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Preface 

 Metal tungstates are multifunctional materials with novel physical and 

chemical properties. Nanophase tungstate materials have potential 

applications in diverse fields. MnWO4 and CaWO4 nanoparticles have 

attracted much attention due to their interesting properties and micro and 

optoelectronic applications. The synthesis and characterization of 

nanocomposites of tungstate with polyaniline can bring out new properties 

that are useful for potential applications like gas sensing, electromagnetic 

interference shielding, anti-static coatings, corrosion protection and 

microwave applications. The studies related to electron beam irradiation 

effects on materials are interesting. The intrinsic defects produced by the 

electron beam irradiation offer modification of structural and physical 

properties of materials, which have technological applications.  

 Several studies have reported for the synthesis and characterization of 

MnWO4 and CaWO4 nanoparticles. However, studies based on the 

influence of electron beam irradiation on the structural, optical and 

electrical properties of MnWO4, CaWO4 and PANI-MnWO4/CaWO4 

composite are sparse. It is therefore felt worthwhile to undertake a 

systematic investigation on the synthesis, characterization and electron 

beam irradiation studies of nanocrystalline MnWO4, CaWO4 and their 

polyaniline composites. 

 In the present investigation, MnWO4 and CaWO4 nanoparticles and 

their polyaniline composites are synthesized using simple chemical routes 

and are characterized using various tools for exploring their thermal, 

structural, optical and electrical properties. The influence of high energy (8 



ii 

MeV) electron beam irradiation on the structural, optical and electrical 

properties of MnWO4, CaWO4 and their polyaniline composites is also 

investigated. The results of these systematic investigations are incorporated 

in the thesis. 

 The subject matter of the thesis has been organized into six chapters. 

Chapter 1 is introduction, which comprises literature survey, statement of 

the research problem, objectives and scope of the present study. In Chapter 

2, the materials and methods used for the synthesis and characterization of 

the materials are presented. The details of the apparatus, experimental set 

up and procedure adopted for the various studies are also described in this 

chapter. 

 The synthesis and characterization of nanocrystalline manganese 

tungstate, calcium tungstate and their polyaniline composites are presented 

in Chapter 3, 4 and 5, respectively. The conclusions drawn on the basis of 

systematic analysis are summarized in Chapter 6 and the scope for future 

work in this field is mentioned at the end of this chapter. 
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Chapter - 1 

INTRODUCTION 

 
 Metal tungstates are multifunctional materials with exciting structural 

and optical properties. Nanophase tungstate materials have potential 

applications in various fields, such as luminescence, microwave, 

scintillation, photocatalysis and humidity sensing [1-3]. Among metal 

tungstates, MnWO4 and CaWO4 have attracted much attention due to their 

unique structural, optical, electrical and photocatalytic properties. These 

novel properties make them suitable materials for potential use in 

scintillating detectors, lasers, light emitting diodes, optical fibres and 

humidity sensors [4-7]. The formation of nanocomposites of tungstate with 

polyaniline is expected to bring out novel properties that are useful for 

potential applications like gas sensing, electromagnetic interference 

shielding, anti-static coatings, corrosion protection and microwave 

applications. 

The studies related to electron beam irradiation effects on materials 

are interesting. The electron beam irradiation introduces small intrinsic 

defects in samples. The material properties are primarily controlled by 



Chapter – 1 

   2  .    Synthesis, Characterization and Electron Beam Irradiation Studies of Selected Nanocrystalline… 

inherent defects or charge carriers, which are produced during irradiation. 

Hence, electron irradiation technique can be used for the modification of 

structural and physical properties of materials that have technological 

applications [8-11]. 

1.1 Background study  

A comprehensive literature survey is conducted on metal tungstates 

and polyaniline composites. This includes review of nanocrystalline 

tungstates, polyaniline composites and the effect of electron beam 

irradiation on materials. Though many different tungstates and polymers are 

found in the literature, only the reviews of the components relevant to the 

study are included. 

1.1.1 Metal tungstates- Crystal structure 

Tungstates having the general formula AWO4, where A= Mn, Mg, 

Cd, Ca, Sr, Ba and Pb. In metal tungstates, if A2+ has a small ionic radius < 

0.77 Å (Mg, Zn), it will form the monoclinic wolframite structure, but 

larger A2+ cations > 0.77 Å (Ca, Ba) form the tetragonal scheelite structure 

[12,13]. The monoclinic wolframite structure has a space group (SG) of 

P2/c and contains two formula units (Z=2). But, the tetragonal scheelite 

structure has a space group of I41/a, and contains four formula units (Z=4). 

In wolframite structure, both A and W cations have octahedral 

oxygen coordination and each octahedron shares two corners with its 

neighbours. The WO6 octahedra are highly distorted, since two of the W–O 

distances �~2.13 Å	  are much larger than the other four W–O distances 
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�~1.84 Å	[14-16].  In scheelite tetragonal structure, the cation is co-

ordinated to eight oxygen atoms in CaO8 polyhedrons and tungsten atoms 

are coordinated to four oxygen atoms in WO4 tetrahedrons [12, 17-20]. The 

isolated tetrahedron of WO4 in scheelite is nearly regular with four W-O 

distances (~1.79Å ) [15]. Fig. 1.1 represents the conventional unit cell of 

the wolframite and the scheelite structures. 

 

Fig. 1.1 Unit cell for the wolframite and the scheelite structures.  

(Adapted from online data base [21])  

In the present work, manganese tungstate (MnWO4) and calcium 

tungstate (CaWO4) nanoparticles are selected for the study.  The reason for 

selecting these materials will be clear from the literature review presented 

in the following sections and the discussion that follows.  
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1.1.2 Nanocrystalline MnWO4 

The mineral name for MnWO4 is hubnerite [22]. MnWO4 is 

paraelectric and paramagnetic at room temperature. It possesses 

spontaneous electric polarization [23-25]. But, at lower specific 

temperatures 13.5, 12.5 and 8-6.5 K, MnWO4 showed different 

antiferromagnetic states as reported by Choi et al. [26]. 

The electrical conductivity of MnWO4 is sensitive to changes in 

humidity. Hence, it can be used as a humidity sensor with potential 

applications in meteorology, medicine, food production, agriculture, 

industry and domestic environment [4, 5]. Small variations in the surface 

adsorbed water plays key role in modulating the electrical conductivity. 

Also, the porosity of the synthesized material contributes to the sensing 

property. Zhang et al. have reported that MnWO4 nanoplates synthesized by 

hydrothermal method exhibited ionic conductivity and based on its ionic 

conductivity they were quite sensitive to water molecules [27]. Excellent 

varistor behaviour with a negative temperature coefficient of resistance has 

been reported in lead manganese tungstate ceramics [28]. Saranya et al. 

have measured the conductivity of MnWO4 prepared by ultrasonication 

method [29]. It was found that conductivity increased with increase in 

temperature showing a semiconducting behaviour. 

