 

nano – powders i.e., Ag nanopowders were added into the sample composite using varying 

ratios. CuO has excellent electrical and thermal properties and silver exhibits exceptional 

electrical conduction capabilities due to the fact that silver has the lowest resistance value 

among all the metals. Now conductivity defined as the ease with which the charge carriers can 

move through the material. Even though silver consists of one free electron in its outer most 

shell per atom, the intrinsic nature of silver having lower resistivity compensates with higher 

rate of mobility of its free electrons and furthermore the anti-bacterial property of silver resists 

the growth of impurities thus aiding in the prolongation for the usage time – period of the 

devices.   

 

Varistors by definition concerns with non – linear behaviour of resistance w.r.t the applied 

voltage. The role of varistors in an electrical circuit is to protect the circuit system from getting 

short – wired which can lead to further damage resulting in breaking of fires. These devices 

operate on the principle by giving the allowance for the passage of maximum amount of current 
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through the electrical device before it reaches it pinnacle limit. Once varistor reaches its 

maximal limit, it shuts down the system henceforth, preserving the integrated circuit board 

from short circuiting. The mechanism of materials studied in this case for varistors resembles 

the working mechanism of a Schottky device. Its diode in which a junction between semi 

conducting material and metal is produced and it is used as a rectifier whereas in this case 

varistors are used as surge suppressors. The major difference between Schottky device and 

varistor is that, in the former device the necessary requirement is to have junction formed 

between a n-type semiconductor and a metal plate such as; Al and Pt instead of using p-type 

semiconductor. Whereas in the case of latter, the present work has been done to study the 

mobility capacity between a p-type semiconductor and metal. Therefore, the investigation of 

the sample powders has been studied through the understanding of formation of semi-

conducting metal oxide and a metallic material using the basics of p-n junction charge carrier 

transportation mechanism. 

 

 

Figure 5.10 Current – Voltage Plot Analysis for CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], 

CA3 [CuO + Ag, 1:2] and CA4 [Ag, 0:1]. 
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For this case, the interpretation of the plots was done in order to study ‘for how much value of 

current and voltage, the sample composite mixture can exhibit its functioning effectiveness 

within the system. From Figure 5.10, it was noted that there were certain factors which effected 

the nature and operational values for the sample model. One of the prevalent factors was the 

existence of ‘current compliance’; which meant the utmost amount for the current values that 

the electro – chemical cell was capable to sustain. The maximum value for the current was 

obtained around 1.00 mA/cm2 approximately, which was observed for the sample case of Ag, 

even though silver has an exceptional electron conduction value. This was the limitation 

relevant due to the device that was used to characterise the samples. Furthermore, the values 

for voltage were observed to be varying in the increasing order with minuscule differences. 

 

Second factor was the occurrence of the ‘Knee Point’; which meant the point in the graph where 

the curve bent specifically from a higher slope values to lower slope i.e., when elevated slope 

of the graph changed and became the saturated horizontal line in the graph. With the attendance 

of the afore – mentioned point, the graph was then divided into two domains; liner region and 

non – linear region. Linear region was defined as the area which was obtained just before the 

development of the knee point in the graph where Ohm’s Law was applicable and the current 

values gave a direct proportional graph w.r.t to the voltage values. The conduction values were 

obtained in this area because of the forward bias connections, as in the circuit p – junction is 

made positive and n – junction is made negative. Therefore, the existing electrons and holes 

gets attracted towards the junction points which leads to decrease in potential barrier and thus 

flow of charges through the circuit. Moreover, from Figure 5.6, it was observed that sample 

consists of closed porosity i.e., sample structure consists of smaller and isolated gaps with the 

grain boundaries [less frequent occurrence]. This lessened the porosity values which further 

led to smaller amounts of entrapment of electrons within the grain boundaries while the 

conduction was proceeding. Therefore, majority of electron population was available for 

electrical conduction which further enhanced the conduction capability of the sample material. 

This also led to hardness of the material and increased the capacity of sample to absorb 

recognisable amounts of current for longer times [190]. Some smaller values of current were 

also observed in reverse region. In this circuit settings, the conditions on p – and n – junctions 

are reversed and the width of potential barrier is increased. Even with applicability of such 

terms, some minority charge carriers are still present which resulted in the electrical 

conduction.  
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Whereas, non – Linear region was the saturated area of the graph that was acquired after the 

existence of knee point. In this region, Ohm’s Law was not followed and constant values for 

current were obtained with small but varying values for voltage. This behaviour was exhibited 

by all four sample systems in both positive and negative planes [196].  

 

Thirdly, there were irregular curves more like zig – zag pattern was noticed for sample cases 

CA1, CA2 and CA3. This could be possibly because of the polymorphism nature which tends 

to be an innate characteristic of CuO as it exists in two forms CuO and Cu2O. Which moreover, 

could have also resulted into the occurrence of saturation level at smaller scale before regaining 

the linear region. A pre – mature non – linear plot was obtained momentarily at an 

inconsequential scale for both the cases of CA2 and CA3, from 4.6330  10-7 (IN1), 0.5474 

(VN1) to 4.9508  10-7 (IN2), 1.3941 (VN2) for CA2 and from 4.4744  10-7 (IN1), 0.5096 (VN1) 

to 4.7914  10-7 (IN2), 1.3506 (VN2) for CA3 respectively. The values showed a decrease in 

values as the content for silver was increased for the proceeding sample cases. 

 

Fourthly, as it was observed that the graphical plot did not pass through the origin. This was 

because there was still some value of current obtained voltage at zero value. This current value 

is called Black or Dark current which is defined as the amount of the current that flows within 

the detector when there is no photon flux. This happens due to the spontaneous and random 

production of hole – electron pairs in the depletion region which leads to the generation of 

current whilst in the absence of photon flux. 

 

Lastly, as disclosed before, graphical plot between J (mA/cm2) and V (V/mm) values evinced 

the existence of two domains; the ‘before’ of the knee point i.e., direct proportional graph 

between current versus voltage values and ‘after’ of the knee point i.e., the saturated region. 

This led to another facet which was named ‘non – linear coefficient’. It was described as the 

ratio of the log values for differences of current densities to the log values for the differences 

of voltages. It was computed using the following equation and the values were chosen from 

initiating point and the end point of the saturated line [197]. 

 

α = 
log[𝐽2 − 𝐽1]

log[𝑉2 − 𝑉1]
 ; J2 > J1, V2 and V1 = voltages at respective current density 

 



Chapter 5. Results and Discussions 

 

 

96 

 

Where α = non – linear coefficient, IN (mA/cm2) = current values across the device and VN 

(V/mm) = voltage values across the device. The values obtained for non – linear coefficient, 

varistor current and voltage values were put in the tabular form in Table 5:5. 

 

Table 5:5: Tabular form for the values of non – linear coefficient ‘α’, voltage across the 

device ‘VN (V/mm)’ and current across the device ‘IN (mA/cm2)’ for CA1 [CuO, 1:0], CA2 

[CuO + Ag, 1:1], CA3 [CuO + Ag, 1:2] and CA4 [Ag, 0:1]. 

 

Sample code α - value IN [mA/cm2] VN [V/mm] 

CA1 

(CuO - 1:0) 

- 29.9706 2.1385 × 10-7 2.8809 

CA2 

(CuO + Ag - 1:1) 

- 27.7849 2.2495 × 10-7 2.9905 

CA3 

(CuO + Ag - 1:2) 

- 24.0964 2.3541 × 10-7 3.0497 

CA4 

(Ag - 0:1) 

- 1.5760 1.0392 0.6848 

 

From the Table 5:5, it was recognised that when the values for all three sample cases were 

compared against each other, an increase in the values for all 3 variables were obtained even 

though, the changes were with considerably smaller value differences. For the varistor to have 

its functionality value counted, the higher values for α were a necessity because more were the 

value for α, further larger the linear arena in the graph will be obtained, henceforth more voltage 

values will be procured which will allow a substantial amount of current to be passed through 

the device. CA1, was the host material with only singular component i.e. CuO thus gave smaller 

amount of values for α, whereas CA2 and CA3 were the composite values and the amount of 

Ag was added in increasing ratio therefore, showed a steady increase within the plot. 

 

Although, an elevated plot was obtained still the differences between the values were noted to 

be at smaller scale. The reasoning behind such conduct could be due to: (I). the subject 

composite materials were treated at only lower voltage – current values because of current 

compliance, (II). The selected specimen was constituting only of two components; CuO and 

Ag i.e., the composite mixture was of a much simpler and basic sphere as compared to a 

complex form with 3 or more chemicals [198]. The α – values were put against CuO weight 
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ratio as illustrated in Figure 5.11, it was seen that with the increase in the Ag – volume, an 

increase in the α – values were shown. 

 

 

Figure 5.11 Graphical plot for α – value against the CuO content of CA1 [CuO, 1:0], CA2 

[CuO + Ag, 1:1], CA3 [CuO + Ag, 1:2] and CA4 [Ag, 0:1]. 

 

Summarizing the afore – mentioned factors, an increase in the values for the non – linear 

coefficient, varistor current and varistor voltage were obtained even though, the values 

acquired exhibited a small-scale difference within the system. This was to a large extent 

because the matrix that was considered was of simpler form; CuO a semiconducting metal 

oxide was studied with the addition of metal oxide Ag with differing ratios. Yet, a steady 

growth was achieved which led to the conclusion that if the composite mixture was employed 

on with a stronger network, then a much more considerable set of values could be perceived 

which could have the device usage at larger scale such as in electrical circuits in industries etc. 

With the assortment of the values derived, the application areas for the intended sample codes 

were assessed to be at smaller scale where lower values of the voltages were required namely; 

smart door – bell systems, garage – door sensors, thermostats, resistors and several other smart 

- house equipments that require lower voltage potency for its operational efficiency. 
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5.2 PANI mixed with CdO 

 

5.2.1 TGA Studies 

 

• TGA analysis – PANI nanopowders. 

 

The implementation of TGA characterisation technique overlays the statistical knowledge for 

the loss in the weight of sample by providing details regarding the decomposition of water, any 

organic and volatile compounds or sample’s state of oxidation. The specimen undergoes 

thermal treatment over a consistent period of time and the fluctuations in the mass is plotted 

against temperature. 

 

The said tool was applied on polyaniline nanopowders to procure the information regarding 

the variations in the weight with a constant increase in the temperature values. PANI was air – 

dried at room temperature and no calcination was done on the samples. TGA was applied on 

PANI powders to assess its thermal steadiness over the scale of 30 ℃ to 800 ℃ at the rate of 

10 ℃ per minute. The temperature was held for 1.0 minute at 800 ℃. In total, four phases of 

PANI were obtained and they are as follows: 

 

(I). Phase I: was obtained in the temperature scale of 30 ℃ – 121 ℃, this loss was ascribed to 

the release of the water in general that was present in the sample in the form of moisture or free 

water molecules and the water molecules that were adsorbed by sample surface. 

 

PANI shows the thermal stability till this temperate, but proceeding this temperature, the 

conductive polymer commences to decay with a steady pace i.e., from the following stages the 

breaking – down of the existing organic substances begins. 

 

 (II). Phase II: was experienced within the range of 121 ℃ – 226 ℃, this phase exhibited the 

degradation or evaporation of the unreacted aniline and any volatile compounds. 

 

(III). Phase III: was observed in the plot from 226 ℃ – 450 ℃, this phase was the result when 

the thermos – oxidative decomposition of polyaniline initiated.  
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 (IV). Phase IV: the last phase was seen from the end section from 450 ℃ – 800 ℃, in this 

phase the decomposition of the backbone of polymer takes place. The total weight loss 

experienced by the polymer sample was acquired to be Δ Y = 67.94 % for pure PANI nano – 

powders [199][200][201][202][203] (Figure 5.12). 

 

 

PC1 

 

PC4 

Figure 5.12 TGA Analysis of PC1 [PANI, 1:0] and PC4 [CdO, 0:1]. 

 

• TGA analysis – CdO nanopowders. 

 

TGA, in case of CdO was employed on to the uncalcinated nano – powders that were procured 

after the completion of the auto – combustion process. This characterisation was done in the 

temperature range from 40 ℃ – 600 ℃ at 10 ℃ / minute so as to the obtain the calcination 

temperature for CdO sample powders. The heat on the specimen was held at 600 ℃ for about 

1.0 minute. The sample underwent three major phases of weight loss w.r.t increase in 

temperature value. 

 

(I). Phase I: 42 ℃ (room temperature) – 108 ℃; total weight loss Δ Y = 4.692 % was acquired 

due to the discharge of the water contents or moisture. In addition, the freeing of the volatile 

compounds that were adsorbed and the surfactants molecules that got attached on the surface 

of the CdO sample powders whilst its preparation. 
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(II). Phase II: 108 ℃ – 350 ℃, total weight loss Δ Y = 11.899 %. This phase took place as the 

thermal degradation of the organic compounds started in the precursor structure. This phase 

observed the occurrence two over – lapping temperatures because the 𝐶𝑑 −  𝑁𝑂3
− ion bond 

takes time to wither out and thus exhibits two different temperatures for the breakage of the 

said bond.  

 

1. 185.24 ℃ = weakening of the H – bonded nitrates of 𝐶𝑑 − 𝑁𝑂3
− +  𝐻2𝑂 at the lower 

temperature. 

 

2. 299.29 ℃ = breaking of the covalently bonded nitrates of 𝐶𝑑 − 𝑁𝑂3
− ion at the higher 

temperature. CdO being a semi – conductor metal conductor with ionic bonding 

constitutes of covalently bonded nitrates because of the nature of the 𝐶𝑑 − 𝑁𝑂3
− bond, 

as it falls under the definition of Polyatomic Ion. This term means the group of the 

atoms that are associated to one another through covalent bonds and in spite of that the 

atom in whole collection consists of a charge i.e., 𝐶𝑑 −  𝑁𝑂3
− has single N – atom and 

triple O – atoms.  

 

(III). Phase III:  350 ℃ – 600 ℃, less significant weight loss which did not interfered with the 

thermal plot w.r.t the temperature was seen in this temperature scale corresponding to any 

thermal decomposition, which means the CdO crystallization has taken place. 

 

In the present work to obtain the metal oxide phase, the CdO powders were calcinated at 400 

℃ for 7 hours with the usage of an accelerated heating rate of 10 ℃ / minute. This was done 

as it facilitates the farther away movements of the base – line from the state of equilibrium due 

to the requirement of short – time response for apiece ascertainment [204][205][206][207][208] 

[209] (Figure 5.12). 

 

5.2.2 XRD Pattern 

 

To understand the irregular – amorphous and ordered crystalline structure of both PANI and 

CdO nano – structured powders respectively, XRD was utilized. This technique also supplies 

with the information concerning the crystal phase and orientation. Furthermore, the details of 
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unit length and average crystal size can also be computed with the help of lattice parameters 

values obtained using the respective formulae. 

 

Since, polyaniline has non – structured nature therefore its confirmation is secured through a 

broad curve constituting of certain peaks in the range of 10° – 30°. For PC1, PANI exhibited 

its structural peaks at 2θ° values as = 14.47°, 19.56°, 20.42°, 25.33°, 25.40°, 26.41°, 27.10° 

and 29.54° and its corresponding d – spacing values were = 6.1178 Å, 4.5341 Å, 4.3451 Å, 

3.5127 Å, 3.5043 Å, 3.3722 Å, 3.2878 Å and 3.0214 Å respectively. The peak obtained at 

20.42° was attained parallel towards the direction of the polymer chain whereas, the peak 

values at 25.33° and 25.40° were attributed perpendicular to the polymer chain direction. The 

latter mentioned peaks have major influence in affirming the amorphous formation 

demonstrating the emeraldine salt disposition of the conductive polymer [210][211][212][213] 

[214][215][216][217][218][219][220][221][222]. For PC2, the amorphous nature of 

polyaniline was revealed with the occurrence of peaks at 2θ° = 27.46° and 29.36° with the 

respective d – spacing values at = 3.2455 Å and 3.0393 Å. The structure of CdO nano - powders 

was also dispositioned for 2θ° values = 32.96°, 38.25°, 55.24°, 65.88°, 69.21° having adjacent 

(hkl) – plane values = (111), (200), (220), (311), (222). For PC3, 2θ° values = 27.51° and 

29.41° for d – spacing values = 3.2396 Å and 3.0342 Å for PANI nano – particles were 

acquired. The characteristic peaks for CdO were observed at 2θ° values = 32.99°, 38.29°, 

55.29°, 65.92°, 69.26° with their corresponding reflection plane values = (111), (200), (220), 

(311), (222) respectively. For PC4, the ordered crystalline nature for CdO nano – granulates 

was evinced by the occurrence of 2θ° values at = 32.96°, 38.27°, 55.26°, 65.90°, 69.23° which 

were indexed in correspondence with (hkl) – reflection planes phases at = (111), (200), (220), 

(311), (222). These obtained values were in accordance with the JCPDS card no: 05 – 0640. 

Moreover, no other diffraction peak concerning to the formation of contaminations; CdCO3, 

Cd(OH)2 and CdO2 were obtained, thus concluding the synthesised CdO nano – powders as 

pure and spared of any kind of impurities [223][224][225][226][227][228][229][230][231] 

[232][233][234][235][236][237][238] (Figure 5.13). 

 

When the results for PC1, PC2, PC3 and PC4 were compared to one another, it was recognised 

that the intensity of the PANI curve was decreased and simultaneously the quantity of the peaks 

that were formed within the curve were also lessened. This was primarily due to the reason that 

sample code PC1 (1:0) and PC4 (0:1) constituted of undoped form of PANI and CdO nano – 
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powders, whereas PC2 (1:1) and PC3 (1:2) were the composition samples having both the said 

nanopowders. Now, as the quantity of CdO nano – powders were increasing, the PANI content 

was decreased and hence the occurrence of the said peaks was also reduced. The decreased in 

the PANI quantity means the more prevalent crystallisation of CdO peaks and Table 5:6. 

provides the tabular representation for the XRD peaks.  

 

 

 

Figure 5.13 XRD Analysis of PC1 [PANI, 1:0], PC2 [PANI + CdO, 1:1], PC3 [PANI + CdO, 

1:2] and PC4 [CdO, 0:1]. 

 

Table 5:6: XRD peak values for PC1 [PANI, 1:0], PC2 [PANI + CdO, 1:1], PC3 [PANI + 

CdO, 1:2] and PC4 [CdO, 0:1]. 
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Sample code PANI  CdO  

 2θ d 2θ hkl 

 14.47° 6.1178 Å   

 19.56° 4.5341 Å   

 20.42° 4.3451 Å   

PC1 25.33° 3.5127 Å –  

(1:0) 25.40° 3.5043 Å   

 26.41° 3.3722 Å   

 27.10° 3.2878 Å   

 29.54° 3.0214 Å   

 27.46° 3.2455 Å 32.96° 111 

 29.36° 3.0393 Å 38.25° 200 

PC2   55.24° 220 

(1:1) –  65.88° 311 

   69.21° 222 

 27.51° 3.2396 Å 32.99° 111 

PC3 29.41° 3.0342 Å 38.29° 200 

(1:2)   55.29° 220 

 –  65.92° 311 

   69.26° 222 

   32.96° 111 

PC4   38.27° 200 

(0:1) –  55.26° 220 

   65.90° 311 

   69.23° 222 

 

The values for the crystallite size (D), lattice parameters (a, b, c) and volume (V) for the sample 

composites were also calculated. Since, PANI has amorphous nature therefore, its crystallite 

size, lattice and volume data weren’t obtained. Whereas, CdO has cubic structure in 

monteponite phase and thus it has unit length a = b = c. The afore – mentioned values were 

evaluated utilizing the corresponding formula. Table 5:7 provides with the computed values 

in tabular form. 

 

D = 
kλ

β∗cosθ
; (Debye Scherrer’s Equation) 
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1

𝑑ℎ𝑘𝑙
2  = 

 ℎ2+𝑘2+𝑙2

𝑎2
; (Cubic formula – monteponite phase for CdO nanoparticles) 

𝑉 = 𝑎 × 𝑏 × 𝑐; (Volume) 

 

Table 5:7: Lattice parameters (a, b, c), crystallite size (D), FWHM (β*), Braggs angle (2θ) 

and volume (V) of PC2 [PANI + CdO, 1:1], PC3 [PANI + CdO, 1:2] and PC4 [CdO, 0:1]. 

         

  a (Å) b (Å) c (Å) D (nm) β* (°) 2θ (°) V (Å)3 

PC2 (1:1) 

PC3 (1:2) 

PC4 (0:1) 

CdO 

CdO 

CdO 

4.7022 

4.698 

4.7002 

4.7022 

4.698 

4.7002 

4.7022 

4.698 

4.7002 

46.9685 

49.3493 

42.6390 

3.26218 × 10-3 

3.1051 × 10-3 

3.5935 × 10-3 

38.25 

38.29 

38.27 

103.9688 

103.6905 

103.8362 

  

 

       

5.2.3 FTIR Analysis 

 

FTIR analysis gives details regarding the elements present in the composition for gases, liquids 

and solids and organic compounds. It consists of a “Finger – print region” that exhibits the 

specific peaks for the particular molecule and henceforth confirming the formation of the 

desired structural bond. 

 

For PC1, the structural peaks attributed to the amorphous nature of PANI were obtained as 

follows: the peak value for symmetric stretching vibration for secondary amines associated to 

the free N – H bond was observed at 3418.52 cm-1, these bonds emerge from the polyaniline 

arrangement and thus the formation of PANI was assured. The value for the NH2+ bond equated 

in – C6H4NH2+C6H4 – section of the polyaniline was around 2921.58 cm-1. The peaks at 

2900.68 cm-1, 2826.03 cm-1 were assigned to C – H bond of CH2 derived from the stretching 

vibrations of the aliphatic hydrocarbons. 1664.07 cm-1, 1648.84 cm-1 were the vibrational peaks 

for C = N bond. The value for stretching vibration that was attributed to the quinonoid (Q) 

arrangement of polyaniline was procured at 1561.80 cm-1 whilst the stretching vibrational peak 

value for benzenoid (B) arrangement was obtained around 1471.30 cm-1. The stretching 

vibrations for C – N bond was indexed at 1290.30 cm-1, 1245.05 cm-1. The capability of PANI 

to have electrical conduction is the consequence of the occurrence of protonation process in 

the polymer sample and its trademark peak was at 1137.26 cm-1. The value observed at 1104.11 

cm-1 was due to the in – plane bending whereas, the out – plane bending was obtained at 872.67 
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cm-1. The C – C bond peak associated to aromatic ring was 568.03 cm-1. The peak value seen 

at 513.84 cm-1 was given to the C – N – C bond for the aromatic ring structure [40][210][213] 

[218][239][240][241][242][243][244][245][246][247][248][249][250][251]. For PC2, 

3413.40 cm-1 (N – H), 2921.58 cm-1 (NH2+ bond of – C6H4NH2+C6H4 –). 2864.84 cm-1, 2826.03 

cm-1 (C – H bond of CH2 of aliphatic hydrocarbons). 1666.63 cm-1, 1648.72 cm-1 (C = N). 

1574.19 cm-1 (Q – stretching vibration). 1487.15 cm-1 (B – stretching vibration). 1298.95 cm-1 

(C – N). 1121.40 cm-1 (protonate PANI peak). 1114.49 cm-1 (C – H in plane). 879.59 cm-1 (C 

– H out plane). 569.76 cm-1 (C – C bond of aromatic ring). 506.92 cm-1 (C – N – C of aromatic 

structure). The presence of CdO was also observed as follows: the wide spectrum ranges from 

3696.19 cm-1 – 3104.15 cm-1 (OH – molecules for H2O content). 3580.81 cm-1, 3521.21 cm-1, 

3516.07 cm-1, 3495.73 cm-1, 3475.25 cm-1, 3457.34 cm-1, 3441.98 cm-1 (OH – bonds of H2O 

molecules on CdO surface). 2390.51 cm-1, 2354.68 cm-1 (O = C = O of CO2). 1725.92 cm-1 (C 

= O). 1647.11 cm-1 (O – H bond of H2O because atmospheric water vapour). 1640.20 cm-1 (C 

= C). 1445.36 cm-1, 1380.80 cm-1 (O – C – O). 1333.82 cm-1 (wagging CdO). 1251.97 cm-1 (M 

– O bond due to Cd (NO3)2). 1140.71 cm-1 (C – O bond due to crystallinity). 1077.88 cm-1 (C 

– O – C). 973.55 cm-1, 959.71 cm-1, 930.03 cm-1, 907.26 cm-1, 856.82 cm-1, 822.23 cm-1, 797.74 

cm-1, 726.26 cm-1, 707.24 cm-1, 451.30 cm-1, 447.84 cm-1, 439.19 cm-1, 421.61 cm-1, 412.96 

cm-1 (characteristic peaks of CdO formation). 930.03 cm-1 (C – O – H of – COOH bond). 

604.63 cm-1 (M – O bond of Cd – O). For PC3, 3426.20 cm-1 (N – H), 2926.70 cm-1 (NH2+ 

bond from – C6H4NH2+C6H4 – polymer section). 2838.82 cm-1, 2828.59 cm-1 (C – H peaks for 

the CH2 bond of aliphatic hydrocarbons). 1664.07 cm-1 (C = N). 1577.65 cm-1 (Q – stretching 

vibration). 1487.15 cm-1 (B – stretching vibration). 1274.07 cm-1 (C – N). 1117.95 cm-1 (in 

plane C – H peak). 879.59 cm-1 (out of plane C – H peak). 568.03 cm-1 (aromatic ring bond 

peak for C – C). 506.92 cm-1 (aromatic orientation association C – N – C). The peak for 

protonated PANI was missing due to polyaniline content lessening in the sample code when 

compared to PC1 and PC2. The broad curve over the scale of 3681.25 cm-1 – 3106.70 cm-1 

(OH – peaks associated to H2O molecules). 3580.81 cm-1, 3495.73 cm-1, 3462.46 cm-1, 3436.86 

cm-1 (H2O content bonds for the OH – molecules on CdO surface). 2352.12 cm-1, 2328.66 cm-

1 (O = C = O for CO2 bond). 1728.48 cm-1 (C = O). 1651.27 cm-1 (O – H peaks for atmospheric 

water vapor content). 1645.38 cm-1 (C = C). 1447.09 cm-1, 1407.03 cm-1, 1389.73 cm-1, 1384.26 

cm-1, 1379.07 cm-1 (O – C – O). 1335.55 cm-1 (CdO wagging). 1251.97 cm-1 (M – O peak 

because of Cd (NO3)2 bond). 1135.53 cm-1 (C – O bond because of crystallinity formation). 

1083.07 cm-1 (C – O – C). 961.4 cm-1, 855.09 cm-1, 820.22 cm-1, 799.46 cm-1, 705.51 cm-1, 
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442.65 cm-1, 400.86 cm-1 (characteristic peak values for CdO bond presence). 919.65 cm-1 (C 

– O – H peak for – COOH). 682.74 cm-1, 611.55 cm-1 (M – O peak value for Cd – O bond). 

For PC4, the disposition of CdO was observed with the presence of its peaks that were 

attributed to its characteristic structural nature as follows: the widened spectrum of multitudinal 

peaks were obtained within the scale range of 3663.93 cm-1 – 3108.85 cm-1. There were the 

OH – bonds of the molecules from the residual H2O content when the sample was taken out 

from the thermal treatment apparatus. The peak values observed at 3582.54 cm-1, 3553.95 cm-

1, 3526.05 cm-1, 3461.95 cm-1, 3416.76 cm-1 were the stretching vibrations for the – OH bond 

associated to the hydroxyl group from water molecules that got coupled onto the CdO surface. 

2395.52 cm-1, 2357.52 cm-1 were allocated to O = C = O bond formation due to the existence 

of CO2 in the atmosphere whilst the synthesis process of CdO nano – powders. The C = O bond 

was procured at 1728.45 cm-1. The – OH peak value observed at 1667.32 cm-1 was also from 

the presence of hydroxyl group. This bond was transpired due to the water vapor quantity that 

was in attendance while the fabrication process was on – going. The formation of C = C bond 

was assigned to peak value at 1642.72 cm-1. The peaks at 1483.44 cm-1, 1436.01 cm-1, 1414.45 

cm-1, 1399.23 cm-1 were the resultant of the origination of O – C – O bond. The vibrational 

wagging CdO peak was exhibited at 1346.55 cm-1. The emergence for the metal – oxygen (M 

– O) bond formed due to utilization of Cd (NO3)2 in the sol – gel method was secured at 1244.73 

cm-1. The peak values at 1171.13 cm-1, 1131.01 cm-1 were designated to C – O bond formation 

which was because of the achievement of crystallinity of CdO nano – powders. This peak 

confirms the formation of crystal structure of the said metal – oxide sample. 1059.34 cm-1 was 

the C – O – C bond peak. The several peaks at 955.59 cm-1, 858.25 cm-1, 526.17 cm-1, 496.01 

cm-1, 442.61 cm-1, 400.83 cm-1 were the behavioural peaks w.r.t the characteristic aspect of 

CdO. 920.45 cm-1 was out of plane C – O – H bending peak for – COOH section of carboxyl 

group. The metal – oxygen bond between Cd – O were acquired at 681.66 cm-1, 641.54 cm-1. 

These bonds confirm the formation of CdO arrangement [233][234][252][253][254][255] 

[256][257][258][259][260][261][262][263] (Figure 5.14). 

 

By comparing the data obtained from PC1, PC2, PC3 and PC4, it was observed that the 

intensity of PANI peaks decreased with the increase in the quantity for CdO in sample 

composition PC2 (1:1), PC3 (1:2) and PC4 (0:1) and thus CdO peaks became sharper and 

visible. Furthermore, it confirmed the formation of crystallisation of CdO structure. Table 5:8. 

furnishes the values for FTIR peaks and the associated bonds. 
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Figure 5.14  FTIR Analysis of PC1 [PANI, 1:0], PC2 [PANI + CdO, 1:1], PC3 [PANI + 

CdO, 1:2] and PC4 [CdO, 0:1]. 

 

Table 5:8: FTIR peaks and the associated bonds for PC1 [PANI, 1:0], PC2 [PANI + CdO, 

1:1], PC3 [PANI + CdO, 1:2] and PC4 [CdO, 0:1]. 

 

 Peak Names PC1 

(PANI - 1:0) 

PC2 

(PANI + CdO - 

1:1) 

PC3 

(PANI + CdO - 

1:2) 

PC4 

(CdO - 0:1) 

1. N – H 3418.52 cm-1 3413.40 cm-1 3426.20 cm-1 – 

2. NH2+ of – 

C6H4NH2+C6H4 – 

2921.58 cm-1 2921.58 2926.70 cm-1 – 

3. C – H of CH2 2900.68 cm-1, 

2826.03 cm-1 

2864.84 cm-1, 

2826.03 cm-1 

2838.82 cm-1, 

2828.59 cm-1 

– 
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4. C = N 1664.07 cm-1, 

1648.84 cm-1 

1666.63 cm-1, 

1648.72 cm-1 

1664.07 cm-1 – 

5. Quinonoid 1561.80 cm-1 1574.19 cm-1 1577.65 cm-1 – 

6 Benzenoid 1471.30 cm-1 1487.15 cm-1 1487.15 cm-1 – 

7. C – N 1290.30 cm-1, 

1245.05 cm-1 

1298.95 cm-1 1274.07 cm-1 – 

8. Protonated PANI 1137.26 cm-1 1121.40 cm-1 – – 

9. C – H in plane 1104.11 cm-1 1114.49 cm-1 1117.95 cm-1 – 

10. C – H out of plane 872.67 cm-1 879.59 cm-1 879.59 cm-1 – 

11. C – C 568.03 cm-1 569.76 cm-1 568.03 cm-1 – 

12. C – N – C 513.84 cm-1 506.92 cm-1 506.92 cm-1 – 

13. – OH bond of 

H2O content 

– 3696.19 cm-1 – 

3104.15 cm-1 

3681.25 cm-1 – 

3106.70 cm-1 

3663.93 cm-1 – 

3108.85 cm-1 

14. – OH of H2O – 

CdO 

– 3580.81 cm-1, 

3521.21 cm-1, 

3516.07 cm-1, 

3495.73 cm-1, 

3475.25 cm-1, 

3457.34 cm-1, 

3441.98 cm-1 

3580.81 cm-1, 

3495.73 cm-1, 

3462.46 cm-1, 

3436.86 cm-1 

3582.54 cm-1, 

3553.95 cm-1, 

3526.05 cm-1, 

3461.95 cm-1, 

3416.76 cm-1 

15. O = C = O of CO2 – 2390.51 cm-1, 

2354.68 cm-1 

2352.12 cm-1, 

2328.66 cm-1 

2395.52 cm-1, 

2357.52 cm-1 

16. C = O – 1725.92 cm-1 1728.48 cm-1 1728.45 cm-1 

17. – OH bond from 

atmospheric water 

vapor 

– 1647.11 cm-1 1651.27 cm-1 1667.32 cm-1 

18. C = C – 1640.20 cm-1 1645.38 cm-1 1642.72 cm-1 

19. O – C – O – 1445.36 cm-1, 

1380.80 cm-1 

1447.09 cm-1, 

1407.03 cm-1, 

1389.73 cm-1, 

1384.26 cm-1, 

1379.07 cm-1 

1483.44 cm-1, 

1436.01 cm-1, 

1414.45 cm-1, 

1399.23 cm-1 

20. Wagging CdO – 1333.82 cm-1 1335.55 cm-1 1346.55 cm-1 

21. M – O bond of 

Cd(NO3)2 

– 1251.97 cm-1 1251.97 cm-1 1244.73 cm-1 
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22. C – O of CdO 

crystallinity 

– 1140.71 cm-1 1135.53 cm-1 1171.13 cm-1, 

1131.01 cm-1 

23. C – O – C – 1077.88 cm-1 1083.07 cm-1 1059.34 cm-1 

24. Characteristic 

peaks of CdO 

– 973.55 cm-1, 

959.71 cm-1, 

930.03 cm-1, 

907.26 cm-1, 

856.82 cm-1, 

822.23 cm-1, 

797.74 cm-1, 

726.26 cm-1, 

707.24 cm-1, 

451.30 cm-1, 

447.84 cm-1, 

439.19 cm-1, 

421.61 cm-1, 

412.96 cm-1 

961.4 cm-1, 

855.09 cm-1, 

820.22 cm-1, 

799.46 cm-1, 

705.51 cm-1, 

442.65 cm-1, 

400.86 cm-1 

955.59 cm-1, 

858.25 cm-1, 

526.17 cm-1, 

496.01 cm-1, 

442.61 cm-1, 

400.83 cm-1 

25. C – O – H of – 

COOH 

– 930.03 cm-1 919.65 cm-1 920.45 cm-1 

26. M – O of Cd – O – 604.63 cm-1 682.74 cm-1, 

611.55 cm-1 

681.66 cm-1, 

641.54 cm-1 

 

5.2.4 Raman Spectroscopy 

 

Raman studies alike IR – analysis also provides with “Molecular Finger – Print region” that is 

specific to each compound or element that exists in the sample or composition. This tool lays 

– down the details concerning both organic and inorganic compounds and as well provides 

with information regarding the vibrational level for the molecule. The accumulation and 

breakdown of such knowledge supplies the statics of the existing particle at micro level. 