It has been reported that the morphology of MnWO4 

micro/nanocomposite structures synthesized by microemulsion-based 

solvothermal approach depended on reaction time and temperature [30]. 
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Ambient template synthesis of multiferroic MnWO4 nanowires and 

nanowire arrays was reported by Zhou et al. [23]. They found that the 

morphology of nanoparticles depends on the reaction conditions. Wu et al. 

synthesized MnWO4 nanocrystals with different morphologies by 

controlling pH values using hydrothermal method [31]. It is also reported 

that the pressure, pH and temperature of the reaction systems played 

important role in determining the morphologies of MnWO4 [32]. Proper 

organic surfactants (ethylene glycol, polyethylene glycol-400) added to the 

reactants can control the growth of the particles. Simple and effective 

technique of synthesis of MnWO4 nanoparticles seldom happens without 

using any surfactants. Two such methods are reported by Hu et al. and 

Rahimi-Nasrabadi et al. [33, 34]. The first method is hydrothermal and the 

second method is direct chemical precipitation. Nithiyanantham et al. have 

reported a new route for the aqueous phase synthesis of single crystalline, 

shape-selective, magnetic MnWO4 nanomaterials on a DNA scaffold [35]. 

Tungstate nanomaterials are well known for their photoluminescence 

(PL) properties. It has been reported that the mechanism for the PL 

properties are the electronic transfer within the (WO4)
-2 anion complex. 

This is true for the scheelite structured tungstate. Since the crystal structures 

for the monoclinic wolframite is different from the tetragonal scheelite, 

there must be some difference in the PL property of MnWO4 nanocrystals. 

MnWO4 monoclinic lattice is formed by interconnected (…[WO6]–

[MnO6]–[WO6]…) clusters [22]. In this report the PL emission has been 

explained on the basis of defects in the lattice and/or between distorted 
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octahedral [WO6] clusters. Wu et al. have shown that the PL intensity of 

samples prepared under different pH values were different [31].  

Tong et al. have observed in their investigation that as particle size 

reduced from 29 to 8 nm, there existed a ‘lattice expansion’ followed by 

lowered lattice symmetry, lattice vibrational variations, and broadened 

bandgap [2]. Phonon properties of nanosized MnWO4 with different size 

and morphology have been reported by Mączka et al. [36]. In their work 

they described the particle size dependence on the intensity of the IR and 

Raman peaks. Eighteen Raman active modes have been observed in the 

Raman studies of MnWO4 by researchers [37]. So it can be inferred that IR 

and Raman studies can provide information regarding size changes and 

disorders occurring to a specimen as a result of heating or treating with 

energetic radiations. 

MnWO4 nanoparticles have strong absorption in the UV-visible 

region and have potential for the photocatalysis [38]. Contaminants like dye 

molecules can be removed from water by their photocatalytic degradation 

by developing such photocatalysts. For this their size and bandgap should 

be tuned properly. The effect of pH value on the synthesis and 

photocatalytic performance of MnWO4 nanostructure by hydrothermal 

method has been reported [31]. In this work photocatalytic degradation of 

acetone was studied. The possibility of enhancing the photocatalytic 

activity using MnWO4 encapsulated in mesoporous silica has been claimed 

by Hoang et al. [39]. In their work they obtained nanoparticles of average 

size 15 nm. When the size of the particles decrease the exposed area 
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increases which in turn helps in increasing the photocatalytic property. An 

environment friendly MnWO4 nanocrystalline catalyst has been reported by 

Khaksar et al. [40]. Amina et al. have reported antibacterial property of 

MnWO4 nanoparticles [41].  

1.1.3 Nanocrystalline CaWO4 

The scheelite calcium tungstate is an important optical material 

which has found many practical applications. Oishi and Hirao synthesized 

calcium tungstate whiskers of different sizes grown from KCl flux [42]. 

This report might be the forerunner to the synthesis of CaWO4 micro and 

nanocrystals of various morphologies. They obtained 2.5 mm long (5.3 µm 

diameter) CaWO4 whiskers. Thin films of CaWO4 and SrWO4 prepared on 

glass plate by spray pyrolysis showed blue and blue-green emissions at 447 

and 487 nm, respectively [43]. This is due to the charge transitions within 

the (WO4) group. Low-temperature synthesis of metal tungstates 

nanocrystallite in ethylene glycol was reported by Chen et al. [44]. They 

reported the preparation of several nanosized metal tungstate powders 

(CaWO4, SrWO4, BaWO4, CdWO4, ZnWO4 and PbWO4) from the reaction 

between metal chloride and sodium tungstate in the ethylene glycol system 

at low temperature. In a solvothermal path way, nanocrystalline CaWO4 

was fabricated using organic additives ethylene glycol and polyethylene 

glycol [3]. Nanorods and spherical particles were obtained by this method. 

The growth in certain plane, for instance (001), results from the favourable 

interaction between the calcium exposed atoms and the hydroxyl anions 
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[45]. Mai and Feldmann investigated the influence of cationic and non-ionic 

surfactants on particle size, shape and photoluminescence of CaWO4 [46].  

Mogilevsky et al. have reported that the mechanical anisotropy of 

scheelite (CaWO4) favoured oxidation resistant coatings in high 

temperature ceramic composites [47]. The bandgap energy of the crystalline 

thin films was found to be 5.27 eV in CaWO4 and 5.78 eV in SrWO4 [48]. 

Theoretical study by Cavalcante et al. reported that CaWO4 is a direct 

bandgap material [49] with energy gap of 5.45 eV in nanocrystals. Another 

study by Vidya et al. reported a bandgap of 4.25 eV for the CaWO4 

nanocrystals [50].  

There are many valid hypotheses regarding the PL properties of 

CaWO4. The predominant blue emission centred on 420-430 nm is 

attributed to the charge transfer process taking place within the (WO4)
-2 

group [51]. The 1T2 to 1A1 transition in the [WO4]
2- excited complexes 

produce this PL. Also, a blue-green emission may be caused by the WO3 

defect centres produced by the oxygen vacancies [7, 52, 53]. Katelnikovas 

et al. have synthesized CaWO4 particles with size in the range 350- 850 nm 

by sol-gel process [54]. In this method, the precursor solution was stabilized 

using citric and tartaric acids. Su et al. reported that citric acid and pH 

played important roles in hydrothermal method to synthesis CaWO4 

nanoparticles [55]. They also reported on the systematic lattice expansion, 

vibrations and electronic absorption bands with size reduction. Parhi et al. 

have reported the synthesis of scheelite-type ABO4 (A= Ca, Sr, Ba) by 

solid-state metathetic approach assisted by microwave energy radiation 
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[12]. Formation of nanoparticles resulted in lattice expansion, and affected 

the PL behaviour as observed by Li et al. [56]. Nanocrystalline CaWO4 of 

size 12 nm synthesized by microwave irradiation technique [18]. Lin et al. 

reported the synthesis of Eu: CaWO4 with anti-tumour activity [57]. Eu3+ 

doped CaWO4 phosphors showed two peaks in the thermo luminescence at 

400 and 500 K [58]. Nanostructured CaWO4 produced by co-precipitation 

can be applied as a catalyst support for platinum as reported by Farsi and 

Barzgari [59], and showed better electrochemical activity in oxygen 

reduction reaction in H2SO4. Photocatalytic application of CaWO4 for the 

degradation of methylene blue has been reported by Farsi et al. [60].  

Thus by reviewing the literature on nanocrystalline MnWO4 and 

CaWO4, it can be concluded that no work has been reported on the effect of 

electron beam irradiation on the structural and physical properties of these 

metal tungstates. 