 

The aniline molecule is the construction of 26 atoms in total and it is affiliated to the Cs space 

group. This point group belongs in the inferior category and thus exhibits at the most two 

symmetries of elements i.e., S and E. Furthermore, this results in 42 representations that are 

counted as irreducible and as well exhibits 36 vibrational modes. These principal modes in 

whole comprises of Infra – red modes and Raman active modes. it is demonstrated by the 
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following expression: ⸢vib = 20 A' + 16 A". The latter mentioned 36 vibrational modes 

incorporates of 6 (3 A' + 3 A") modes for N – H bond vibrations, 15 (9 A' + 6 A") modes for 

the C – H bond vibrations, 3 C – N bond vibrational modes and 12 (7 A' + 5 A") modes for the 

ring vibrations. Polyaniline exists in the emeraldine structure for conductive polymer and 

constitutes of repetition of aniline monomer. It also belongs to the Cs space group. It has 138 

vibrational modes which are both Infra – red active as well as Raman active modes. it is equated 

as: ⸢vib = 93 A' + 45 A" [264]. For PC1, the peak obtained at 578.97 cm-1 was assigned to the 

out – of – plane deformation of C – H bond which was associated with quinonoid (Q) structure. 

The value for the amine site defect was observed at 746.36 cm-1. The peak at 787.01 cm-1 was 

adjacent to the distortion in the quinine arrangement of polyaniline. The amine deformation 

was obtained at the peak of 812.77 cm-1. The peak value 1176.61 cm-1 was due to vibrations 

obtained with the occurrence of the in – plane vibrations in C – H bond of quinonoid structure. 

The C – N bond of amine was acquired at 1238.87 cm-1. The delocalised arrangement of the 

polarons C ~ N+ resulted in vibrational stretching which were observed at 1347.52 cm-1. The 

distorted form of vibrations for the stretched configuration of polymer was procured at 1385.51 

cm-1. The peak at 1489.97 cm-1 was the C = N bond of the imine. The value for N – H bending 

was obtained at 1567.81 cm-1. The peak assigned to the C = C vibrational stretching formed of 

quinonoid structure was at 1598.57 cm-1 whereas, the C – C stretching vibrations of benzenoid 

arrangement was seen at 1611.02 cm-1 [265][266][267][268][269][270][271][272]. For PC2, 

the Raman peaks for PANI were obtained as follows: 577.25 cm-1 (C – H out plane of Q – 

structure). 749.36 cm-1 (imine site deformation). 785.34 cm-1 (Q – site distortion). 813.06 cm-

1 (amine deformation). 1179.50 cm-1 (C – H in plane of Q – arrangement). 1233.45 cm-1 (amine 

C – N bond). 1346.10 cm-1 (C ~ N+). 1387.82 cm-1 (delocalised vibrations of extended 

polymer). 1487.49 cm-1 (C = N of imine bonding). 1563.92 cm-1 (bending for N – H).1591.65 

cm-1 (C = C of Q - conformation). 1614.39 cm-1 (C – C of B - structure). The CdO Raman 

peaks were also obtained as such: 147.62 cm-1 (weak CdO peak). 287.65 cm-1 (2 TA (L) = TA 

+ TO). 392.83 cm-1 (2 LA (L)). 957.68 cm-1 (pure CdO peak). For PC3, polyaniline exhibited 

values at peaks: 577.11 cm-1 (out of plane C – H of Q – arrangement). 744.86 cm-1 (distortion 

for imine). 785.33 cm-1 (deformation for Q – configuration). 813.06 cm-1 (deformation of 

amine). 1175.76 cm-1 (in – plane C – H of Q – structure). 1233.63 cm-1 (C – N of amine bond). 

1346.61 cm-1 (C ~ N+). 1383. 92 cm-1 (delocalised vibrations in extended polymer backbone). 

1482.95 cm-1 (imine C = N bond). 1568.42 cm-1 (N – H bending). 1591.65 cm-1 (C = C for Q - 

configuration). 1614.31 cm-1 (C – C of B – formation). The Raman values were procured for 
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CdO crystal as: 147.62 cm-1 (weaker CdO peak). 287.64 cm-1 (2 TA (L) = TA + TO). 391.97 

cm-1 (2 LA (L)). 953.19 cm-1 (pure CdO peak). For PC4, the disposition of CdO was observed. 

As in accordance with the selection theory, there are two vibrational modes that are dipole 

forbidden; Transverse Optic (TO) mode and Longitudinal Optic (LO) mode for the crystal 

arrangement that has rock – salt conformation in nature. CdO has cubic configuration in 

monteponite phase which follows the afore – mentioned structure and thus, all the Raman peaks 

observed were assigned to second – order Raman scatterings. The space group of CdO is 

𝑂ℎ
5𝐹𝑚3𝑚. A weaker CdO peak was obtained at 147.62 cm-1. The band at 287.56 cm-1 was 

attributed to the amalgamation of 2 TA phonons at L – site i.e., TA + TO thus making up 

equation 2 TA (L) = TA + TO. The peak 391.87 cm-1 was the consequence of 2 LA (L) 

vibration. This stemmed within the domain that contained higher volume of phonon states in 

the two – phonon sum densities and was the resultant of overtone of 2 LA states at varying 

symmetry areas. The peak at 957.68 cm-1 was seen for pure CdO arrangement. As the LO and 

TO modes are dipole – forbidden therefore, no peaks were obtained concerning these modes 

[273][274][275][276][277][278][279] (Figure 5.15). 

 

The results for PC1, PC2, PC3 and PC4 were put together for comparison purposes and it was 

discerned that the peaks for CdO became more distinguished for sample PC3 and PC4 as 

compared to PC2 because the CdO content was increased in latter sample code. Furthermore, 

the sharpness in the PANI peaks was declining with each proceeding sample with increasing 

acuteness in CdO peaks. Thus, that the visibility for the crystallinity of CdO was more 

prominent and henceforth, confirms the formation of said nano – powders Table 5:9. 
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Figure 5.15 Raman Analysis of PC1 [PANI, 1:0], PC2 [PANI + CdO, 1:1], PC3 [PANI + 

CdO, 1:2] and PC4 [CdO, 0:1]. 

 

Table 5:9: Raman peak values and the bonds for PC1 [PANI, 1:0], PC2 [PANI + CdO, 1:1], 

PC3 [PANI + CdO, 1:2] and PC4 [CdO, 0:1]. 

 

 Peak Names PC1 

(PANI - 1:0) 

PC2 

(PANI + CdO 

- 1:1) 

PC3 

(PANI + CdO - 

1:2) 

PC4 

(CdO - 0:1) 

1. C – H out plane of Q – 

structure 

578.97 cm-1 577.25 cm-1 577.11 cm-1 – 

2. imine site deformation 746.36 cm-1 749.36 cm-1 744.86 cm-1 – 

3. Q – site distortion 787.01 cm-1 785.34 cm-1 785.33 cm-1 – 

4. amine deformation 812.77 cm-1 813.06 cm-1 813.06 cm-1 – 
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5. C – H in plane of Q – 

arrangement 

1176.61 cm-1 1179.50 cm-1 1175.76 cm-1 – 

6 amine C – N bond 1238.87 cm-1 1233.45 cm-1 1233.63 cm-1 – 

7. C ~ N+ 1347.52 cm-1 1346.10 cm-1 1346.61 cm-1 – 

8. delocalised vibrations 

of extended polymer 

1385.51 cm-1 1387.82 cm-1 1383. 92 cm-1 – 

9. C = N of imine 

bonding 

1489.97 cm-1 1487.49 cm-1 1482.95 cm-1 – 

10. N – H bending 1567.81 cm-1 1563.92 cm-1 1568.42 cm-1 – 

11. C = C of Q - 

conformation 

1598.57 cm-1 1591.65 cm-1 1591.65 cm-1 – 

12. C – C of B - structure 1611.02 cm-1 1614.39 cm-1 1614.31 cm-1 – 

13. weak CdO peak – 147.62 cm-1 147.62 cm-1 147.62 cm-1 

14. 2 TA (L) = TA + TO – 287.65 cm-1 287.64 cm-1 287.56 cm-1 

15. (2 LA (L) – 392.83 cm-1 391.97 cm-1 391.87 cm-1 

16. pure CdO peak – 957.68 cm-1 953.19 cm-1 957.68 cm-1 

 

5.2.5 FESEM Analysis 

 

The surface morphological information was obtained through the employment of FESEM tool 

as it lays – out the ocular analysis for the sample system by generating comprehensible and 

electro – statically images that were distorted to a lesser extent. It also helped with the 

understanding of purity for the samples by revealing the presence of contamination even at 

micro – level. For PC1, PANI outlaid the morphology that was similar to coral – like which 

has a higher degree of irregularity and asymmetry arrangement associated with its structure. 

The materialisation of cluster formation in abundance was observed for PANI molecules. The 

afore – mentioned traits were the common factors of occurrence that were generally analogous 

with the synthesis process applied i.e., chemical oxidation polymerisation process [247][280] 

[281][282]. For PC2 and PC3, the presence of CdO nano – powders were also visible because 

of the distinct structured shape morphology as compared to the irregular shape of PANI. CdO 

content was introduced into composition mixture at varying ratios for PC2 (1:1) and PC3 (1:2) 

i.e., the latter sample system has more percentage of CdO present in it, which was also 

confirmed. When the data obtained was studied against each other, the formation of CdO 

structures were observed for both PC2 and PC3 with the more prominent emergence of CdO 
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shape in the latter case whereas, the coral – like morphology of PANI becomes less visible in 

PC3 case. For PC4, the sample nano – powders obtained exhibited porous nature with the 

presence of clumped particles at certain areas. The agglomeration of the particles was due to 

fusion of many smaller particles because the sample was thermally treated for longer time 

period at 400 ℃ and hence further led to increased porosity. Even though clump – like 

arrangement was formed, a defined structure was pronounced for CdO nano – crystalline 

powders [283][284][285][286][287][288][289][290] (Figure 5.16). 

 

 

 

Figure 5.16 FESEM Analysis of PC1 [PANI, 1:0], PC2 [PANI + CdO, 1:1], PC3 [PANI + 

CdO, 1:2] and PC4 [CdO, 0:1]. 

 

5.2.6 EDX and Mapping Studies 

 

The information concerning the elemental constituents was studies through EDX technique as 

this characterisation tool gave the analysis in the form of a spectra which consisted of peaks at 
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specific values which were studied to be adjacent to elements that formed the sample 

composition. For PC1, the formation of PANI was confirmed by acquiring the peaks 

corresponding to C (carbon), O (oxygen) and N (Nitrogen) – atoms. For PC2 and PC3, the 

peaks for C, O, N and Cd, O – atoms associated with both PANI and CdO nano - powders 

respectively were procured. For PC4, the spectra exhibited the attendance of peaks for Cd 

(cadmium) and O (oxygen) – atoms which solidified the fabrication of desired nano – powders. 

A small number of inconsequential but defined peaks were also observed. These were formed 

as the resultant of the compositions within the chemicals that were used as precursors in 

synthesis process (Figure 5.17). 

 

 

 

Figure 5.17 EDX Analysis of PC1 [PANI, 1:0], PC2 [PANI + CdO, 1:1], PC3 [PANI + CdO, 

1:2] and PC4 [CdO, 0:1]. 

 

EDX mapping was also done so as to obtain the data concerning with the spatial distribution 

and the placements of the elements within sample domain (Figure 5.18). 
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Figure 5.18 EDX - Mapping Analysis of PC1 [PANI, 1:0], PC2 [PANI + CdO, 1:1], PC3 

[PANI + CdO, 1:2] and PC4 [CdO, 0:1]. 

 

5.2.7 PSA Analysis 

 

Particle size distribution details were obtained in the form of bar graph regarding the size 

percentile details for the elements that were existing in the sample powders. The analysation 

was done only for CdO nano – powders as it falls under cubic crystalline arrangement whereas, 

PANI has an unordered structure and does not follow any specific crystalline arrangement. The 

particle size value was obtained to be 32.09243 nm with a standard error = 1.1823 %. These 

values were also studied against the crystallite values obtained by XRD spectra. It was observed 

that the size values computed through PSA were smaller as compared to XRD analysis which 

implied that the nano – powders synthesised has crystalline nature (Figure 5.19). 
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Figure 5.19 Particle Size Distribution Analysis of PC4 [CdO, 0:1]. 

 

5.2.8 Varistor Studies 

 

Varistor studies were done by plotting the graph for current, J (mA/cm2) and voltage, E (V/mm) 

values against each other and analysing the data obtained through it. The characterisation 

investigated the information concerning “the maximal capability of the device to accommodate 

the highest values for current and voltage, before the system reached its shut – down stage”. 

These devices see their employment in electrical circuits as circuit protectors because they 

prevent the occurrence of short – circuiting and fires by closing down the entire system before 

it gets damaged. Varistors work by permitting the surplus movement of current through them 

which results in averting of the impairment of integrated boards and circuits thus lengthening 

the operational aspect of the equipments. 

 

The paper studies the carbon dominated polymer, PANI + transparent metal – oxide, CdO 

system for current – voltage graph. Polyaniline has been recognised as an excellent form of 

electrically conducting polymer due to the fact that it consists of majority of holes as charge 

carriers because it is a radical cation and as a result of this behaviour PANI has several 

advantages with its usage in sectors of electrical devices such as; sensors and photonic and opto 
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electronic devices. They can be easily synthesised, exhibit environmental stability and have the 

ability to be manipulated for betterment furthermore, they are emerging materials for anti – 

corrosion properties. CdO is a n – type semi conducting material and because it consists 

majorly of electrons as electrical conduction carriers, this metal oxide demonstrates exceptional 

potential for mobility of electrons across the system. It is also a robust material with higher 

melting temperature values which makes it thermally stable metal – oxide. In this case, the 

junction is obtained between cation rich polymer and n-type semiconducting metal-oxide. 

 

 

Figure 5.20 Current – Voltage Plot Analysis of PC1 [PANI, 1:0], PC2 [PANI + CdO, 1:1], 

PC3 [PANI + CdO, 1:2] and PC4 [CdO, 0:1]. 

 

When the graphs were plotted and studied in comparison to each other (Figure 5.20), it was 

observed that there were certain factors that governed the direction of the graphical analysis. 

Firstly, the attendance of current compliance was obtained within the system. Current 

compliance by definition meant, the highest value for current that an electro – chemical cell 

exhibited the capability to uphold within the system. In this case, the standardised current 
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compliance value for the cell w.r.t which the sample systems were studied for was 1.00 mA/cm2 

approximately. Therefore, the sample cases disclosed the working potential near and around 

the said value with varying voltage values. The lowest values were acquired for PANI samples 

when plotted individually and maximum values were observed for CdO nano – powders. 

 

Secondly, a consistent and steady increase was noticed throughout the system domain which 

resulted in the formation of the linear region. This slope area of the graph exhibited the 

development of graph with current values being in direct proportional to the voltage values and 

leading to a continual elevation in the graphical plot before it reached its stopping point i.e., 

knee point. The knee point meant the point in the graph where the increasing slope exhibits a 

visible bend in the curve and reaches the saturation region i.e., non – linear region. This area 

before the knee point was named the ‘Linear Region’ which means that Ohm’s Law was 

applicable within this domain with little to no resistance present within the system [196]. In 

this area, the flow of current was due to the applied forward bias conditions where the p – and 

n – junctions are connected to the positive and negative terminals of the battery respectively. 