1.1.4 Conducting polyaniline  

Polyaniline is a conducting polymer which was discovered about 153 

years ago. It captured much attention by the scientific community since 

1980. PANI is an organic semiconductor. It is the most studied among the 

conducting polymers. PANI was originally known as ‘aniline black’ [61-

63] and was obtained by the polymerization of aniline (C6H5-NH2) under 

acidic conditions. PANI exists in three different forms: “leucoemeraldine” 

(fully reduced form with � � 1); “emeraldine” (half oxidized form with� �
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0.5) and “pernigraniline” (fully oxidized form with � � 0) derived out of 

the scheme shown in Fig. 1.1. 

 

 

Fig. 1.2 General scheme of representation of PANI  

The conducting form of PANI, called the emeraldine salt (PANI-ES), 

is obtained by protonation of the half oxidized form of PANI called 

emeraldine base (PANI-EB). When polyaniline is doped with protonic acid 

its conductivity gets modified from 10-10 to 103 Scm-1, depending on 

protonation.  

1.1.5 Polyaniline nanocomposite  

 Sharma et al. have studied the effect of magnetic nanoparticles 

forming polyaniline composite [64]. They found that the magnetic phase 

could be retained at higher temperatures in the iron oxide/PANI 

nanocomposite. Low concentrations of PANI in the composite resulted in 

antiferromagnetic behaviour and large concentrations of PANI resulted in 

super paramagnetic behaviour.  

 Deshpande et al. have reported on the ammonia gas sensing property 

of thin film made from tin oxide-intercalated polyaniline nanocomposite 

[65]. They have found that while tin oxide remained inactive to the 

presence of ammonia, tin oxide/PANI nanocomposite could sense its 

presence. This is due to the modification induced in the electronic 
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properties of PANI matrix by the presence of tin oxide. The application of 

graphene/polyaniline nanocomposite as a hydrogen (H2) gas sensor was 

reported by Al-Mashat et al. [66]. In their experiment, they studied the gas 

sensing properties of graphene, PANI and their composites separately, and 

found that the sensing action was highest in the composite. Shi et al. have 

prepared TiO2/polyaniline nanocomposite from a lyotropic liquid crystalline 

solution [67]. They found that the presence of inorganic species improved 

the crystallinity of PANI along a direction perpendicular to the PANI chain.  

 It is reported that formation of polyaniline composite with carbon 

nanotube (CNT) resulted improvement in electrical transport [68]. 

According to Kondawar and his co-workers, PANI formed a layer over the 

CNT and the conductivity was enhanced by the charge transfer between the 

quinoid rings of the PANI and the CNT. Similar improvement in 

conductivity has been reported for PANI/V2O5 nanocomposite by Li and 

Ruckenstein [69]. Synthesis and characterization of polyaniline/zinc oxide 

(PANI-ZnO) was reported by Mostafaei and  Zolriasatein [70]. They 

observed lower electrical conductivity, changes in thermal and optical 

properties of the composite. This was due to the adsorption of –NH– group 

on the surface of ZnO nanorods. Meng et al. have developed MnO2-PANI 

composite having electrochemical properties with capacitance up to 207 Fg-

1 [71]. The synergistic effect of MnO2 and PANI chain is the reason for the 

high capacitance. Electrochromic and pseudo-capacitive properties of 

tungsten oxide/PANI (WO3/PANI) composite have been reported by 

Nwanya et al. [72]. They found that the integration of PANI with WO3 
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resulted in the formation of a true electrochemical capacitor. A review 

article on graphene based polyaniline composites by Wang et al. [73] 

summarizes their applications in supercapacitors, sensing platforms, fuel 

cells, solar cells, electrochromic devices and lithium ion batteries. Another 

literature review, conducted by Sen et al. have reported on the synthesis and 

applications of polyaniline nanocomposites [74]. Direct electronic 

transitions in polyaniline–NiFe2O4 nanocomposite (PANI–NiFe2O4) with a 

bandgap of 1 eV have been reported by Khairy and Gouda [75]. A study on 

polyaniline–niobium pentoxide (PANI/Nb2O5) has reported the dielectric 

properties and the power law dependence of the AC conductivity [76]. Low 

frequency AC conduction in polyaniline/zinc tungstate (PANI/ZnWO4) 

composite was studied by Machappa and Prasad [77].  

 Microwave absorption properties of Fe3O4–polyaniline nanocomposite 

have been reported by Zhu et al. [78]. Lower percentage of PANI in the 

composite is suitable for anti-static applications where as higher percentage 

PANI in the composite is suitable for EMI shielding [79]. Large dielectric 

constant of PANI-TiO2 nanocomposite provides promising applications in 

the field of actuators, dynamic random access memory and metal oxide 

semiconductor devices [80]. Pillalamarri et al. have reported polyaniline 

composites in which both PANI and the metal particles were in the nano 

regime [81]. PANI–Mn3O4 composite prepared by Durmus et al. showed 

higher conductivity and super paramagnetic behaviour [82].  Jianjun et al. 

reported on the γ-MnO2/polyaniline composite for applications in 

microwave absorption [83]. 
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 Optical spectroscopic studies of composites of conducting PANI with 

CdSe and ZnO nanocrystals were reported by Bhat and Vivekchand [84]. 

Banerjee  et al. in their studies on HCl doped PANI observed that the 

diameter of the polyaniline nanofibre decreased with increase in the dopant 

concentration [85]. Sapurina et al. showed that presence of sodium 

tungstate retarded the oxidation of aniline and the presence of sodium 

tungstate did not much affect the conductivity [86]. 

 Several review articles on the synthesis, characterization and 

applications of polymer nanocomposites have been published [74, 87-90]. 

Polyaniline nanocomposite can be easily prepared using in situ chemical 

oxidative polymerization [91-93]. Proper ratio has to be maintained 

between PANI and the dopant used to achieve optimum synergistic effect 

[94]. The synthesis of PANI-MnWO4 nanocomposite has been reported 

[95]. In this study specific capacitance of the composite was measured. 

 Negative permittivity was observed in polyaniline-barium titanate 

nanocomposites [96]. Polyaniline-yttrium trioxide (PAni-Y2O3) composites 

were synthesized by Muhammad and Syed [97]. They succeeded in tuning 

the microwave absorption property in a wide range of frequencies.  

In the present research work, MnWO4 and CaWO4 are selected to 

form composites with PANI and some property changes are expected in the 

final products. 
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1.1.6 Effect of high energy electron beam irradiation  

There are few reports on the study of the effect of electron beam 

irradiation in metal oxides. Using electron beam irradiation the optical, 

electronic, magnetic and mechanical properties may be tailored for useful 

applications [98]. Effect of electron beam irradiation on various structural 

and physical properties of  ZnO film [99], gallium zinc oxide thin films 

[100], CeO2 nanoparticles [101], nickel oxide nanocubes [102], α-Ag2WO4 

nanoparticles [103], graphene oxide [104, 105], carbon films [106], anti-

ferroelectric materials [107], ZnS nanostructures [8], WS2 nanotubes [108], 

InGaAs/GaAs quantum well and quantum dot structures [109], TGA-

capped CdTe quantum dots [110], Bi2Fe4O4 [111],  iron-iron oxide core-

shell nanoparticles [112], LaCoO3 [113], Gd0.5Sr0.5MnO3 and 

Dy0.5Sr0.5MnO3 manganites [114] and AlGaAs/GaAs [115] heterostructure 

was reported.  

There are some reports on the effect of electron beam irradiation of 

polymer composites. Modifications such as cross-links or chain breaks 

upon irradiating polyacetyline samples with electron beam results in the 

decrease of path length of the conjugated chain [116]. Electron beam curing 

of composites is non-thermal and faster compared to thermal annealing 

[117]. Nasef et al. have observed electron dose dependent changes in 

chemical structure, thermal characteristics, crystallinity and mechanical 

properties in ethylene-tetrafluoroethylene copolymer (ETFE) film [118]. 

Bhadra and Khastgir reported changes in d-spacing, inter-chain separation, 

and thermal stability in PANI [119]. They also noticed that oxidation level 
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of PANI was not affected upon electron irradiation. Morphology change in 

polymer composite was observed due to changes in the polymer network 

caused by electron beam irradiation [120]. Sangappa et al. have reported 

physical and thermal properties of 8 MeV electron irradiated HPMC 

Polymer films [121]. Hareesh et al. have reported changes in structural and 

thermal properties of lexan polycarbonate [122]. 

The detailed literature survey indicates that no adequate studies are 

reported for polyaniline composites of MnWO4 and CaWO4 nanocrystals. 

The influence of high energy electron beam irradiation on the structural and 

physical properties of MnWO4 and CaWO4 nanocrystals and their 

polyaniline composites is sparse. Electron beam irradiation of PANI- 

MnWO4/ CaWO4 may help in the curing of these materials so that they can 

be used for applications like electromagnetic shielding, antistatic coatings 

and microwave dielectrics.  

1.2 Statement of the research problem 

Several studies were conducted on the synthesis and characterization 

of MnWO4 and CaWO4 nanoparticles. To date, no studies have been 

reported on the structural, optical and electrical properties of polyaniline 

composites of nanophase MnWO4 and CaWO4. Hence, more extensive and 

systematic studies on the structural, optical and electrical properties of these 

nanocomposites are needed. Also, studies on influence of high energy 

electron beam irradiation on the structural, optical and electrical properties 

of MnWO4 and CaWO4 nanoparticles are sparse. In order to throw more 

light on the  influence of high energy electron beam irradiation on MnWO4, 
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CaWO4 and their polyaniline composites, systematic investigation based on 

various characterization tools are required. The present research is mainly 

focussed on the synthesis, characterization and electron beam irradiation 

studies of nanocrystalline MnWO4 and CaWO4, and their polyaniline 

composites.  

1.3 Objectives of the present research 

The main objectives of this research work are: 

i. Synthesis of MnWO4 and CaWO4 nanoparticles by simple chemical 

precipitation method.  

ii. Investigation of structural, optical and electrical properties of the 

synthesized nanocrystalline MnWO4 and CaWO4. 

iii. Study of the effect of calcination temperature on structural, optical 

and electrical properties of MnWO4 and CaWO4 tungstate 

nanoparticles. 

iv. Study of the effect of 8 MeV electron beam irradiation on the 

structure, optical and electrical properties of nanocrystalline MnWO4 

and CaWO4. 

v. Synthesis and characterization of polyaniline composites of 

nanocrystalline MnWO4 and CaWO4 by in situ chemical oxidative 

polymerization.  

vi. Investigation of the influence of high energy electron beam 

irradiation on polyaniline composites of nanocrystalline MnWO4 and 

CaWO4.  
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Chapter - 2 

MATERIALS AND METHODS 

 

An overview of materials used for the chemical synthesis of samples, 

experimental methods and various characterization techniques adopted are 

presented in this chapter along with a brief description about the theory and 

procedures related to various studies.  

2.1 Materials 

Chemicals used to synthesize different samples are listed below.  

(a) MnWO4 nanocrystals: Manganese chloride (MnCl2.4H2O, 99.8%, 

Sigma Aldrich) and sodium tungstate (Na2WO4.2H2O, 99.9%, Alfa 

Aesar).  

(b)  CaWO4 nanocrystals: Calcium nitrate (Ca (NO3)2.4H2O, 99.8%, 

Sigma Aldrich) and sodium tungstate (Na2WO4.2H2O, 99.9%, Alfa 

Aesar). 

(c) Polyaniline nanocomposite: Aniline (C6H5NH2, 99%) as monomer, 

ammonium per sulphate (APS), (NH4)2S2O8, 98.5% from Merck as 
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oxidant, hydrochloric acid (HCl, 37%, Sigma Aldrich) as dopant and 

nanocrystalline tungstates obtained by chemical precipitation.  

All the chemicals used are of AR grade and distilled water is used to 

prepare solutions. 

2.2 Synthesis methods 

The synthesis employs chemical precipitation method [1,2] for the 

fabrication of nanocrystalline tungstates. Polyaniline nanocomposites of 

tungstates are prepared in-situ by the oxidative polymerization [3-5]. Brief 

descriptions of each of these methods and the preparation of powder 

samples are given in the following subsections.  

2.2.1 Chemical precipitation 

 In this method, particles are precipitated from aqueous and ionic 

solutions of the reactants when they are allowed to react in a controlled 

manner. When the solution becomes supersaturated, the nucleation begins. 

The tiny particles grow with time and get precipitated. The size and shape 

of the particles formed depend on several factors such as pH value, 

concentration, temperature and pressure. So the chemical kinetics has to be 

controlled in order to produce nanoparticles required for specific 

applications.  

 The precipitate is separated from the supernatant by careful 

decantation, which is again stirred in distilled water and allowed to settle 

down. This process is repeated several times to ensure high purity. The 



Materials and Methods 

Synthesis, Characterization and Electron Beam Irradiation Studies of Selected Nanocrystalline…    29  .   

precipitate obtained is then dried in a hot-air oven at 70ºC for 24 h. The 

dried product is then well powdered using an agate mortar. 

2.2.2 Chemical oxidative polymerization 

 Conventional chemical synthesis of conductive polyaniline is based on 

the oxidative polymerization of aniline using an oxidant in the presence of a 

strong acid dopant. Tungstate nanoparticles dispersed in a suitable solvent 

are added in portions during the polymerization process to synthesize 

polyaniline nanocomposite. The properties of the final product greatly 

depend on the type of dopant, temperature, concentration of the reactants 

and polymerization time. In this work, all the synthesis procedures are 

performed only at room temperature. 

2.3 Characterization techniques 

A number of characterization techniques are available to explore 

various properties of the nanomaterial. The thermal stability of the sample 

is studied using thermogravimetric analysis (TGA), differential thermal 

analysis (DTA) and differential scanning calorimetry (DSC). The structural 

characterizations of the materials are performed using powder X- ray 

diffraction (XRD), scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). The elemental details are obtained from 

energy dispersive X-ray spectrum (EDS). Fourier transformed infrared (FT-

IR) and Raman spectroscopy are used to determine different vibration 

modes, which in turn reveal different bonds and functional groups in the 

material synthesized. These methods can also give information about the 
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purity of the material. The optical properties are studied using UV-Visible 

(UV) and photoluminescence (PL) spectroscopy. In the subsections, the 

principle involved in each type of analysis and the details of the instruments 

used are shortly described. 