The holes and electrons flow towards the direction of the junction which leads to decrease in 

the potential barrier strength. This diminishing potential barrier provides no resistance to the 

current flow and thus conduction takes place within the system. Furthermore, the occurrence 

of closed porosity i.e., smaller gaps that are not interconnected within the grain boundaries 

were also observed which was further confirmed from Figure 5.16. The trapping of electrons 

within these isolated spaces in the grain boundaries were small and inconsequential and thus 

not effected the flow or values of conduction thus, the dominating population of electrons were 

available for current conduction process [190].Some amounts of current conduction were also 

obtained in reverse biased graphs even with vice versa connections of the junctions and battery 

terminals respectively. Even though the width of potential barrier was increased in this case, 

there were still some minority amounts of electrons available for the conduction and thus led 

to the slope in the negative planes. 

 

It was noted as the content of the CdO nano – powders were increased for the proceeding 

sample systems, the values for current and voltage were also increased, even though the values 

that were procured demonstrated a smaller scale difference among the values. 
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Thirdly, although a steady linear arena was acquired, an array of smaller and inconsequential 

curves was also observed for the cases of PC1, PC2 and PC3. This could be mainly due of the 

presence of PANI because it has carbon dominated structure. Since PANI categorises as a 

polymer, it does not consist of an ordered arrangement instead the amorphous nature of 

polyaniline resulted into the formation of zig – zag like pattern in the increasing slope of 

graphical curve. The curve revealed to get lessened in the intensity with the increase in the 

content of CdO nano – powders. 

 

Lastly, the values for IN and VN were obtained from the ending points of linear slope for each 

sample case. IN and VN were described as the varistor current and varistor voltage values that 

were existing across the sample system. These values were represented in the tabular form as 

given by Table 5:10. 

 

Table 5:10: VN (V/mm) = Varistor Voltage and IN (mA/cm2) = Varistor current for PC1 

[PANI, 1:0], PC2 [PANI + CdO, 1:1], PC3 [PANI + CdO, 1:2] and PC4 [CdO, 0:1]. 

 

Sample code IN [mA/cm2] VN [V/mm] 

PC1 

(PANI - 1:0) 

2.6024 × 10-5  4.9752 

PC2 

(PANI + CdO - 1:1) 

3.2087 × 10-5 5.0133 

PC3 

(PANI + CdO - 1:2) 

4.0275 × 10-5 5.0403 

PC4 

(CdO - 0:1) 

5.4627 × 10-5 5.1307 

 

From the Table 5:10, it was noted that current and voltage values for all the sample systems 

exhibited an increase in the values, as the content of CdO nano – powders that was being added 

into the composite mixture was increased in terms of volume ratio. The differences among the 

values were noted to be minuscule w.r.t each other still the sample system showed an elevation 

in the scale. The cause for such small-scale differences could be due to: (I). the applicability of 

current compliance in the device which was used to obtain the analysis and therefore, the 

current – voltage exposure to the cells was limited to a lower region. (II). The composite sample 
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mixtures were constructed of only two materials which led to formation of a simpler matrix 

instead of a complicated 3 or more network system [198].  

 

 

 

Figure 5.21 Graphical view of current values against the PANI content for PC1 [PANI, 1:0], 

PC2 [PANI + CdO, 1:1], PC3 [PANI + CdO, 1:2] and PC4 [CdO, 0:1]. 

 

For the understanding of how the behaviour of the sample were impacted when the quantity of 

CdO nano – powders was increased, PANI weight ratios were plotted w.r.t to current values as 

shown in Figure 5.21. It was recognised that as the volume for CdO nano – crystals were 

increased, the current values within the sample systems demonstrated a steady growth within 

the scale range. This meant, higher the current values were obtained, the voltage values were 

as well increased which will furthermore, lengthen the linear slope. This will result in elongated 

current – voltage direct proportional curve following Ohm’s Law. This implied that higher 

values for both current and voltages will be permitted to pass through the device before 

attaining the saturation region. This will prevent the pre – mature shut down of the system and 

hence, extending the employment time period of the system. 

 

Concluding all the mentioned factors, the composite mixture of PANI and CdO nano – powders 

when studied with varying ratios, it exhibited a consistent growth for both varistor current and 

varistor voltage values within the applied system. Though the set of values that were obtained 

showed a smaller range difference, they still demonstrated the capability to enhance the 
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electrical properties which meant that if used with a complex material network, they could 

possibly exhibit much stronger conduction values. They can have its usage at larger scale where 

the higher values of voltages for the varistor were required. Now, with the assemblage of the 

values that were obtained for the studied sample system, it was noted that these have the 

employment opportunities in smaller scale industries where lower voltage varistor values are 

essential such as; smart – house gadgets, door bells, resistors, house alarms, thermostats etc. 
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5.3 TiO2 (anatase) mixed with Ag 

 

5.3.1 TGA Studies 

 

• TGA analysis – TiO2 (anatase) nanopowders. 

 

TiO2 prevails in three known phases; Rutile, Anatase and Brookite. Anatase form converts to 

rutile form at higher temperatures. And to obtain the specific value for the calcination of TiO2 

powders to have only the anatase form, TGA was employed on. Following the synthesis 

process (ultra – sonic assisted sol – gel method), TGA is basically employed on to the un – 

calcinated sample powders. This tool gives comprehensive knowledge regarding the changes 

in the mass w.r.t temperature when exposed to the heat treatments over a span of time. For this 

work, the sample underwent heat exposure from 40℃ to 600℃ at the rate of 10℃/min. The 

sample was also kept on hold for 1 min at 600℃. The TGA curve obtained exhibited three 

principal phases.  

 

(I). Phase I: persisted in the temperature scale, 40.9℃ – 150℃ and in whole experienced 

weight loss of about 10.4%. This weight loss is accounted to the elimination of the ethanol, 

alcoholic contents attached on to the surface of the material and physically adsorbed water. 

 

(II). Phase II: was observed in the temperature range from, 150℃ – 350℃, with 18.9% of the 

weight loss, which was accredited to the decomposition of the organic functionalities. 

 

(III). Phase III:  was attained from 350℃ – 600℃. This phase experienced > 10% weight loss, 

meaning the material weight was constant throughout this time span. It was as well seen that 

the amorphous structure of the nano – powder initiated its transformation to the anatase form 

i.e., its first crystalline phase. And no other conversions were observed till the temperature 

600℃, thus confirming that no rutile phase was acquired. 

 

Taking in the account of the details afore – mentioned, 450℃ was taken as the acceptable 

temperature to calcinate the sample powders [291][292][293][294][295][296] (Figure 5.22 a). 
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(a). 

 
(b). 

 

Figure 5.22 TGA Analysis of (a) TA1 [TiO2, 1:0] and (b) TA4 [Ag, 0:1]. 

 

• TGA analysis – Ag nanopowders. 

 

The synthesised silver nanopowders were air – dried by heating the sample solution with 

simultaneous evaporation of water molecules. This step was done at room temperature and to 

understand its weight loss with respect to the temperature, thermal analysis was done on the 

obtained nanopowders. The nano – structured samples experienced thermal treatment at 

10℃/min in the temperature range of 40℃ to 800℃. The sample was also put on hold for 1 

min at 800℃. Four primary phases were obtained from the studied TGA graph.  

 

(I). Phase I: was obtained in the temperature range from 43.6℃ to 150℃. The occurrence of 

this phase is the resultant of the desorption process of the water molecules present in the sample 

composites nanopowders.  

 

(II). Phase II: persisted from the temperature scale of 150℃ to 317℃. This phase represents 

the decomposition of the organic or volatile compounds that gets attached to the surface of the 

powders during synthesis process. 
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(III). Phase III: was procured in the temperature stretch of 317℃ to 482. This phase observed 

a weight loss of ΔY = 4.412%, which is associated with the occurrence of the phenomenon of 

crystallisation of the silver nanoparticles. 

 

(IV). Phase IV: the last phase was seen from 482℃ to 800℃ and considerably small amount 

of weight loss was attained. This means that the crystallisation of silver nanopowders was 

successfully done [5][125][130] [129][128][127][126] (Figure 5.22 b). 

 

5.3.2 XRD Pattern 

 

The structure of the crystalline materials prevailing in the composite mixture was examined 

through XRD. The obtained values exhibited the diffractogram for the characteristic Braggs 

reflections for both TiO2 (anatase) and silver nanopowders, which were then compared to the 

already existing data for further confirmation [297]. 

 

For TA1, the characteristic peaks for TiO2 (anatase) acquired at 2θ° values, were = 25.26°, 

37.07°, 37.79°, 47.99°, 53.87°, 55.07°, and 62.62° having the corresponding crystal phase 

values at = (101), (103), (004), (200), (105), (211) and (204) respectively. The obtained values 

were in accordance with the JCPDS card no 21 – 1272 [298][299][300][301][302][303][304] 

[305][306][307][308][309]. For TA2, the anatase TiO2 peak values were 2θ° = 25.26°, 38.05°, 

47.98°, 53.88°, 54.98° and 62.85° with the respective hkl – planes at (101), (004), (200), (105), 

(211) and (204). The metallic nature of Ag was also observed, with the 2θ° values = 38.05°, 

44.23°, 64.38° and 77.35° which were indexed to the simultaneous reflection planes at = (111), 

(200), (220) and (311) respectively. For TA3, the peak values at 2θ° = 25.26°, 38.06°, 47.96° 

were procured for TiO2, equating to the crystal planes = (101), (004) and (200) indicating the 

anatase form of the said sample. The structural peaks for Ag – nanopowders were observed at 

2θ° values = 38.06°, 44.23°, 64.39° and 77.34° having corresponding hkl planes values for 

(111), (200), (220) and (311). For TA4, the required characteristic peak values were as well 

obtained for the silver nanopowders. The procured values for 2θ° = 38.12°, 44.29°, 64.44° and 

77.39° gave the designated phase plane values at = (111), (200), (220) and (311). The observed 

values of sample were as per the JCPDS card no 04 – 0783 [154][153][152][151][150][149] 

[148][147][146][145] (Figure 5.23). 
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From comparisons of TA1, TA2, TA3 and TA4, it was observed that the number and the 

intensity of the peaks for TiO2 were decreasing with each preceding sample, that is because the 

sample code TA1 (1:0) and TA4 (0:1) have pure TiO2 and Ag nanopowders but the samples 

TA2 (3:1) and TA3 (1:1) consisted of composite of both aforementioned nanopowders. As the 

content of Ag was increasing with each sample composition, the amount of TiO2 decreased and 

hence lesser peaks for the said were obtained which was expected. The lessening of TiO2 peaks 

means the visible crystallisation of Ag peaks and the obtained XRD peak values are provided 

in Table 5:11. 

 

 

 

Figure 5.23 XRD Analysis of TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 [TiO2 + Ag, 1:1] 

and TA4 [Ag, 0:1]. 
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Table 5:11: XRD bonds and values for TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 [TiO2 + 

Ag, 1:1] and TA4 [Ag, 0:1]. 

 

Sample code TiO2  Ag  

 2θ hkl 2θ hkl 

 25.26° 101   

 37.07° 103   

 37.79° 004   

TA1 47.99° 200 –  

(1:0) 53.87° 105   

 55.00° 211   

 62.62° 204   

 25.26° 101 38.05° 111 

 38.05° 004 44.23° 200 

TA2 47.98° 200 64.38° 220 

(3:1) 53.88° 105 77.35° 311 

 54.98° 211   

 62.85° 204   

 25.26° 101 38.06° 111 

TA3 38.06° 004 44.23° 200 

(1:1) 47.96° 200 64.39° 220 

   77.34° 311 

   38.12° 111 

TA4 –  44.29° 200 

(0:1)   64.44° 220 

   77.39° 311 

 

The crystallite size (D), lattice parameters values (a, b, c) and volume of sample (V) were as 

well obtained. TiO2 anatase has slender tetragonal structure with unit lengths a = b ≠ c and 

silver follows cubic arrangement having unit lengths a = b = c; therefore, the said values were 

computed using the respective formulae and the calculated values were set in the tabular form 

as shown in Table 5:12. 

 

D = 
kλ

β∗cosθ
; (Debye Scherrer’s Equation) 
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1

𝑑ℎ𝑘𝑙
2 =  

ℎ2+ 𝑘2

𝑎2
+  

𝑙2

𝑐2
; (Slender Tetragonal formula for anatase TiO2) 

1

𝑑ℎ𝑘𝑙
2  = 

 ℎ2+𝑘2+𝑙2

𝑎2 ; (Cubic formula for Ag nanoparticles) 

𝑉 = 𝑎 × 𝑏 × 𝑐; (Volume) 

 

Table 5:12: Lattice parameters (a, b, c), crystallite size (D), FWHM (β*), Braggs Angle (2θ) 

and volume (V) of TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 [TiO2 + Ag, 1:1] and TA4 

[Ag, 0:1]. 

         

  a (Å) b (Å) c (Å) D (nm) β* (°) 2θ (°) V (Å)3 

TA1 (1:0) 

TA2 (3:1) 

 

TA3 (1:1) 

 

TA4 (0:1) 

TiO2 

TiO2 

Ag 

TiO2 

Ag 

Ag 

3.7884 

3.7892 

4.092 

3.7908 

4.128 

4.0866 

3.7884 

3.7892 

4.092 

3.7908 

4.128 

4.0866 

9.5144 

9.4528 

4.092 

9.4584 

4.128 

4.0886 

14.4137 

15.1318 

24.0788 

14.5618 

24.0788 

24.0839 

0.0129 

9.8037 × 10-3 

6.4893 × 10-3 

0.0101 

6.4893 × 10-3 

6.4893 × 10-3 

25.26 

25.26 

44.23 

25.26 

44.23 

44.29 

136.5504 

135.7236 

68.5183 

135.9187 

70.3427 

68.2474 

         

Rietveld refinement was also done for all the samples with the help of Fullprof suite software, 

the refined patterns were obtained for both the said sample materials because of their ordered 

crystalline nature (Figure 5.24). For the graphical plot, 𝑌𝑜𝑏𝑠= were the already measured 

values, 𝑌𝑐𝑎𝑙= were the experimentally obtained values, 𝑌𝑜𝑏𝑠 ̶ 𝑌𝑐𝑎𝑙= was the difference between 

the already calculated values and experimentally obtained values and Braggs angle = gave the 

details regarding the positions and number of the seen peaks which were obtained 

experimentally. From Figure 5.24 it is learnt that all the peaks for the TiO2 (anatase) and Ag – 

nanopowders matched the standardised peak values, with the absence of the any unexpected 

peaks, this evidenced that the experimentally synthesised samples were pure and had single 

phase nature. Table 5:13 gives the tabular form of the refinement plot for the said sample 

compositions. 
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Figure 5.24 XRD Refinement Analysis of (a) TA1 [TiO2, 1:0], (b) TA2 [TiO2 + Ag, 3:1], (c) 

TA3 [TiO2 + Ag, 1:1] and (d) TA4 [Ag, 0:1]. 

 

Table 5:13: Conditions for refinement, reliability factor (𝑅𝑝, 𝑅𝑤𝑝, 𝑅𝑒𝑥𝑝), chi-square (𝜒2) and 

good of fit (GoF) of prepared samples 

 

Sample 

composition 

TA1 (1:0) 

 

TA2 (3:1) TA3 (1:1) TA4 (0:1) 

TiO2 TiO2 Ag TiO2 Ag Ag 

𝜆(Å) 1.54056 1.54056 1.54056 1.54056 
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Cycles of 

refinement 

30 30 30 30 

Step (°) 0.020 0.020 0.020 0.020 

Profile 

function 

Pseudo-

Voigt * 

Axial 

divergence 

asymmetry 

Pseudo-Voigt * Axial 

divergence asymmetry 

Pseudo-Voigt * Axial 

divergence asymmetry 

Pseudo-Voigt 

* Axial 

divergence 

asymmetry 

a (Å) 

(Rietveld) 

3.797382 3.788213 4.089363 3.787725 4.089294 4.089480 

V (Å3) 

(Rietveld) 

137.584 

(0.052) 

136.350 

(0.016) 

68.386 

(0.003) 

136.238 

(0.028) 

68.383 

(0.004) 

68.392 

(0.004) 

𝑅𝑝 (%) 28.8 17.2 13.0 15.5 

𝑅𝑤𝑝 (%) 43.0 18.5 14.9 16.6 

𝑅𝑒𝑥𝑝 (%) 8.78 23.8 23.7 17.1 

𝜒2 23.97 0.6063 0.3937 0.9329   

GoF 4.8 0.77 0.62  0.94 

Bragg R-

factor (%) 

24.9 3.62 3.42 3.44 4.43 4.78 

Space group 

of phases 

I 41/amd I 41/amd Fm-3m I 41/amd Fm-3m Fm-3m          

 

5.3.3 FTIR Analysis 

 

The chemical bonds present in the sample composite mixture were identified via FTIR. This 

characterisation tool produces a “Molecular Fingerprint Region” specifically within the range 

from 1500 cm-1 to 400 cm-1, unique to each material, providing the details regarding the bonds 

present in the sample mixture whether known or unknown.  

 

For TA1, the characteristic peaks were obtained for TiO2 (anatase), which were as follows: a 

broad curve was obtained from 3500 cm-1 to 3000 cm-1 which were the stretching vibrations 

for the adsorbed H2O molecules present due to the intermolecular interactions of hydroxyl 

group (– OH). This broad spectrum represented the moisture existing within the sample. The 

stretching bond peaks for C – H were seen at 3349.60 cm-1, 2976.84 cm-1, these peaks were the 
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results of the remnants of the butyl group that were existing in the synthesised TiO2 sample 

powder. 1642.85 cm-1 was assigned to the stretching of the Ti – COOH bond, this peak was 

attained because of the precursors used in the synthetisation procedure which were titanium iso 

– propoxide (Ti {OCH(CH3)2}4) and isopropyl alcohol ((CH3)2CHOH). The bending 

vibrational mode for Ti – OH bond of the adsorbed H2O molecules was obtained at 1634.04 

cm-1. The peak observed at 1385.86 cm-1
 was acquired due to TiO2 (anatase) being thermally 

treated at 450℃. The vibrational mode for – C = O – Ti bond because of the adsorbed carbon 

dioxide (– CO2) on the surface was seen at 1309.53 cm-1. The wide spectrum of peaks at 

1167.99 cm-1, 1158.30 cm-1, 1133.25 cm-1, 1127.81 cm-1, 1030.69 cm-1 indicated the Ti – O – 

Ti vibrations. The Ti – O bond value observed at 952.95 cm-1 was due to the homogeneity of 

the TiO2 powder. The peak acquired at 832.20 cm-1 was the characteristic peak for the TiO2 

synthesised using Sol – Gel method. The 775.25 cm-1 peak was the stretching vibration of the 

Ti – O – C bond present. The characteristic peak values for O – Ti – O bond of TiO2 were 

procured at 712.63 cm-1, 668.20 cm-1, 562.81 cm-1, 523.82 cm-1, 426.70 cm-1, 421.26 cm-1, 

417.01 cm-1, 412.99 cm-1, 407.32 cm-1 [298][294][301][310][311][312][313][314][315][316] 

[317][318][319]. For TA2, 3948.76 cm-1 (– OH bond of the adsorbed H2O molecule). 3358.10 

cm-1, 2973.68 cm-1 (C – H bond of TiO2). 1634.80 cm-1 (Ti – OH bond due to the adsorbed 

water molecules). 1623.20 cm-1 (Ti – COOH bond because of the precursors used). 1382.81 

cm-1 (peak due to thermal treatment at 450℃). 1312.88 cm-1 (– C = O – Ti vibrational bond 

because of CO2). 1161.43 cm-1, 1127.28 cm-1, 1110.20 cm-1, 1057.35 cm-1, 1048.01 cm-1, 

1030.93 cm-1, 1013.85 cm-1, 1008.05 cm-1 (Ti – O – Ti vibrational bonds). 948.44 cm-1 (Ti – O 

bond due to the homogeneity of TiO2). 837.85 cm-1 (the characteristic peak for Sol – Gel 

method). 772.76 cm-1 (Ti – O – C stretching vibrational bond). 712.95 cm-1, 662.16 cm-1, 

563.05 cm-1, 528.89 cm-1, 427.45 cm-1, 422.94 cm-1, 417.65 cm-1, 413.14 cm-1, 407.73 cm-1 (O 

– Ti – O bond peaks which were the characteristics of TiO2) were procured. In this case, the 

emergence of the silver nanopowders was also observed as the peaks related to the metallic 

nature of silver were as well obtained. The peaks from 3977.12 cm-1 to 3420.62 cm-1 (were for 

the – OH group of the H2O molecules). 1545.54 cm-1, 1528.78 cm-1, 1522.98 cm-1, 1509.77 

cm-1, 1505.90 cm-1 (N – O bonds of the nitro compound). 1399.89 cm-1 (𝑁𝑂3
− ion bond). 

1367.66 cm-1 (N = O bond). For TA3, the obtained TiO2 peaks were: 3883.78 cm-1 (– OH bond 

of the adsorbed H2O molecule). 3343.39 cm-1, 2973.68 cm-1 (C – H bond of TiO2). 1634.80 

cm-1 (Ti – OH bond because of the adsorbed H2O molecules). 1623.00 cm-1 (Ti – COOH bond 

due to the precursors). 1385.86 cm-1 (peak value from the thermal treatment at 450℃). 1312.37 
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cm-1 (– C = O – Ti vibrational bond because of CO2). 1056.06 cm-1, 1045.49 cm-1, 1029.00 cm-

1, 1022.19 cm-1, 1019.72 cm-1, 1009.15 cm-1 (the vibrational bonds for Ti – O – Ti). 932.07 cm-

1 (Ti – O bond indicating the homogeneity of TiO2). 830.78 cm-1 (the characteristic peak for 

Sol – Gel method). 772.92 cm-1 (stretching vibrational bond of Ti – O – C). 726.10 cm-1, 653.40 

cm-1, 573.92 cm-1, 525.24 cm-1, 433.79 cm-1, 432.22 cm-1, 407.99 cm-1, 398.96 cm-1 (the 

characteristics of TiO2 for the O – Ti – O bond). And the peak ranges from 3924.81 cm-1 to 

3411.49 cm-1 (the H2O molecules peaks for the – OH group attachment) were obtained for Ag 

nanopowders. 1548.18 cm-1, 1540.70 cm-1, 1531.68 cm-1, 1511.83 cm-1 (N – O bonds for the 

nitro compound). 1387.84 cm-1 (𝑁𝑂3
− ion bond). 1366.48 cm-1 (N = O bond). For TA4, the 

structural peaks for the Ag – nanopowders were fully observant. The widened spectra of the 

peaks falling within the range from 3997.42 cm-1 to 3405.26 cm-1 were obtained, these peaks 

were the residual – OH group of the H2O molecules, left because the Ag – sample powders 

were heated / boiled to evaporate the water. The peaks specifying the N – O for the nitro 

compounds were acquired at 1540.30 cm-1, 1526.16 cm-1, 1517.44 cm-1, 1510.22 cm-1. The 

characteristic peak for 𝑁𝑂3
− ion was seen at 1383.30 cm-1. And 1367.36 cm-1 gave the peak 

value of the N = O bond [176][175][174][173][172][171] (Figure 5.25). 

 

The peaks for Ag were sharper in case of TA3 (1:1) than TA2 (3:1), that was due to the content 

of TiO2 decreasing in TA3 sample which made the crystallization of Ag nanopowders more 

visible. The values of the FTIR peaks for all 4-sample composite mixture is furnished in the 

tabular arrangement in Table 5:14. 

 

Table 5:14: FTIR bonds and the peak values for TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], 

TA3 [TiO2 + Ag, 1:1] and TA4 [Ag, 0:1]. 

 

 Peak Names TA1 

(TiO2 - 1:0) 

TA2 

(TiO2 + Ag - 

3:1) 

TA3 

(TiO2 + Ag - 

1:1) 

TA4 

(Ag - 0:1) 

1. –OH, stretching 

vibrations of 

adsorbed H2O 

molecules 

3500 cm-1 – 

3000 cm-1 

3948.76 cm-1 3883.78 cm-1 – 
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2. C–H stretching of 

TiO2 

3349.60 cm-1 

2976.84 cm-1 

3358.10 cm-1 

2973.68 cm-1 

3343.39 cm-1 

2973.68 cm-1 

– 

3. Ti–OH bending 

vibration 

1634.04 cm-1 1634.80 cm-1 1634.80 cm-1 – 

4. Ti–COOH stretching 1642.85 cm-1 1623.20 cm-1 1623.00 cm-1 – 

5. Thermally treated 

peak at 450℃ 

1385.86 cm-1 1382.81 cm-1 1385.86 cm-1 – 

6 – C = O – Ti 

vibration 

1309.53 cm-1 1312.88 cm-1 1312.37 cm-1 – 

7. Ti – O – Ti vibration 1167.99 cm-1 

1158.30 cm-1 

1133.25 cm-1 

1127.81 cm-1 

1030.69 cm-1 

1161.43 cm-1 

1127.28 cm-1 

1110.20 cm-1 

1057.35 cm-1 

1048.01 cm-1 

1030.93 cm-1 

1013.85 cm-1 

1008.05 cm-1 

1056.06 cm-1 

1045.49 cm-1 

1029.00 cm-1 

1022.19 cm-1 

1019.72 cm-1 

1009.15 cm-1 

– 

8. Ti – O bond 952.95 cm-1 948.44 cm-1 932.07 cm-1 – 

9. Sol – gel synthesis 

peak 

832.20 cm-1 837.85 cm-1 830.78 cm-1 – 

10. Ti – O – C stretching 

vibration 

775.25 cm-1 772.76 cm-1 772.92 cm-1 – 

11. O – Ti – O 

characteristic peaks 

712.63 cm-1 

668.20 cm-1 

562.81 cm-1 

523.82 cm-1 

426.70 cm-1 

421.26 cm-1 

417.01 cm-1 

412.99 cm-1 

407.32 cm-1 

712.95 cm-1 

662.16 cm-1 

563.05 cm-1 

528.89 cm-1 

427.45 cm-1 

422.94 cm-1 

417.65 cm-1 

413.14 cm-1 

407.73 cm-1 

726.10 cm-1 

653.40 cm-1 

573.92 cm-1 

525.24 cm-1 

433.79 cm-1 

432.22 cm-1 

407.99 cm-1 

398.96 cm-1 

– 

12. – OH bonds due to 

the remaining H2O 

molecules as the A 

solution was boiled 

– 3977.12 cm-1 – 

3420.62 cm-1 

3924.81 cm-1 – 

3411.49 cm-1 

3997.42 cm-1 – 

3405.26 cm-1 



Chapter 5. Results and Discussions 

 

 

135 

 

for the evaporation of 

water 

13. N – O of nitro 

compounds 

– 1545.54 cm-1 

1528.78 cm-1 

1522.98 cm-1 

1509.77 cm-1 

1505.90 cm-1 

1548.18 cm-1 

1540.70 cm-1 

1531.68 cm-1 

1511.83 cm-1 

1540.30 cm-1 

1526.16 cm-1 

1517.44 cm-1 

1510.22 cm-1 

14. 𝑁𝑂3
− ion – 1399.89 cm-1 1387.84 cm-1 1383.30 cm-1 

15. N = O bond – 1367.66 cm-1 1366.48 cm-1 1367.36 cm-1 

 

 

 

Figure 5.25 FTIR Analysis of TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 [TiO2 + Ag, 1:1] 

and TA4 [Ag, 0:1]. 
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5.3.4 Raman Spectroscopy 

 

Raman spectroscopy as well provides with a “Finger – Print Region” which is specific to each 

material, the spectra obtained is due to the interactivity between the light and the chemical 

bonds that exist within the sample material. It determines the states that are in a molecular 

system by giving particulars concerning the rotational, vibrational or any other state. Titanium 

dioxide has three crystalline phases; Rutile, Anatase and Brookite. Both the anatase and 

brookite forms of TiO2 exist at lower temperatures and when calcinated at higher temperatures, 

they irreversibly convert into the rutile form of TiO2. The Anatase TiO2 has Body Centred 

Cubic System (BCC), with its affiliation to the I41/amd space group [320]. There are 15 – 

optical modes present: A1g + A2g + A2u + B1g + B2g + 2B1u + 3Eg + 2Eu; out of which only 6 – 

modes (A1g + 2B1g + 3Eg) are Raman Active Modes. The (A2u + 2Eu) modes are the Active 

Infra – red Modes and the B2u mode is the Inactive Mode for the both Infra – red and Raman 

region [321]. 

 

For TA1, the Raman spectra associated with the anatase TiO2 single crystal were acquired as 

such; 144.23 cm-1 (Eg), 197.93 cm-1 (Eg), 399.90 cm-1 (B1g), 513.02 cm-1 (A1g), 519.01 cm-1 

(B1g), 639.99 cm-1 (Eg) [301][322][323][324][325][326]. For TA2, the characteristic TiO2 

peaks obtained were 144.04 cm-1 (Eg), 197.65 cm-1 (Eg), 399.48 cm-1 (B1g), 513.25 cm-1 (A1g), 

519.76 cm-1 (B1g), 639.35 cm-1 (Eg). In this sample case, the characteristic Raman peaks for Ag 

– nanopowders were as well obtained; 153.75 cm-1 (peak value for the Ag - lattice). 236.01 cm-

1 (the peak for the Ag – O bond). 689.02 cm-1 (the N – O bond of the 𝑁𝑂3
− ion). 1066.31 cm-1, 

1316.69 cm-1, 1364.73 cm-1, 1523.75 cm-1 (the characteristic peaks for Ag). For TA3, 144.04 

cm-1 (Eg), 197.09 cm-1 (Eg), 399.42 cm-1 (B1g), 513.19 cm-1 (A1g), 519.19 cm-1 (B1g), 639.35 

cm-1 (Eg) were the procured standard TiO2 anatase peaks. And the standard Raman peaks for 

the silver nanoparticles were as follows; 153.91 cm-1 (the Ag – lattice peak value). 227.89 cm-

1 (the Ag – O bond peak value). 681.27 cm-1, 820.14 cm-1 (were the N – O bonds for the 𝑁𝑂3
− 

ion). 959.39 cm-1, 1050.75 cm-1, 1082.55 cm-1, 1316.69 cm-1, 1364.73 cm-1, 1527.81 cm-1, 

1638.05 cm-1 (were the Ag characteristic peak values). For TA4, the standard peaks 

corresponding to the metallic nature of the silver were procured. The vibration modes of the 

Ag – lattice was observed at 153.98 cm-1. The peak value at 240.26 cm-1 was assigned to the 

Ag – O (silver – oxygen) bond. The presence of the 𝑁𝑂3
− ion was observed as well at the peaks 

688.72 cm-1, 824.06 cm-1, these peaks were due to the vibrations resulted for doubly – generated 
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in – plane. The peak values obtained at 978.14 cm-1, 1058.87 cm-1, 1319.06 cm-1, 1527.81 cm-

1, 1641.79 cm-1 were the indication of the characteristic nature for the Ag – nanopowders [185] 

[184][183] (Figure 5.26). 

 

Now few differences were observed while comparing TA2 (3:1) and TA3 (1:1), the Ag – peaks 

in case for the latter sample composition were more prominent and has sharpness to them, and 

the number of silver peaks were as well more in this case, now that was because the quantity 

of TiO2 in case of TA3 was less than TA2 and thus made the peaks of Ag more prominent. 

Table 5:15 puts forward Raman bond classifications and peak values for the sample mixtures. 

Figure 5.27 demonstrates the Raman fitting plot. 

 

Table 5:15: Raman peak names and the values for TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], 

TA3 [TiO2 + Ag, 1:1] and TA4 [Ag, 0:1] 

 

 Peak Names TA1 

(TiO2 - 1:0) 

TA2 

(TiO2 + Ag - 

3:1) 

TA3 

(TiO2 + Ag - 

1:1) 

TA4 

(Ag - 0:1) 

1. Eg 144.23 cm-1 144.04 cm-1 144.04 cm-1 – 

2. Eg 197.93 cm-1 197.65 cm-1 197.09 cm-1 – 

3. B1g 399.90 cm-1 399.48 cm-1 399.42 cm-1 – 

4. A1g 513.02 cm-1 513.25 cm-1 513.19 cm-1 – 

5. B1g 519.01 cm-1 519.76 cm-1 519.19 cm-1 – 

6 Eg 639.99 cm-1 639.35 cm-1 639.35 cm-1 – 

7. Ag - lattice – 153.75 cm-1 153.91 cm-1 153.98 cm-1 

8. Ag – O bond – 236.01 cm-1 227.89 cm-1 240.26 cm-1 

9. N – O bond of the 𝑁𝑂3
− 

ion 

– 689.02 cm-1 681.27 cm-1 

820.14 cm-1 

688.72 cm-1 

824.06 cm-1 

10. Ag characteristic peaks – 1066.31 cm-1 

1316.69 cm-1 

1364.73 cm-1 

1523.75 cm-1 

959.39 cm-1 

1050.75 cm-1 

1082.55 cm-1 

1316.69 cm-1 

1364.73 cm-1 

1527.81 cm-1 

1638.05 cm-1 

978.14 cm-1 

1058.87 cm-1 

1319.06 cm-1 

1527.81 cm-1 

1641.79 cm-1 
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Figure 5.26 Raman Analysis of TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 [TiO2 + Ag, 

1:1] and TA4 [Ag, 0:1]. 
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Figure 5.27 Raman fitting of TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 [TiO2 + Ag, 1:1] 

and TA4 [Ag, 0:1]. 

 

5.3.5 FESEM Analysis 

 

The FESEM characterization tool provides visualisation of the topographic aspects for the 

constituents of the sample material. FESEM for all the four sample compositions were done. 