2.3.1 Thermal studies 

Three methods namely TGA, DTA and DSC are generally employed 

in order to determine the changes occurring to a specimen as a result of 

heating from room temperature up to certain high temperature [6]. The 

principle involved in each of these methods is described below. 

(a) TGA measures the weight loss occurring to a sample as a function of 

temperature or time in comparison to an inert reference sample, 

when both are heated in a furnace. Also, the rate of change of weight 

in relation to temperature or time can be recorded using derivative 

thermogravimetry (DTG) [7]. From DTG, it is possible to determine 

each of the temperatures at which a thermal event becomes 

prominent. The thermogram helps in drawing conclusions about 

changes like dehydration, decomposition and crystallization.  

(b) DTA detects the temperature difference between the sample and 

reference as a function of temperature or time due to the evolution or 

absorption of heat accompanying a thermal event in the sample. In 

such cases heat energy flows out or into the material under test 

producing a temperature difference between the sample and 
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reference. From the nature of the DTA curve, it can be concluded 

whether physical or chemical change is exothermic or endothermic. 

(c) DSC monitors the heat flow into the sample to maintain constant 

temperature between the sample and reference. The heat flow into 

the sample peaks at a particular temperature. The area under the time 

versus heat flow curve gives the enthalpy involved in the process. In 

a similar manner other thermal effects like dehydration, evaporation, 

sublimation, chemical decomposition, crystallization and phase 

changes can be interpreted. 

 In short, both DTA and DSC are complementary to TGA in the 

thermal characterization. A simultaneous thermal analyzer STA 6000 

(Perkin Elmer) is used for the thermal analysis. The sample is heated from 

40 to 900 °C at 10 °C/min. Weight of the sample taken is about 10 to  

20 mg. 

2.3.2 X-ray diffraction  

The interatomic spacing in crystals is of the order of the wavelength 

of X-rays (0.5-2.5 Å). So, a crystal can act as a three dimensional grating 

for producing a diffraction pattern.  When X-rays are incident on a crystal, 

their electric field components interact with atomic electrons in different 

parallel crystal planes and they undergo elastic scattering. X-rays scattered 

in certain specific directions get superposed to produce a diffraction pattern 

obeying Bragg’s law represented by the relation [8,9], 

2���� � � �	, (2.1)         
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where � is the distance between adjacent crystal planes, � the angle of 

diffraction, � the order of diffraction and 	 the wavelength of incident 

monochromatic X-ray. The scattered X-rays carry information about the 

arrangement of atoms within the crystal. Also, the intensity is found to 

depend on the inter-planar spacing and incident wave angle. The orderly 

arrangement of atoms produces intense peak. XRD pattern contains 

information regarding crystal structure and lattice parameters. Any stress or 

strain occurring to a material’s crystal structure will be reflected in the peak 

position. The stress strain analysis can be performed to draw certain 

conclusions regarding the material properties. Modern X-ray diffractometer 

is equipped with computer programs to generate all information pertaining 

to a crystal.  

In powder XRD, the sample is taken in fine powder form, and each 

powder particle is polycrystalline. The output of the XRD experiment is 

generally obtained as a plot of 2θ versus intensity of the diffracted beam.  

Average particle size D is calculated from the XRD plot using the Scherrer 

equation [10, 11], 

 
 �
��


����
 , (2.2) 

where � is a constant known as shape factor which is approximately 0.89 

for spherical shape, 	= 1.5406 Å is the wavelength of Cu Kα radiation and 

� the full width at half maximum of the peak at 2� value. The crystal 

phase, crystal planes and unit cell parameters of the samples can be 
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determined by comparing the XRD pattern obtained with standard data files 

of the Joint Committee on Powder Diffraction Standards (JCPDS). 

 In this research work, the powder samples are analysed using the 

Advance X-ray Spectrometer AXS Bruker D8. The X-ray source is a sealed 

tube with a copper anode operating at a generator voltage of 40 kV and a 

current of 35 mA. The Cu Kα radiation (λ= 1.5406 Å) filtered by Ni is 

incident on the sample. Intensity is measured against 2θ angle in the range 

of 10-80º.  

2.3.3 Scanning electron microscope 

In order to investigate the surface features of a material and the 

distributions of particles on the surface, a scanning electron microscope is 

used. High magnifications of the order of 106 can be attained in SEM which 

is not possible with an optical system. A SEM consists of an electron gun, a 

condenser lens and an objective lens to produce an electron probe. A 

scanning coil scans the electron probe over the surface of the specimen. All 

these components are situated in a highly evacuated column. The specimen 

holder is also kept under vacuum. There is a detector system to detect the 

secondary electron signals coming from the specimen surface. The signals 

are then fed to the display system as intensity modulating signals [12]. The 

intensity of signals from different atoms and different topographies are 

different. The contrast in the final image represents the surface features like 

the size and shape. It also gives a picture of the distribution of particles on 

the surface of the material. 
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There are SEMs with any of the three types of electron guns, namely 

thermionic emission (TE), field emission (FE) and Schottky emission (SE) 

guns [13]. Ultra high vacuum of the order of 10-8 Pa is needed for FE. The 

advantage of FE gun over TE gun is that it requires no heating. Hence, FE 

gun produces only lesser energy spread. Another advantage is that the 

electron probe is narrow (5-10 nm) compared to that of TE (10-20 µm). For 

these reasons, a Field Emission SEM (FE SEM) is used to get high 

resolution image. SE gun requires high electric field as well as heating, 

hence energy spread is more. But, larger probe current makes it possible to 

observe properties other than surface features too.  

The surface micrographs of the samples are taken using JEOL Model 

JSM-6390LV scanning electron microscope (resolution-3.0 nm). A double 

sided carbon tape is lightly covered with fine sample dust. Using a 

sputtering unit it is coated with a thin layer of gold to avoid charging effect 

and is then placed on a metal stub. In some cases, where high resolution 

images are needed, FEI Nova NanoSEM 450 (FESEM: resolution-1.8 nm, 

high vacuum, 3 kV) is used.  

2.3.4  Energy dispersive X-ray spectrum analysis 

 The X-rays emitted from the sample due to its interaction with high 

energy electron beams are characteristic of the type of elements producing 

them. Hence, an energy dispersive X-ray analysis is performed to find out 

the different elements present in a sample. Often the facility for EDS 
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analysis accompanies a SEM set up. In this study, a JEOL Model JED – 

2300 and BRUKER X Flash 6/10EDS detectors are employed. 

2.3.5 Transmission electron microscope 

The shapes and size distribution of the particles in a sample can be 

studied using transmission electron microscope [14]. The crystal lattice and 

defects can also be analysed when TEM is used in the proper mode. 

 In a TEM set up, electrons from an electron gun are accelerated by 

several hundred kilovolts and are controlled by a system of electromagnetic 

lenses [15]. The whole electron system is kept under high vacuum (10-5 Pa). 

The electron beam is transmitted through a thin layer (~500 nm) of the 

specimen placed between the condenser and objective lenses. Many 

electrons passing through the sample suffer nearly elastic scattering and 

emerge in different directions. They carry information regarding the 

nanostructure and distribution of particles within the sample. TEM images 

can be obtained from the display unit attached to the detecting system. The 

extent of details collected depends on the wavelength of the electrons in the 

incident beam, the beam size and the aberration coefficients of the lenses 

used. The beam size can be controlled by using apertures at different stages.  

The wavelength of electrons is given by the equation [16], 

	 �
�.����

√�
nm, (2.3) 

where � is the accelerating voltage expressed in kV. In a 200 kV TEM this 

wavelength turns out to be 0.0027 nm. 
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The electron beam transmitted through the specimen contains both 

scattered (diffracted) and the direct beams. Depending on the mode of 

operation, different contrasts can be developed in TEM images. Real space 

image can be obtained when the TEM is operated in the image mode and 

diffraction pattern (reciprocal space) in the diffraction mode [17]. In the 

former case, the diffracted electrons emerging from the specimen are 

screened from reaching the image plane with the help of an aperture and the 

image obtained is called bright field image. In the latter case, the direct 

beam is blocked and the image captured is a dark field image. The bright 

field imaging method is widely used in analysis. 

Crystal lattices can be imaged using high resolution TEM (HRTEM) 

technique [17]. Unlike bright and dark field imaging, where one electron 

beam is used, an HRTEM utilizes many beams for imaging. To facilitate 

this, a very large aperture is selected. In this case imaging is achieved by 

the phase difference contrast between the direct beam and the scattered 

beam [17, 18]. The diffracted beams interfere with the direct beam and the 

phase difference is imaged. It is possible to draw conclusions on lattice 

spacing, orientation and various types of lattice defects by closely studying 

the HRTEM image. 

Diffraction pattern due to large area of the specimen can be recorded 

using selected area electron diffraction (SAED). For this, a large area of the 

specimen is illuminated with a parallel beam and an aperture placed in the 

first image plane selects an area of interest. Simple pattern of spots 

corresponds to single crystalline, ring pattern to polycrystalline and highly 
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diffused to amorphous samples. From the details in the SAED pattern, the 

structure of the specimen can be confirmed. 

In TEM analysis, the powder sample is first suspended in ethanol or 

water by ultrasonication. It is then coated on carbon coated copper grid by 

drop casting. In the present study, TEM analyses are done using the JEOL 

JEM 2100 accelerated by 200 kV. This instrument has a resolution of  

0.24 nm. 

2.3.6 Fourier transform infrared spectroscopy 

A routine test to identify the different functional groups and 

chemical bonds present in a specimen are carried out using an infrared (IR) 

spectrometer. Infrared radiations have lesser energy than visible light and 

their interactions with the specimen can cause excitation of the chemical 

bonds to various vibrational energy levels that are very close to each other. 

Only molecules having a net dipole moment are IR active. 

 
Fig. 2.1 Schematic diagram of FTIR spectrometer 
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 A simplified schematic diagram of a modern IR spectrometer is shown 

in Fig. 2.1. It makes use of the help of a Michelson’s interferometer. A 

beam of radiations emitted from an infrared source is split into two beams 

by the beam splitter. Path difference can be introduced between the two 

beams by adjusting the movable mirror. In the final stages they interfere, 

pass through the sample and the intensity is detected as electrical signals.  

A plot of light intensity versus optical path difference 

(interferogram) for a mirror moving back and forth once (one scan) from 

the beam splitter is obtained. Sometimes several such scans are taken and 

averaged to obtain the final spectrum. To each wavenumber there 

corresponds a Fourier frequency (F) given by the relation [19], 

  � 2!", (2.4) 

where ! is the constant velocity of the moving mirror in cms-1 and " the 

wavenumber in cm-1. In FT-IR spectrometer, interferograms in the time 

domain are Fourier transformed to frequency domain. Spectrum of the 

sample is corrected for background radiations. The output of the FTIR 

analysis is obtained as a plot of percentage transmittance versus 

wavenumber.  

In this research work, FT-IR spectrum is recorded by Thermo 

Nicolet, Avathar 370 spectrophotometer in the IR wavenumber range 

(4000-400 cm-1) having a resolution of 4 cm-1. 
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2.3.7  Raman spectroscopy 

Raman spectroscopy is another method by which rotational and 

vibrational spectra of molecules are studied. The working of a Raman 

spectrometer is based on the inelastic scattering of monochromatic light by 

transparent materials, an effect that was discovered by Chandrasekhara 

Venkata Raman in the year 1928 [20]. According to classical theories, 

molecules showing variation in polarizability as their vibrations are Raman-

active. For this reason, diatomic molecules like H2 or N2 become Raman-

active. Unlike IR spectroscopy discussed above, where absorption of 

radiation is utilized, Raman spectroscopy makes use of inelastic scattering 

of light. The scattered light contains information about the particular bond 

or functional groups present in a specimen.  

 

Fig. 2.2 Schematic of different optical processes related to Raman effect 
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The Raman scattering is represented schematically in Fig. 2.2. The 

major part of the scattered light is due to elastic (Rayleigh) scattering. The 

intensity of the Raman scattered light (Stokes and anti-Stokes lines) is very 

low and is usually detected by suppressing the intense elastic scattered 

components. Stokes lines are re-emitted light having a frequency lower than 

the incident radiation. This happens when energy is lost by the incident 

radiation in the excitation-deexcitation process. The molecule is first 

excited from a ground state vibration level to a virtual state and then it 

returns to a vibration level above the original vibration energy level by 

emitting the Stokes line. The anti-Stokes lines originate when the excitation 

begins from a level above the ground state. When the excited molecule 

returns to the ground state, the emitted light has more energy than the 

Rayleigh scattered light. Since the origin of excitation leading to Stokes line 

is from a vibration level lower than that for the anti-Stokes line, the 

occurrence of Stokes line is more probable. Hence, stokes lines are more 

intense and are easily detected than anti-Stokes line. The difference in 

energy between the Rayleigh and Raman scattered light happens to be in 

the infrared region. The corresponding frequency difference is the Raman 

shift which is usually expressed in wavenumber unit (cm-1). 

In this study a BRUKER RFS 27 FT-Raman Spectrometer is used 

for the Raman studies. It is a multi RAM stand alone model operating in the 

spectral range from 4000 to 50 cm-1 having a resolution of 2 cm-1. The laser 

source used is Neodymium-doped yttrium aluminium garnet (Nd: YAG) 

operating at 100 mW power. It is a continuous laser with an output 
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wavelength of 1064 nm. Powder samples are taken on a metal plate for the 

analysis. 

2.3.8 Ultraviolet-visible spectroscopy 

Light having wavelength in the range 200 to 400 nm are called 

ultraviolet light and those in the range 400 to 800 nm visible light. When 

ultraviolet-visible (UV-Visible) light is passed through a material, certain 

wavelengths that are characteristic of the material are absorbed. The 

working of UV-Visible spectrophotometer is based on the absorption of 

electromagnetic radiations by the sample in the ultraviolet, visible and near 

infrared range (200-1000 nm). Along with absorption, a certain part of the 

incident light gets reflected and another part gets transmitted. 

Measurements based on absorbance, reflectance and transmittance can be 

performed by selecting suitable modes of operation of the instrument.  In 

the modern instruments, it is also possible to analyse diffuse reflectance of a 

powder sample. By measuring absorbance against wavelengths and plotting 

graph, it is possible to calculate its optical bandgap. 