 

For TA1, the spherical shape of TiO2 was seen. Now there were some factors that were 

observed as well; the agglomeration of the smaller particles was seen with the spherical aspects 

as well, and this clustering of the small – scaled molecules further resulted in the irregularity 

that was again attached to its shape [301][327][328][329][330]. For TA2 and TA3, the 
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clustering of particles was perceived. The mass collection of the larger particles of silver 

nanoparticles over the smaller units of TiO2 was seen in both the cases. The difference being, 

for TA3, the clump over the surface of TiO2 particles was more in volume as the content of 

silver was increased for this sample case as compared to the case of TA2. For TA4, the Ag – 

nanopowders have specifically orderly arranged crystalline structure with monodispersive 

nature. The spherical shaped particles were obtained for the synthesised particles. At some 

areas, the materialisation of the grouping of the sample particles were also noticed, which 

resulted in the occurrence of the larger – sized particles. This agglomeration of the Ag - 

nanoparticles over the surface are its habitual attribute and does not affect its properties [112] 

[147][174][194][193][192] (Figure 5.28). 

 

 

 

Figure 5.28 FESEM Images of (a) TA1 [TiO2, 1:0], (b) TA2 [TiO2 + Ag, 3:1], (c) TA3 [TiO2 

+ Ag, 1:1], (d) TA4 [Ag, 0:1]. 
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5.3.6 PSA Pattern 

 

Now the particle size and error % for both the TiO2 (anatase) and Ag – nanopowders were also 

obtained both graphically and numerically; particle size for TiO2 (anatase) was = 47.78 nm 

with an error of = 1.8 % and the particle size computed for Ag – nanoparticles was = 43.27 nm 

and error were = 0.65 %, which goes in accordance with the theoretical aspects for both to 

commonly have their sizes within the range of 10 – 100 nm. When compared with the crystallite 

size obtained from XRD analysis, the value of particle size calculated from PSA was more as 

compared to XRD. This was because D in XRD gives the value from the perspective of a single 

crystal whereas PSA provides the average value for the particle size, which also includes the 

agglomerated crystal units (Figure 5.29).  

 

 

Figure 5.29 Particle Size Distribution images for (a) TA1 [TiO2, 1:0] and (b) TA4 [Ag, 0:1]. 

 

5.3.7 Varistor Studies 

 

Varistor property of the said composites was studied using the current (J (mA/cm2)) versus 

voltage (E(V/mm)) plot to understand the electrical inhibition of the sample powders, 

individually and when added together with variegated compositions so as to understand, how 

the increase in the content of Ag may have influenced the TiO2 inert nature (Figure 5.30). 
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Varistors in general undergo a perpetual flow of voltage which with time results into the 

leakage of current in smaller values. As the time proceeds the device starts to deteriorate and 

therefore, the problem of gradual current leakage arises which furthermore, results in the 

thermal decay of the device [69]. The present work has been on done a simpler matrix system, 

in which the values for ‘how much voltage and current the mentioned system can uphold’ was 

conducted.  

 

A recognisable amount of work has been done with the consideration of innumerable types of 

materials with the improvisations in their synthesis processes. The applicational factor of any 

composite mixture as well depends on the categories of the materials considered; many 

combinations as; Metal + Semiconducting Oxide, Polymer + Metal, Ferrites + Semiconducting 

Oxide or Polymer + Semiconducting Oxide etc. has been extensively researched on. 

 

In this frame of work, the combination of the Semiconducting Oxide + Metallic nano – powders 

were considered, where TiO2 played the host material whereas Ag was added with varying 

variations. The choice of the materials was done so as to have better thermal stability and strong 

defence against the atmospheric impurities. TiO2 is a n – type semiconductor with the innate 

nature of having robust strength to withstand the harsher environments, which makes its 

application prospects spread out in various sectors. The operational factor of TiO2 depends 

largely on its size and the shape of the particles obtained which in further are heavily influenced 

by the synthesis methods as they also impact the crystalline phase and the porosity. Theses 

structural aspects of the metal oxide impacts the operational characteristics as; number of the 

defects present, phase transition temperatures, specific surface area, the phase stability [331]. 

Now, studies with TiO2 have also been conducted; it has been used as the dopant in ZnO 

varistor ceramic, to obtain the enhanced electrical properties of the host ceramic material [332]. 

Moreover, it has been used as the host material and doped with Bi2O3 and Nb2O5, where its 

influence on the semi – conducting grains were noted to show an increase [333]. 

 

Silver is an indispensable by – product in the nanotechnology sphere because of its 

unrepeatable characteristics, specifically, anti – bacterial property which has now widely 

gained recognition in other arenas of the industrial sectors. Its high conductivity, strong anti – 

fungal, high catalytic and chemical stability has made silver the candidate for applications such 

as; raw materials for superconductors and water filters, composite fibres, textiles industry, food 
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and cosmetic industries and electric – electronic sectors. Its resistance towards the absorption 

of the environmental contamination has resulted the usage of silver nanopowders for the 

protection of the materials from its untimely degradation and thus lengthening the utilization 

time – period of the device in – use [334][335][336]. 

 

 

 

Figure 5.30 Current – Voltage Plot Analysis of TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 

[TiO2 + Ag, 1:1] and TA4 [Ag, 0:1]. 

 

Now, from Figure 5.30, it was observed that there were certain prevailing factors that 

influenced the operational aspects of the considered domain. One of the major components was 

“Compliance Current”; by definition it is explained as the maximal limit of an electro – 

chemical cell for the current to be applied through it. Silver despite having the highest electrical 

conductivity, gave its maximum value for the current at 1.0 mA/cm2. So, this was the limitation 

applicable due to the device and hence the current values for each sample mixture were 
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acquired around 1.0 mA/cm2 and less but the voltage values exhibited variations in their 

readings. 

 

From the graphs of the samples TA1, TA2, TA3 and TA4, it was observed that, an almost 

straight line was obtained for each sample, indicating that the increase in the current – voltage 

values in linear ratios was acquired. The smaller zig – zag patterned curves that were prevalent 

in the sample with TiO2 can be explained on the basis of its inert nature, as TiO2 has 

polymorphism associated with its structure and therefore followed a curved and non - linear 

scheme. The straight line in TA2, TA3 and TA4 were obtained due to Ag because TA2 and 

TA3 were composite mixtures with silver added in them whereas, TA4 consists only Ag 

content. Silver is an excellent electrical conductor that meant it followed ohms’ law and thus, 

exhibited a direct proportionality slope between current and voltage values. An almost linear 

behaviour was seen in TA1 because even though TiO2 has polymorphism attached to its 

behaviour, it still falls under the group of semi – conducting oxide. Therefore, it showed 

concluded some form of conducting nature.   

 

Nonetheless, the region of linearity i.e., the region of ohms’ law, where the current and voltage 

exhibit a direct proportionality was obtained, for both the positive and the negative – planes. 

This can be explained due to effect of particle size of Ag grains in the composite mixtures. 

Both TiO2 and Ag samples underwent thermal treatment at lower temperatures and therefore, 

exhibited higher particle sizes. This resulted in the lower porosity values for the sample systems 

because the porosity decreases in linearity against increasing grain size. The lesser values for 

porosity lead to smaller number of electron entrapments which meant that the dominating 

population of electrons were available for electrical conductivity. This also resulted in the 

hardness factor and enhanced the ability of sample system to absorb larger values of current 

without breaking down [195]This is the region that is observed before the knee point. The knee 

point is the point value where the higher slope curve bends to give a lower slope value. This 

was only seen in the case of TA4 i.e., Ag – nanopowders, where the linear region exhibited a 

very sharp bend to give a region of saturation. This region is the non – linear region in which 

ohms law in not applicable i.e., in this region, current became constant but the voltage gave 

varying values. There were some smaller values for the current observed specially in reverse 

regions for all the samples. In this area, the holes and electrons get distanced from junction due 

to the applicability of reverser bias condition, thus increasing the potential barrier. Still there 
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were some minority charge carriers present which resulted in the conduction of electrons within 

the system. The value of reverse current obtained was considerably lower and it appeared to be 

increasing at extremely small proportions w.r.t voltage values.  Some values from the graph 

were accounted as well and thus put in the Table 5:16 as: here VN (V/mm) was the varistor 

voltage i.e., the total voltage that was across the device and IN (mA/cm2) was the varistor 

current i.e., the total amount of current that flowed through the device. 

 

Table 5:16: VN (V/mm) = Varistor Voltage and IN (mA/cm2) = Varistor current for TA1 

[TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 [TiO2 + Ag, 1:1] and TA4 [Ag, 0:1]. 

 

Sample code VN [V/mm] IN [mA/cm2] 

TA1 

(TiO2 - 1:0) 

4.9849 2.5069 × 10-5 

TA2 

(TiO2 + Ag - 3:1) 

5.0011 2.5569 × 10-5 

TA3 

(TiO2 + Ag - 1:1) 

5.2152 4.2271 × 10-5 

TA4 

(Ag - 0:1) 

0.8941 1.0158 

 

From the table, it was observed that the both the current and the voltage values for the sample 

compositions TA1, TA2 and TA3, showed an increase in their values, though the value 

differences were minuscule but they still showed the capability of widening their operational 

values. The causes for such minute variations could be because: (I). the matrix considered for 

the groundwork of the paper was of a simpler form, constituting only of two materials: metal 

oxide and metallic nanopowders, instead of an array of the materials. (II). and due to the 

applicability of the current compliance, the materials were inherently subjected to the lower 

systems of values for the comparison purposes. 

 

To understand how the quantity of the considered sample materials, impacted on the current 

values, a graphical plot was done for the current values against the TiO2 (anatase) content 

(Figure 5.31). Consequently, it was observed that as the content of the silver nano – powders 

were increased, the current values of the sample compositions also exhibited an elevation in 

the values. This was seen due to effect of presence of Ag content in the composite mixtures. 
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Silver itself being a great conductor enhanced the capability of electrical conductivity for the 

composites as well. That is, more the current values more could be the voltage values and hence 

more will be the area of the linear region obtained implying higher the current – voltage direct 

proportionality status, following the ohm’s law. This means, more amount of voltage and 

current will be allowed to pass through the device before it reaches its saturation level leading 

to the shutdown of the system and therefore more will be working life of the device.  

 

 

 

Figure 5.31 Graphical view of current values against the TiO2 (anatase) content for TA1 

[TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 [TiO2 + Ag, 1:1] and TA4 [Ag, 0:1]. 

 

• Applicational Prospects 

 

The TiO2 (anatase) sample composite mixtures, being only two – constituent system and 

when used with only one conductive material showed an increase in its operational values, 

though the increased variations were small. Now these obtained values have their 

applicability in the areas where smaller voltage values are required; like varistors with 

smaller voltage potency that are employed on in the smart house gadgets, smart door bells, as 

well thermostats and resistors and etc. Even though the values acquired were small, the TiO2 

samples exhibited its potency that if used with stronger matrix of the materials it can have its 

consideration for the larger measurement systems, complex domains where higher voltage 

varistors are used in the circuits for the safety purposes.   
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5.4 rGO mixed with Ag 

 

5.4.1 XRD Pattern 

 

To identify the purity factor of the sample, to get the information regarding the crystallite 

phases, X – Ray diffraction method was used. The peaks obtained were compared with the 

already existing data and thus were verified respectively. Both graphene oxide (GO) and 

reduced graphene oxide (rGO) has amorphous structures. The diffraction angle pattern attained, 

equates to the inter-layer distance among the graphitic layers. 

 

For the case of GO, succeeding its oxidation, the inter-layer distance of the GO sheets grows 

because the intercalated oxygenated constituents establish on the basal planes at the edges. 

Alongside to them, the weaker Van der Waals bonds creates due to C=O (carbonyl group), 

COOH (carboxyl group), –COC– (epoxy group) and –OH (hydroxyl group). GO graph does 

not evince any specific peak but a curve in the range from 10° – 30°; which goes apace with 

its amorphous nature [337][338][61]. 
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Figure 5.32  XRD Analysis of GO, RA1 [rGO, 1:0], RA2 [rGO + Ag, 3:1], RA3 [rGO + Ag, 

1:1], RA4 [Ag, 0:1]. 

 

The rGO structural peaks were perceived at the higher diffraction peaks; 2θ°= 25° (002 plane) 

and 43° (100 plane) for RA1, owing to the inter-layer spacing depletion obtained with the 

furthermore reduction of the GO sheets accompanied with the elimination of the oxygen related 

functional groups. In the case or RA2 and RA3, the second higher peak wasn’t obtained rather 

a broad curve around 25° was seen and the increase in the flattening of the curve was the result 

of lessening of the rGO content and increase in the Ag quantity [337][339][340][341][342] 

[343][344]. The metallic crystalline nature of silver nanopowders was affirmed by observing 

the characteristics peaks at the diffraction angles with their specific miller indices planes; 2θ°= 

38.02° (111), 44.18° (200), 64.33° (220) and 77.30° (311) for RA2. 2θ= 38.08° (111), 44.24° 
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(200), 64.39° (220) and 77.36° (311) for RA3 and 2θ= 38.12° (111), 44.30° (200), 64.46° (220) 

and 77.40° (311) for RA4 which refer to the peaks of Face Centred Cubic system. The procured 

values of the diffraction pattern are those of Ag and go in accordance with JCPDS card no. 04-

0783 [152][145][62][63][149][154][148][147][146][153] (Figure 5.32). 

 

The samples RA1 and RA4 consists of individual sample powders i.e., rGO (amorphous nature) 

and Ag – nanopowders (ordered structure) respectively and RA2 and RA3 were the composite 

mixtures of rGO and Ag – nanopowders, in which the Ag – powders were added in rGO 

powders at varying ratios. rGO is an amorphous sample therefore its high amount in RA1 and 

RA2 makes it more visible. It is observed that the intensity peak of rGO decreased from RA2 

to RA3 sample. The reason behind this is the decrease in the amount of rGO in the prepared 

sample (ratio 3:1 RA2 to 1:1 for RA3) which was as expected. In fact, the decrease in rGO 

amount emphasizes the crystal structure of Ag-nanoparticles which becomes more visible in 

RA3 as compared to RA2. The peak around 25° denotes the presence of rGO and as its content 

was decreasing from RA1 to RA2 and RA3 with the increase of Ag, the peak around said value 

was also decreasing or more so exhibiting a flattened broad curve and the procured XRD peaks 

are put in tabular form in Table 5:17. 

 

Table 5:17: XRD bonds and values for RA1 [rGO, 1:0], RA2 [rGO + Ag, 3:1], RA3 [rGO + 

Ag, 1:1] and RA4 [Ag, 0:1] 

 

Sample code           Ag  

 2θ hkl 

RA1   

(1:0) –  

 38.02° 111 

RA2 44.18° 200 

(3:1) 64.33°                              220 

 77.30° 311 

 38.08° 111 

RA3 44.24° 200 

(1:1) 64.39°                              220 

 77.36° 311 

 38.12° 111 
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RA4 44.30° 200 

(0:1) 64.46°                              220 

 77.40° 311 

 

The lattice parameter values (a, b, c), volume of the sample (V) and the crystallite size (D)  

were calculated for silver nanopowders through cubic formula: 
1

𝑑ℎ𝑘𝑙
2  = 

 ℎ2+𝑘2+𝑙2

𝑎2
 , 𝑉 = 𝑎 × 𝑏 × 𝑐 

and D= 
kλ

β∗cosθ
 (Debye Scherrer’s Equation) respectively. Since Ag has cubic structure 

therefore, its unit lengths are a = b= c and thus have equal values. The values calculated are 

listed in Table 5:18. 

 

Table 5:18: Lattice parameters (a, b, c), crystallite size (D), FWHM (β*), Braggs angle (2θ) 

and volume (V) of RA2 [rGO + Ag, 3:1], RA3 [rGO + Ag, 1:1] and RA4 [Ag, 0:1]. 

 

  a (Å) b (Å) c (Å) D (nm) β* (°) 2θ (°) V (Å)3 

RA2 (3:1) 

RA3 (1:1) 

RA4 (0:1) 

Ag 

Ag 

Ag 

4.0966 

4.0912 

4.0858 

4.0966 

4.0912 

4.0858 

4.0966 

4.0912 

4.0858 

30.0528 

32.2217 

32.3450 

5.198 × 10-3 

4.849 × 10-3 

4832 × 10-3 

44.18 

44.24 

44.30 

68.7497 

68.4782 

68.2073 

 

From Table 5:18 we can see that the value for the parameter “a” showed a decrease from 

4.0966 Å to 4.0858 Å with the decrease in rGO content and this scenario was expected. Indeed, 

the high value of “a” observed for RA2 is related to the fact that the high amount of rGO that 

was present in the sample, stretched the crystal structure of Ag and by decreasing the amount, 

the lattice parameter values also exhibited decrease and tend to that of Ag (RA4). The Volume 

also decreased in accordance with the decrease in the value of the “a” parameter. 
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Figure 5.33 XRD Refinement Analysis of RA4 [Ag, 0:1], RA3 [rGO + Ag, 1:1] and RA2 

[rGO + Ag, 3:1]. 
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The observed XRD patterns of Ag were refined using Fullprof suite software (Figure 5.33). 

Only Ag – nanopowders showed a particular pattern because of its defined crystalline nature. 