A schematic diagram representing the working of a UV-Visible 

spectrophotometer is illustrated in Fig. 2.3. Transparent solution of the 

sample (S) in a suitable solvent and a reference sample (R) are taken in 

quartz cuvettes. Light from a deuterium lamp and a tungsten filament are 

paralleled at mirror M1. After passing through a filter and monochromator 

the light is divided into two beams by the beam splitter. One beam after 

reflection at mirror M2 passes through R and the other through S. The 
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transmitted beams are detected by photodiodes (PD). The signals are 

digitized using A to D converters and then finally processed by the 

computer. The output is obtained as a plot of absorbance versus wavelength 

in nanometres. 

 

Fig. 2.3 Working scheme of a UV-Visible spectrometer 

 The optical absorption spectra of the samples are recorded using a 

Shimadzu UV-2600 in the spectral range 200-1000 nm. In this instrument 

reflectance of powder samples can be measured and the absorbance can be 

obtained through Kubelka Monk transformation. 

Bandgap determination 

Absorption coefficients of powder samples for a given wavelength 

range can be obtained from the reflectance measurements by the Kubelka 

Munk transformation [21]. The bandgap of the material is estimated using 

the Tauc (1974) relation [22], 

#$% � &'$% ( )*+,,  (2.5) 
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where & is a constant,  the Planck’s constant, % the frequency, )* the 

energy gap and � is a constant associated with the kind of electronic 

transition (� � 1/2  for the direct allowed, � � 3/2   for the direct 

forbidden, � � 2   for the allowed indirect transition and � � 3   for the 

indirect forbidden).  '#$%+0/,  versus $% curve has a linear region, which 

when extrapolated to '#$%+0/, � 0 gives the value corresponding to energy 

gap.  

2.3.9 Photoluminescence spectroscopy 

In photoluminescence, materials absorb electromagnetic radiations 

like X-rays, UV or visible light and re-emit light of a longer wavelength. If 

the re-emission takes place within 10-8 second, the process is called 

fluorescence and if it takes longer time it is phosphorescence. PL spectrum 

of a pure sample is the characteristic of that material. It is greatly affected 

by the presence of defects and impurity levels within the forbidden gap. 

Various intermediate steps involved during the excitation- deexcitation 

processes are depicted in the energy level diagram in Fig. 2.4. S1, S2, and S3 

are singlet states and T, a triplet state. A molecule absorbing high energy 

radiation is excited to higher vibrational level in S2 and from there it suffers 

few vibrational relaxations followed by internal conversion and reaches the 

top vibrational level in S1. Again after a few vibrational relaxations it 

reaches the lowest state in S1. Here after there are two possibilities leading 

to photoluminescence. In the first case, the molecule emits radiation and 

returns to the ground state. Such overall transitions are sudden and results in 
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fluorescence. In the second case, the electron may undergo a spin flipping 

so that the molecule is left in the state T. This process consumes little 

energy and is called intersystem crossing. A molecule in higher vibrational 

level of T suffers vibrational relaxations and attains the lowest level. From 

there the molecule returns to the ground state by emitting radiations of 

higher wavelengths. 

 

Fig. 2.4 Optical processes associated with photoluminescence 

 A simplified schematic of a PL spectrophotometer with the major 

components labelled is shown in Fig. 2.5. The source is a high pressure 

Xenon arc lamp.  Monochromators are used to select the excitation and 

emission wavelengths. Reflection grating is used in the monochromator to 

disperse the different wavelength components. The detector used is usually 

a photomultiplier tube. A computer controls the instrument and helps in 

data acquisition and processing. 
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Fig. 2.5 Schematic of a PL spectrophotometer 

In the present work, a Horiba Fluoromax-4 is used to carry out the 

photoluminescence studies. It is a spectrofluorimeter, which can operate in 

the range 200-950 nm with a scanning speed 80 nm/s.  

2.4 Electron beam irradiation 

The powder samples are exposed to different doses of electron beam 

from a variable energy Microton. The properties of the bare and irradiated 

samples are compared to draw important conclusions on the effects of 

electron beam irradiation.   

In this investigation, powder samples are taken in polyethene covers 

and irradiated at different electron doses using 8 MeV variable energy 

Microton facility at the University of Mangalore, Mangalagangotri, India 

[23]. This Microtron has a maximum pulse current of 50 mA and a pulse 

rate of 50 Hz. An Image of this Microtron is shown in Fig. 2.6. 
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Fig.  2.6    8 MeV Microtron at Mangalore University 

The samples are exposed to the electron beam at a distance of 30 cm 

from the exit port. The dose is uniform over an area of 8 x 8 cm2, as 

determined by dosimetry. 

2.5 DC electrical studies 

 In order to carry out the electrical studies, pellets of radius 13 mm are 

prepared out of the powder samples using a die and a hand operated 

hydraulic press. A pressure of approximately 8-10 tons is applied in all 

cases. The thickness of the pellets is chosen to suit the type of electrical 

measurements.  

 To determine the DC conductivity of highly resistive samples, a two 

point probe method is used. For low resistivity samples, the resistance of 

the probe wires and contact resistance introduce error in the measured value 

of resistance. Hence, the collinear four point probe method is used in such 
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cases. The outer probes are used for sourcing the current and the inner ones 

for measuring the voltage between two points on the sample surface. Here 

the voltage probes are separate and have direct contacts with the sample 

only. Since the voltmeter has very high input resistance, only very minute 

current will be drawn. Hence, errors due to the probe and contact 

resistances are greatly reduced. The instrument used for the DC electrical 

studies is Keithley’s Model 2450 source meter.  

 

Fig. 2.7 Experimental set up for DC electrical studies 

2.5.1 Resistivity equation for two point probe method 

In the case of samples having uniform area of cross section, 

resistivity (1) is calculated using the equation, 

 1 �
23

4
   Ω-m,  (2.6) 

where 5 is the resistance, & the area of cross section and 6 the thickness of 

the pellet. The reciprocal of resistivity gives the DC conductivity (78�) 

represented by the relation, 

 78� �
0

9
 mho-m-1  (2.7) 
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2.5.2 Resistivity equation for four point probe method 

In the four points probe method 1 is calculated using the equation 

[24], 

 1 �
:

;,<

�

=
6� Ω-cm, (2.8) 

where � is the voltage, > the current, 6 the thickness of the pellet in cm and 

 � the geometric correction factor calculated for the pellet and probes 

used. The value of �  depends on the ratio of thickness of the pellet to the 

distance between probes and also on the ratio of the diameter of the pellet to 

the probe separation.  Equation 2.8 is simplified as, 

 1 � 4.532 
�

=
 6� Ω-cm  (2.9) 

 78� �
0

9
  S-cm-1 (2.10) 

2.6 Dielectric studies 

The circular faces of the pellets used for dielectric studies are coated 

with silver paste (a conductive coating). When an electric field is applied 

across a parallel plate capacitor, the medium between the plates gets 

polarized. As a result of polarization, some of the charges stored in the 

plates get neutralized so that additional charges can be stored in it. Thus, the 

capacitance of the capacitor is greater with the presence of a medium 

between the plates. The polarisable medium between the plates, capable of 

storing electric energy, is called a dielectric. 
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Capacitance without dielectric 

If a DC voltage is applied between the plates of a parallel plate 

capacitor, charges will be stored in it and its capacitance without dielectric 

is given by, 

 @ � A�
3

4
 ,      (2.11) 

where & is the area of each plate, 6 the distance between the plates and 

A�= 8.854B 10C0<  Fm-1 is a constant called the permittivity of free space.  