In the given graph 𝑌𝑐𝑎𝑙= are the experimentally obtained data, 𝑌𝑜𝑏𝑠= are the already measured 

data, 𝑌𝑜𝑏𝑠 ̶ 𝑌𝑐𝑎𝑙= difference between the existing and experimental data and Braggs angle= 

gives the information concerning the number and position of the experimentally observed 

peaks. From Figure 5.33 we can clearly observe that all the Ag peaks were matching with the 

standard peaks without any presence of the stranger peaks; this indicated the purity and the 

single phase of the prepared Ag sample. Table 5:19 exhibits the values for the chi-square (χ2), 

goodness of fit (GoF) and the reliability factors (Rexp, Rwp and Rp). Various other parameters 

that are upholding the accuracy of the fit are observed within the range of 0.70 ≤ GoF ≤0.87, 

19.80% ≤ Rexp ≤ 21.30%, 14.00% ≤ Rwp ≤ 17.70% and 11.90% ≤ Rp ≤ 16.00%; all these 

observed values are put in the tabular form Table 5:19. 

 

Table 5:19: Conditions for refinement, reliability factor (𝑅𝑝, 𝑅𝑤𝑝, 𝑅𝑒𝑥𝑝), refined half-width 

parameters (U, V, W) chi-square (𝜒2) and good of fit (GoF) of prepared samples 

 

Concentration (𝒙) RA2 RA3 RA4 

𝜆(Å) 1.54056 1.54056 1.54056 

Cycles of refinement 30 30 30 

Step (°) 0.021 0.021 0.021 

Profile function Pseudo-Voigt * Axial 

divergence asymmetry 

Pseudo-Voigt * Axial 

divergence asymmetry 

Pseudo-Voigt * Axial 

divergence asymmetry 

𝑅𝑝 (%) 25.3 34.0 22.1 

𝑅𝑤𝑝 (%) 24.3 36.3 26.1 

𝑅𝑒𝑥𝑝 (%) 17.7 21.3   17.7 

𝑈 -2.537095 -3.425056 -3.491906 

𝑉 2.802554 4.225834 3.951043 

𝑊 -0.609907 -0.937486 -0.893150 

𝜒2 1.885 2.907 2.180 

GoF 1.4 1.7 1.5 

Bragg R-factor (%) 8.41 17.2 6.44 

Space group of phases F m -3 m F m -3 m F m -3 m 
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5.4.2 FTIR Analysis 

 

The discerning of the chemical bonds, existing functional groups, sample’s molecular structure 

was studied via Fourier Transform Infra-Red Spectroscopy. This tool provides a discrete 

pattern called “Molecular Finger Print Region” marking from 1500 cm-1 to 400 cm-1, for the 

respective materials; secured through the interaction of the said sample with infrared rays. It 

produces both qualitative and quantitative databases determined with the amount of the IR 

light, the vibrating molecule’s bonds can absorb. 

 

For GO, the peaks determining its structural attributes were learned for as: 3403.54 cm-1 (–OH 

stretching of H2O molecules), 2935.98 cm-1 (asymmetric C–H), 2833.83 cm-1 (symmetric C–

H), 2320.62 cm-1 (CO2 bond), 1721.59 cm-1 (C=O carbonyl stretching), 1645.68 cm-1 (C=C 

vibrational stretching of oxidised graphene domains), 1408.07 cm-1 (deformed –OH bending 

of C–OH), 1133.25 cm-1 (C–O–C epoxy) and 1022.19 cm-1 (C–O alkoxy). The above studied 

outcomes indicates that graphene was laboriously oxidized and had huge quantities of 

oxygenated functional groups [61][345][346][347][348][349][350][351][352][353]. The 

tabular form of the bond values of the GO sample has been provided in the Table 5:20. 

 

Table 5:20: FTIR Bonds and the Peak values for the bonds obtained for the GO sample 

powders. 

 

 Bond Names Bond Peak Values 

1. – OH stretching of H2O molecules 3403.54 cm-1 

2. Asymmetric C – H bond 2935.98 cm-1 

3. Symmetric C – H bond 2833.83 cm-1 

4. CO2 bond 2320.62 cm-1 

5. C=O carbonyl stretching 1721.59 cm-1 

6. C=C vibrational stretching of oxidised 

graphene domains 

1645.68 cm-1 

7. deformed –OH bending of C–OH 1408.07 cm-1 

8. C–O–C epoxy 1133.25 cm-1 

9. C–O alkoxy 1022.19 cm-1 
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Figure 5.34 FTIR Analysis of GO, RA1 [rGO, 1:0], RA2 [rGO + Ag, 3:1], RA3 [rGO + Ag, 

1:1], RA4 [Ag, 0:1]. 

 

For RA1, the formation of rGO was explained through the obtained peaks: 3418.04 cm-1 (–OH 

stretching of H2O molecule), 2925.57 cm-1 (C–H symmetry), 2946.29 cm-1 (symmetric CH2), 

2858.53 cm-1 (asymmetric CH2), 2364.75 cm-1 (CO2 bond), 1727.99 cm-1 (C=O of –COOH 

stretching), 1630.87 cm-1 (phenyl, unchanged sp2 lattice), 1625.19 cm-1 (alkene, unchanged sp2 

lattice), 1397.20 cm-1 (C–C bond), 1261.85 cm-1 (C–O–C epoxy), 1189.04 cm-1 (C–OH bond), 

1032.65 cm-1 (C–O bond) [348][354][355][356][357][358][359][360][361][362][363][364] 

[365][366]. The decrease and disappearance of some of the peaks can be explained as complete 

reduction of GO .For RA2, rGO gave peaks as: 3418.04 cm-1 (–OH stretching of H2O 

molecule), 2938.66 cm-1 (symmetric CH2), 2845.32 cm-1 (asymmetric CH2), 2925.47 cm-1 (C–

H symmetry), 2363.37 cm-1 (CO2 bond), 1727.28 cm-1 (C=O of –COOH stretching), 1632.86 
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cm-1 (phenyl, unchanged sp2 lattice), 1625.13 cm-1 (alkene, unchanged sp2 lattice), 1396.02 cm-

1 (C–C bond), 1261.65 cm-1 (C–O–C epoxy), 1183.99 cm-1 (C–OH bond), 1038.34 cm-1 (C–O 

bond). The formation of Ag nanopowders was also noted, as its characteristics peaks were also 

observed: 3980.88 cm-1 – 3433.29 cm-1 (–OH peaks of H2O molecules, obtained because of 

boiling Ag solution). 1547.47 cm-1, 1532.33 cm-1, 1519.11 cm-1 (N–O, nitro compounds), 

1384.74 cm-1 (𝑁𝑂3
− ion) and 1362.19 cm-1 (N=O bond). For RA3, 3419.33 cm-1 (–OH 

stretching of H2O molecule), 2928.57 cm-1 (symmetric CH2), 2833.94 cm-1 (asymmetric CH2), 

2928.71cm-1 (C–H symmetry), 2365.30 cm-1 (CO2 bond), 1727.28 cm-1 (C=O of –COOH 

stretching), 1630.93 cm-1 (phenyl, unchanged sp2 lattice), 1623.20 cm-1 (alkene, unchanged sp2 

lattice), 1396.70 cm-1 (C–C bond), 1261.65 cm-1 (C–O–C epoxy), 1183.99 cm-1 (C–OH bond), 

1034.47 cm-1 (C–O bond) are the procured rGO peaks. 3964.55 cm-1 – 3449.62 cm-1 (–OH 

peaks of H2O molecules, boiling Ag solution peaks). 1547.47 cm-1, 1532.33 cm-1, 1519.11 cm-

1 (N–O, nitro compounds), 1386.68 cm-1 (𝑁𝑂3
− ion), 1362.19 cm-1 (N=O bond) defines Ag 

nanopowders nature. The silver peaks for RA3 were more prominent than RA2, that could be 

because of the increase in Ag quantity in RA3 sample. For RA4, 3995.81 cm-1 – 3422.23 cm-1 

(–OH peaks of H2O molecules, residual water peaks existing because Ag solution was boiled / 

heated to evaporate the water). 1547.47 cm-1, 1532.33 cm-1, 1519.11 cm-1 (N–O, nitro 

compounds), 1384.74 cm-1 (𝑁𝑂3
− ion), 1362.19 cm-1 (N=O bond) were the attained the 

structural peaks for silver nanopowders [176][175][174][173][172][171] (Figure 5.34). Table 

5:21 is the table put together for the obtained FTIR values for the composite sample powders 

for comparable reasons. 

 

Table 5:21: FTIR bonds and peaks values for the samples RA1 [rGO, 1:0], RA2 [rGO + Ag, 

3:1], RA3 [rGO + Ag, 1:1], RA4 [Ag, 0:1]. 

 

 Bond Names RA1 

[rGO, 1:0] 

 

RA2 

[rGO + Ag, 

3:1] 

RA3 

[rGO + Ag, 

1:1] 

RA4 

[Ag, 0:1] 

1. – OH stretching of 

H2O molecules 

3418.04 cm-1 3418.04 cm-1 3419.33 cm-1 – 

2. C–H symmetry 2925.57 cm-1 2925.47 cm-1 2928.71cm-1  

3. Symmetric CH2 2946.29 cm-1 2938.66 cm-1 2928.57 cm-1 – 

4.. Asymmetric CH2 2858.53 cm-1 2845.32 cm-1 2833.94 cm-1 – 

5. CO2 bond 2364.75 cm-1 2363.37 cm-1 2365.30 cm-1 – 
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6. C=O of –COOH 

stretching 

1727.99 cm-1 1727.28 cm-1 1727.28 cm-1 – 

7. Phenyl, unchanged 

sp2 lattice 

1630.87 cm-1 1632.86 cm-1 1630.93 cm-1 – 

8. Alkene, unchanged 

sp2 lattice 

1625.19 cm-1 1625.13 cm-1 1623.20 cm-1 – 

9. C–C bond 1397.20 cm-1 1396.02 cm-1 1396.70 cm-1 – 

10. C–O–C epoxy 1261.85 cm-1 1261.65 cm-1 1261.65 cm-1 – 

11. C–OH bond 1189.04 cm-1 1183.99 cm-1 1183.99 cm-1 – 

12. C–O Bond 1032.65 cm-1 1038.34 cm-1 1034.47 cm-1 – 

13. –OH peaks of H2O 

molecules, residual 

water peaks existing 

because Ag solution 

was boiled / heated 

to evaporate the 

water 

– 3980.88 cm-1 – 

3433.29 cm-1 

3964.55 cm-1 – 

3449.62 cm-1 

3995.81 cm-1 – 

3422.23 cm-1 

14. N–O, nitro 

compounds 

– 1547.47 cm-1, 

1532.33 cm-1, 

1519.11 cm-1 

1547.47 cm-1, 

1532.33 cm-1, 

1519.11 cm-1 

1547.47 cm-1, 

1532.33 cm-1, 

1519.11 cm-1 

15. 𝑁𝑂3
− ion – 1384.74 cm-1 1386.68 cm-1 1384.74 cm-1 

16 N=O bond – 1362.19 cm-1 1362.19 cm-1 1362.19 cm-1 

 

5.4.3 Raman Spectroscopy 

 

 Raman spectroscopy also, alike IR, lays out a fingerprint region specific to that material only 

resulted due to its vibrations. This tool provides more in-depth insight as it relays detailed 

information; values and peaks of crystal lattices, lower frequency modes, polymorphism, 

molecular interactions, structures and phases etc. Raman spectroscopy is particularly fancied 

when to deal with GO and rGO. In case of both GO and rGO, 4 peaks are predominantly 

observed; D- band, G- band, 2D- band and D+G- band. These obtained peaks values and certain 

shifts in their positions talk about the obtained graphitic nature; D- band (A1g symmetry): this 

is the defect peak formed due to the disordered structure of graphene stemmed because of the 

attached functional groups deformities in the graphene basal plane sheets and is attributed to 

the out-plane vibrations. G- band (E2g symmetry): this peak is formed due to the C–C bond 
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stretching in the graphitic materials. It is the first-order scattering, in-plane vibrations attained 

from the presence of defects of sp2 hybridised carbon atom sheets. The D- band and G- band 

signify the disorder band and tangential band correspondingly. 2D- band: it is the second-order 

two phonon process. It is particularly perceptive towards the piling of graphene layers and thus 

informs about the present graphene layers as; monolayer, double layer, multilayer. D+G- band: 

it is the combination scattering peak. 

 

For GO, all the characteristic peaks; D- band (1359.67 cm-1), G- band (1604.51 cm-1), 2D- band 

(2680.40 cm-1) were secured, the obtained 2D peak value shows that monolayer graphene has 

been synthesised and D+G- band (2925.86 cm-1) were procured as required. The ratio of the 

intensities of D- and G- band was also calculated, 
𝐼𝐷

𝐼𝐺
= 0.84; it is influenced by the disorder 

level i.e., presence of sp3 defects within the sp2 hybridised graphene [345][349][367][368][369] 

[370][371][372][373][374]. Table 5:22 represents the Raman peaks obtained and the bond 

names as well. 

 

Table 5:22: Raman bonds and values for GO sample powders. 

 

 Peak Names GO 

1. D – band (GO) 1359.67 cm-1 

2. G – band (GO) 1604.51 cm-1 

3. 2D – band (GO) 2680.40 cm-1 

4. D + G – band (GO) 2925.86 cm-1 
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Figure 5.35 Raman Analysis of GO, RA1 [rGO, 1:0], RA2 [rGO + Ag, 3:1], RA3 [rGO + 

Ag, 1:1], RA4 [Ag, 0:1]. 

 

For RA1, the values of the D- and G- peaks slightly shifted towards the lower values. The peaks 

acquired were; 1352.55 cm-1 (D- band), 1583.30 cm-1 (G- band), 2747.89 cm-1 (2D- band) and 

2915.03 cm-1 (D+G- band). The intensity ratio of D- and G- bands was; 
𝐼𝐷

𝐼𝐺
= 0.9 The increase 

in the ratio of the band intensity as compared to GO, indicates the drop in the average sizes of 

the sp2 carbon domain and also the reconditioning of the said domain, after the reduction 

process of GO [340][356][361][368][369][372][374][375][376][371][377]. For RA2, the 

secured rGO peaks were; 1345.11 cm-1 (D- band), 1583.30 cm-1 (G- band), 2756.01 cm-1 (2D- 
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band) and 2915.03 cm-1 (D+G- band) and the ratio  
𝐼𝐷

𝐼𝐺
 was found to be 0.88 for the respective 

intensities. The Raman nature for silver nanopowders were observed as well. 143.98 cm-1 and 

160.22 cm-1 were the peak values for Ag-lattice modes. 247.51 cm-1 Ag – O was the mode peak 

value. 732.70 cm-1 and 780.07 cm-1 were the peaks for 𝑁𝑂3
− ion presence. 966.84 cm-1, 1066.31 

cm-1, 1539.32 cm-1, 1690.90 cm-1 were deducted as the characteristic peaks. For this sample 

case, values around 695 cm-1 (𝑁𝑂3
− ion) and 1320 cm-1 (characteristic peak) weren’t seen, that 

could be because the Ag-ratio in this composite mixture was less. For RA3, the characteristic 

band values for rGO were; 1355.93 cm-1 (D- band), 1590.18 cm-1 (G- band), 2742.70 cm-1 (2D- 

band) and 2910.91 cm-1 (D+G- band). The intensity ratio; 
𝐼𝐷

𝐼𝐺
= 0.84. And 144.23 cm-1, 159.18 

cm-1 (Ag- lattice peaks). 250.76 cm-1 (Ag – O), 693.70 cm-1, 722.98 cm-1, 780.92 cm-1 (𝑁𝑂3
− 

ion). 989.62 cm-1, 1066.87 cm-1, 1319.18 cm-1, 1535.35 cm-1, 1696.09 cm-1 (characteristic 

peaks) were the Ag- peaks. For RA4, the structural peaks for Ag – nanopowders were acquired 

which confirmed the formation and purity of Ag nanopowders. 144.23 cm-1, 159.18 cm-1 (Ag 

– lattice vibration modes). 247.02 cm-1 (Ag – O peak value). 691.96 cm-1, 726.10 cm-1, 799.61 

cm-1 (𝑁𝑂3
− ion occupancy, vibrations of the doubly generated N – O in-plane). 982.77 cm-1, 

1066.87 cm-1, 1319.18 cm-1, 1585.23 cm-1, 1690.28 cm-1 (characteristic Ag – peak values) 

[185][184][183] (Figure 5.35).  

 

The values of intensity peaks for RA1 and RA2, RA3 exhibited a significant difference, that 

could be because the RA2, RA3 were the composite mixture containing Ag nanopowders as 

well. Also, the silver peaks were sharp and prominent in RA3, that was because the Ag content 

in RA3 was more as compared to RA2. Whereas the intensity value difference between RA2 

and RA3 was very less, only that of 0.04, meaning the addition of Ag did not cause any 

significant structural defect.  The Raman analysis values obtained for the sample composite are 

presented in the tabular form in Table 5:23. 

 

Table 5:23: Raman bonds and values for RA1 [rGO, 1:0], RA2 [rGO + Ag, 3:1], RA3 [rGO 

+ Ag, 1:1] and RA4 [Ag, 0:1]. 

 

 Peak Names RA1 

(rGO - 1:0) 

RA2 

(rGO + Ag - 

3:1) 

RA3 

(rGO + Ag - 1:1) 

RA4 

(Ag - 0:1) 
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1. D – band (rGO) 1352.55 cm-1 1345.11 cm-1 1355.93 cm-1 – 

2 G – band (rGO) 1583.30 cm-1 1583.30 cm-1 1590.18 cm-1 – 

3. 2D – band (rGO) 2747.89 cm-1 2756.01 cm-1 2742.70 cm-1 – 

4. D + G – band 

(rGO) 

2915.03 cm-1 2915.03 cm-1 2910.91 cm-1 – 

5. Ag - lattice – 143.98 cm-1, 

160.22 cm-1 

144.23 cm-1, 

159.18 cm-1 

144.23 cm-1, 

159.18 cm-1 

6. Ag – O bond – 247.51 cm-1 250.76 cm-1 247.02 cm-1 

7. N – O bond of the 

𝑁𝑂3
− ion 

– 732.70 cm-1, 

780.07 cm-1 

693.70 cm-1, 

722.98 cm-1, 

780.92 cm-1 

691.96 cm-1, 

726.10 cm-1, 

799.61 cm-1 

8. Ag characteristic 

peaks 

– 966.84 cm-1, 

1066.31 cm-1, 

1539.32 cm-1, 

1690.90 cm-1 

989.62 cm-1, 

1066.87 cm-1, 

1319.18 cm-1, 

1535.35 cm-1, 

1696.09 cm-1 

982.77 cm-1, 

1066.87 cm-1, 

1319.18 cm-1, 

1585.23 cm-1, 

1690.28 cm-1 

 

5.4.4 Surface Analysis 

 

The surface morphology of the synthesised samples was studied through Field Emission 

Scanning Electron Microscopy (FESEM). This characterisation gives the optical specifications 

of the entire or fractioned surfaces as per needed. It lays down the topographical and elemental 

particulars with higher magnifications and provides with a much lucid picture of the samples. 

 

For GO, the synthetisation process used, governs the micro surface level details. GO exhibited 

a much defined, flaky, layered, 3 – dimensional, fold-like microstructure with heavy wrinkled 

effect to it, which were present due to its amorphous nature. There are certain defects associated 

with the surfaces; partially due to sizeable numbers of functional groups; – OH, –COOH 

attached on to the edge and –C–O–C, –COOH groups in the internal areas. The interlayered 

length of the graphitic sheets swells due to these functional groups and thus dismantles the 

integrated layered microstructure leading to wrinkled surface appearance. The Electron 

Diffraction Spectra (EDX) was also conducted and thus gave the elemental distribution and the 

numbers of the elements present. Two peaks for carbon and oxygen atoms were procured, 

meaning them being the dominant elemental factors and the C: O-ratio of GO was 1.35, the 
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reason for such value was, because of GO considerably being the oxidised disposition of 

graphite, has higher oxygen content and thus lowered the ratio value [337][366][378][379] 

[380][381] (Figure 5.36). 

 

 

 

Figure 5.36 (a) FESEM Analysis and (b) EDX Analysis of GO. 

 

For RA1, an apparent layered construction was being seen for rGO, giving out a wrinkly effect, 

alike GO. These paper-like wrinkled design of rGO sheets were individually identifiable and 

as well showed lower degrees of agglomeration in their system; because of erasure of 

oxygenated functional groups attached to the GO, meaning a successful reduction of the GO- 

system to rGO. This call of conduct was a necessitate, as the thermodynamic solidity of this 

carbon dominated network relies on the fluctuation morphology obtained. For both GO and 

rGO, their microstructures have disorders linked to them, thus communicating their 

polycrystalline or amorphous system [362][366][382][383][384][385]. For RA2 and RA3, the 

layered formation of rGO was still detectable, but now with the establishment of Ag- 

nanopowders over its surface. From Fig 8 (b) and (c), it was observable that RA2 has lesser 

density of Ag- system over its surface than RA3; since the amount of Ag- nanopowders added 

in rGO was less compared to RA3. For RA4, in some areas, larger sized particles were noticed 

as it is a habitual attribute of Ag- nanoparticles to have a clustered approach. These metal 

nanopowders exhibited ‘spherical-shaped’ particles; and are as well known to have 
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distinctively ordered arrangement and are mono dispersive in nature. The particle size 

distribution graph was also plotted and gave recommendable results. The particle size value 

procured was = 36.6 nm (with error = 1.14%), which goes in accordance with the theoretical 

aspects for silver to have particle size ranging from 20 nm – 110 nm [112][147][174][194] 

[193][192] (Figure 5.37). 

 

 

 

Figure 5.37 FESEM Analysis of (a) RA1 [rGO, 1:0], (b) RA2 [rGO + Ag, 3:1], (c) RA3 

[rGO + Ag, 1:1], (d) RA4 [Ag, 0:1] and (e) Particle Size Distribution of RA4 [Ag, 0:1]. 
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5.4.5 Varistor Studies 

 

The varistor studies peruses ‘how much value of voltage and current, a device can acclimate 

within its working system, before it reaches the point of shut down’. In this paper, a ‘Carbon + 

Metal’ system was studied with rGO being a carbon dominated network and silver being an 

exceptionally electrically conductive metal. The analysis was done via current versus voltage 

graph and certain formula. (Figure 5.38) Communicates the IV- characteristics of the said 

composite mixture. The varistor studies were done in this case by investigating the mobility 

rate of charge carriers in junction formed between rGO and Ag. The lack of functional groups 

or lack of oxygen in rGO creates spaces for the charge carriers to conduce electrically and 

additionally, Ag has free electrons available for transportation process.  

 

There are certain aspects governing the nature and direction of the graphical matrix. The 

Current – voltage curve plotted between J (mA/cm2) and E (V/mm), evinced the two arenas of 

the graphs; linear region which followed the ohm’s law (before the knee point) and the non – 

linear region which does not followed the ohm’s law (after the knee point). The knee point of 

a curve, by definition, is the point where the curve of the graph visibly bends, in particular from 

a higher slope to a lower slope, in this case, the point value where the linear proportionality 

became the horizontal saturated line [196]. In the region of ohms law, forward bias was applied 

which was the connections of p and n – junctions to the positive and negative terminals of the 

battery respectively. As a result of this, holes and electrons present in the rGO and Ag flew 

towards the direction of the junction leading to the decrease in the width of potential barrier. 

This in return did not exhibit any resistance and thus charge carriers followed on with the 

transportation mechanism. Whereas, in the case of non-linear region, the reversal connections 

were done between junctions and terminals which led to the increasing width for potential 

barrier as the holes and electrons were now attracted towards the ends of terminals attached 

and thus moving in the opposite direction as opposed to junction. Even though charge 

conduction was not prevalent, there were some minority of charge carriers still existing and 

thus the process of conduction was still observed in the negative planes of the plot. 

 

For the graphs of samples RA1, RA2 and RA3; though an ohmic region was acquired but it 

exhibited a very ‘zig – zag like pattern’ in both the positive and negative planes, that could be 

dominantly because of the amorphous disposition of rGO. Another facet that was prevailing in 
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this mechanism, was called ‘Compliance Current’ i.e., the maximal amount of current that an 

electrochemical cell can uphold to, which can be observed for the case of RA4. Silver despite 

being the highest electrically conductive metal, gave its highest value of current at around 1 

mA/cm2, which meant that it was the limitation applicable due to the device. So, for each 

sample graph, the maximum value of current across the device acquired was around and about 

1 mA/cm2 but the value of voltage had certain variations.  

 

 

 

Figure 5.38  Current / Voltage Analysis of RA1 [rGO, 1:0], RA2 [rGO + Ag, 3:1], RA3 [rGO 

+ Ag, 1:1], RA4 [Ag, 0:1]. 

 

As mentioned before, the graph displayed two areas ‘the before’ and ‘the after’ of the 

materialisation of the ‘the knee point’. The before of the knee point gave the maximum value 

of current and voltage in direct proportionality i.e., the extremity of the availability of the ohm’s 

law. But after the knee point, a saturation was obtained, where the values for current became 

constant but the voltage values were varying. Another salient peculiarity that arose due to this 

behaviour was ‘non – linear coefficient (α)’; it is defined as the ratio of the log of the difference 

of the current densities to the log of the difference of the voltages [197]. The value taken were 

from the starting and the end point of the saturation line, expressed as: 
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α = 
log[𝐽2 − 𝐽1]

log[𝑉2 − 𝑉1]
 ; J2 > J1, V2 and V1 = voltages at respective current density 

 

Where α = non – linear coefficient, VN (V/mm) = voltage values across the device and IN 

(mA/cm2) = current values across the device. These α – values obtained then were set down in 

the tabular form w.r.t. to voltage and current values (Table 5.24). 

 

Table 5.24: Tabular form for the values of non – linear coefficient ‘α’, voltage across the 

device ‘VN (V/mm)’ and current across the device ‘IN (mA/cm2)’ for RA1 [rGO, 1:0], RA2 

[rGO + Ag, 3:1], RA3 [rGO + Ag, 1:1] and RA4 [Ag, 0:1]. 

 

Sample code α VN [V/mm] IN [mA/cm2] 

RA1 - 7.2989 1.9849 0.9932 

RA2 - 6.5734 2.7135 1.0021 

RA3 - 4.9761 3.0012 1.1004 

RA4 - 3.9761 1.0904 1.0158 

 

For a varistor to have its usage, it is required to have a greater value of α. More is the value of 

α, means more is the linear part of the graph and more the voltage value, hence more it has the 

tolerance towards the current passing through it i.e., more it will be able to withstand the higher 

values of current and voltages. From the Table 5.24, RA1 being the host material and RA2 and 

RA3 the composite mixture samples; among them, both of the measurements; α – value and 

voltage exhibited an increase, though the difference being minute. The reasons behind the 

minuscule changes could be (I). The device inherently having the compliance voltage property, 

(II). The sample matrix considered was a simpler form, consisting only of two networks to 

work with, instead of 3 or more systems [198]. The α – values were also plotted against the 

rGO content, to individually understand the framework (Figure 5.39). It was observed that as 

the Ag – nanopowders content increased in the composite mixture, the α – value gave an 

increase. 
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Figure 5.39 Graphical plot for α – value against the rGO content of RA1 [rGO, 1:0], RA2 

[rGO + Ag, 3:1], RA3 [rGO + Ag, 1:1], RA4 [Ag, 0:1]. 

 

From all the above explanations, it was observed that, rGO when used with a single conductive 

material, demonstrated a rise in α – and voltage – values.  Though, the differences were very 

small, and that could be because it was only a two-constituent system. Now the lower values 

obtained, make them candidate for the applicational sectors where low voltage varistors are 

considered. Such as; smart doorbell systems, garage door sensors, house alarms, heating 

cooling thermostats etc. But the samples as well exhibited the capability of increasing its values 

which means that this also has the possibility, if used with stronger matrix of networks, they 

can exhibit noticeable variations in larger system of measurements and thus can be employed 

on in the sectors where higher voltage varistors are utilised.
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SUMMARY 

 

In this research work, in total six chemicals and five synthesis processes for four objectives 

were studied. The composite mixture was studied using four varying weight compositions for 

each objective. CuO, CdO and TiO2 were fabricated using sol – gel methods, silver was 

synthesis through top – down method and polyaniline was obtained by oxidative 

polymerisation method. Hummer’s method was employed on for acquiring rGO nano – 

powders. Each objective was studied using the following ratios: 

 

▪ CuO + Ag (0:1, 1:1, 1:2 and 0:1) 

 

▪ PANI + CdO (0:1, 1:1, 1:2 and 0:1) 

 

▪ TiO2 (anatase) + Ag (0:1, 1:1, 3:1 and 0:1) 

 

▪ rGO + Ag (0:1, 1:1, 3:1 and 0:1) 

 

TGA was used for thermal analysis to obtain the values for calcination temperatures so as to 

acquire the desired phase and form for the nano – materials as CuO and TiO2 has polymorphism 

attached to its nature i.e., they exist in more than one form and therefore, with certain 

temperature or pressure they could change into another form. XRD and FTIR was done to 

obtain the chemical peaks as it confirms the purity status for the composite mixtures. Raman 

spectroscopy gave the details concerning the molecular vibrations for the sample nano – 

systems and as well revealed the space group for each constituent. The surface knowledge was 

procured using FESEM as it discussed information regarding topographical morphology 

whereas, EDX was used for the elemental ratio of each constituent and EDX mapping gave the 

distribution and placement of the elements within the sample surface. PSA was used to obtain 

the particle size data. It was done only for metal – oxides and metallic nano – powders as they 

demonstrated an ordered network of atoms within its structure and follows a specific 

arrangement respective to its space group. The current and voltage values were investigated to 

study the varistor behaviour of sample powders. Each objective exhibited a consistent elevation 

in the slope adjacent to linear region before it attained its saturation region. Both linear region 

(ohms law) and non – linear region (non – ohms law) were observed in the graphical plot which 

further resulted for the values of non – linear coefficient. Each objective gave an increased 

value with the addition of dopants into the host materials, though the differences observed for 

small scale. These led to the applicational aspects for the objectives in small scale voltage 
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varistor industries where lower values of voltages are required such as; smart house gadgets, 

alarm or doorbell systems, small scale sensors, thermostats and likewise. 

 

Monoclinic arrangement in tenorite phase was obtained for CuO nanopowders and cubic 

arrangement was observed for silver. Various structural analysis was done the composite 

mixtures consisting of variegated compositions; CA1 [CuO, 1:0], CA2 [CuO + Ag, 1:1], CA3 

[CuO + Ag, 1:2] and CA4 [Ag, 0:1] including thermal studies and Raman spectroscopy. An 

increase in the linear region was obtained for the proceeding sample cases. This linear arena 

corresponded to slope of the graph that followed Ohm’s Law which further implied an increase 

in the admittance for both current – voltage values within the system. This elevation was 

observed to be small scale and showed its employment range in lower scale voltage varistors. 

 

Oxidative Polymerisation method and Sol – Gel auto combustion methods were found to be 

suited on for the synthesis of PANI and CdO nano – particles. FESEM revealed coral – like 

nature for polyaniline whereas, CdO exhibited more pronounced structure. Some 

agglomeration was obtained at certain areas which was a common trait for mentioned metal – 

oxide nano – particles. The varistor plot gave exceptional values as the current and voltage 

values showed a consistent increase in slope with noticeable differences between the obtained 

values. The sample system revealed its operational principle to be based on the small scale 

varistors where lower voltages were a necessity. The particle size analysis gave the size of the 

CdO nano – powders to be 32.09243 nm, which were in accordance with theoretical data. 

 

The structural studies were done for the TiO2 (anatase) sample mixtures with varying 

compositions; TA1 [TiO2, 1:0], TA2 [TiO2 + Ag, 3:1], TA3 [TiO2 + Ag, 1:1] and TA4 [Ag, 

0:1] and variegated characterisation tools. Ultra – Sonic assisted Sol – Gel Method was used 

to synthesise TiO2 (anatase) nanopowders and Burst Method was done to obtain the Ag – 

nanopowders. FTIR and XRD gave the characteristic peaks which were confirmed by the 

Rietveld Refinement in which the experimentally obtained peak values matched the theoretical 

data. Raman analysis gave the details regarding the modes of the samples and FESEM was 

done to obtain the details concerning the topographical domain which were in accordance with 

the already existing data when compared. Its applicability for the varistors was studied through 

the analysis of the current – voltage graph. The plot, being a simpler grade, gave smaller values 

of increase which made less voltage needed varistors as it operational sectors.  
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In this paper, the applicational prospects of varistors for the composite mixture of rGO and Ag 

– nanopowders was studied via samples with varying compositions. Hummers modified 

method and burst method were employed on for the synthesisation of GO, rGO and Ag – 

nanopowders respectively. The structural nature and electrical behaviour were understood by 

the means of variegated characterisations. The purity of GO and rGO were confirmed via 

Raman analysis. XRD and FTIR exhibited the attributed peak values for GO and rGO, Ag – 

nanopowders. The topographical and elemental details were acquired through FESEM and 

EDX studies, which talked about the wrinkled paper – like structure for GO and rGO and 

spherical structural nature of Ag. Current – voltage plot was studied for the better 

understanding of the electrical inhabitation. It was observed, rGO + Ag, being two constituent 

network gave small values but still showed an increase, means if used with complex 

arrangement, they have the possibility to be considered in the material fabrication for high 

voltage varistors domains. 

 

When all the values were put together it was observed that in comparison to CuO, CdO and 

TiO2 gave the best results which could be due to the fact that latter two metal – oxides are n – 

type semiconductors and therefore, have electrons as dominating electrical conduction carriers 

thus, they exhibited exceptional capability for the mobility of electrons. They also possess 

larger band – gaps and with the transparency in visible region which makes them transparent 

conducting oxides (TCO’s). However, CuO falls under p – type semiconductor hence has 

majority hole carriers which effects its conduction potency. rGO and PANI also gave 

considerable results even for being carbon dominated species. Silver was used as an additional 

factor in each composition in order to boost the electrical property of the host material as Ag 

was the most conductive material.
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