Capacitance with dielectric 

The capacitance with dielectric is given by, 

 @ ′ � A�AD
′ 3

4
 , (2.12)  

where AD
′  is the real dielectric constant or permittivity. 

 @ ′ � AD
′ @ (2.13) 

Complex dielectric constant 

 When an AC voltage � is applied to the capacitor, the total current I 

will be consisting of two parts- a charging current IC and a leakage current 

IL. The leakage current represents a loss related to the dielectric constant. 

The total current is given by,  

 > � >E F >G  (2.14) 

 > � �'HI@AD
′ F I@AD

′′+ 

 > � �'HI@+'AD
′ ( HAD

′′+ 

 > � �'HI@+AD,  (2.15) 
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where HI@AD
′′ is considered as a conductance in parallel with the capacitor 

representing the dielectric loss,  I � 2JK and AD � AD
′ ( HAD

′′ is the complex 

dielectric constant. Thus, the complex dielectric constant AD consists of a 

real part AD
′  representing energy storage and an imaginary part AD

′′ 

representing the energy loss.  

 The electric displacement is defined by, 

 L � AM,  (2.16) 

where A � A�AD is the absolute permittivity that measures the extent of 

interaction of a material with an electric field M. 

Dissipation factor or loss tangent 

 The imaginary part of the complex dielectric constant is 90º out of 

phase with the real part. Their resultant makes an angle δ with the real part. 

This is represented in Fig. 2.8. 

 

Fig.  2.8 Complex representation of dielectric constant 

The dissipation factor 
 (loss tangent) is defined as the ratio of the 

imaginary component to the real component of the complex dielectric 

constant and is expressed as [25], 
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Chapter - 3 

STUDIES ON STRUCTURAL, OPTICAL AND 

ELECTRICAL PROPERTIES OF NANOCRYSTALLINE 

MANGANESE TUNGSTATE   

 

Nanostructured manganese has proved to be a multiferroic material 

and possesses other interesting properties like humidity sensing and 

photoluminescence.  Recently, catalytic, photocatalytic and antibacterial 

properties of nanostructured MnWO4 have been reported in the literature 

[1-3]. Many of the synthesis methods mentioned in the literature are 

performed under harsh reaction conditions [4-9]. Therefore simple and 

economic preparation routes are needed. The study of the effect of electron 

beam irradiation on the properties of MnWO4 is not found in the literature. 

The synthesis, characterization and the effect of 8 MeV electron beam 

irradiation on the structural, optical and electrical properties of 

nanocrystalline MnWO4 are presented in this chapter.  

3.1 Synthesis of MnWO4 nanoparticles 

The morphology and particle size of the nanoparticles depend on the 

pH value of the reaction medium, reaction temperature and time [4, 10, 11]. 
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Three powder samples M1, M2 and M3 are prepared by calcinations 

for 3 h in a muffle furnace at 450, 600 and 750 °C, respectively. The 

calcination temperatures are selected after performing the thermal analysis 

of the precursor discussed in the following section. The calcined samples 

appear chocolate in colour with a little contrast. The sample M1 is used for 

the electron beam irradiation studies. M1 is irradiated with electron doses of 

5 and 10 kGy, as described in section 2.4 and are  designated as M1(05) and 

M1(10), respectively. 

3.2 Thermal analysis 

Thermal stability of the sample is studied using a simultaneous 

thermal analyzer STA 6000 (Perkin Elmer). The sample is heated from 40 

to 850 °C at 10 °C/min. The TGA/DTA and DTG curves of the thermal 

degradation of the manganese tungstate precursor are shown in Fig. 3.2. 

They reveal three prominent weight losses centred on 63.01, 235.64 and 

390.36 °C with an overall weight loss of ~8.65 % in the temperature range 

from 40 to 850 °C.  

The first weight loss step �~1.50 %) represents the physisorbed and 

interlayer water. The second weight loss �~4.50 %) attributes to the loss of 

structural water. Above 390.36°C, the third weight loss of ~ 2.60 % occurs 

gradually due to the removal of remaining water molecules that are bound 

strongly. The DTA pattern shows a prominent endothermic peak centred on 

236.64 °C due to the loss of structural water. 
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Fig. 3.2 TGA, DTA and DTG curves of MnWO4 precursor 

3.3 Structural characterization of MnWO4 nanoparticles 

3.3.1 XRD patterns of MnWO4 samples 

The crystal structure parameters of manganese tungstate 

nanoparticles are studied using Bruker D8 Advance X-ray diffractometer 

(�=1.5406 Å) with Cu (Kα) radiation in the 2θ range from 3 to 70°. Fig. 3.3 

shows the powder X-ray diffraction patterns of samples of MnWO4 

nanoparticles calcined at three different temperatures. 
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Fig. 3.3 XRD patterns of MnWO4 samples M1, M2 and M3 

 The XRD patterns confirm that all the peaks of MnWO4 observed 

are well matched with the X-ray pattern of JCPDS Card No. 80-0135. Also, 

MnWO4 crystal structure belongs to wolframite type monoclinic structure 

with P2/c space group, C��
�  point group symmetry with two formula units 
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per unit cell [5, 13-15]. The intense XRD peaks are produced due to the 

reflections from the (100), (011), (111) and (002) planes located at 2θ 

values 18.57, 23.57, 30.03 and 36.15°, respectively. These values are found 

to be almost the same for the prominent peaks of samples M1, M2 and M3. 

These results match well with the values given in the XRD pattern of 

JCPDS Card No. 80-0135 for MnWO4. The corresponding d values are 

4.78, 3.74, 2.97 and 2.48 (Å); 4.77, 3.74, 2.97 and 2.48 (Å); 4.77, 3.74, 2.96 

and 2.48 (Å), for the samples M1, M2 and M3, respectively. The particle 

size is estimated from the Scherrer equation (2.1). The average crystallite 

sizes obtained are 26.03, 31.74, and 39.72 nm for the samples M1, M2 and 

M3, respectively. At higher calcination temperature, XRD patterns show 

much sharper peaks because of the increase in size of the particles due to 

coarsening.  

The lattice parameters a, b and c are calculated from the �-spacing 

for peaks having Miller indices �	
�� using the equation [16], 

 



�� � 

���� � ���

�� � �� ���� �
�� � ��

�� � ��� ��� �
��  ,     (3.1) 

for the monoclinic unit cell (! " # " $, & " 90°). The unit cell volume is 

calculated using the equation, 

  + � !#$ sin &,       (3.2) 

The unit cell parameters and volume recorded in the JCPDS file No. 80-

0135 for MnWO4, and the values calculated for the samples M1, M2 and M3 

are given in table 3.1 for comparison.  
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Table 3.1 Structural parameters of MnWO4 samples 

Sample 
Unit cell parameters (Å) β 

(degree) 

Unit cell 
volume 

(Å3) 

Crystallite 
size 

(nm) a b c 

JCPDS 
Card No. 
80-0135 

4.7766 5.6810 4.9605 91.19 134.58 -- 

M1 4.7781 5.6848 4.9660 90.33 134.89 26.03 

M2 4.7335 5.6788 4.9652 89.94 133.47 31.74 

M3 4.7734 5.4567 4.9626 89.80 129.26 39.72 

 
From the data tabulated, it is seen that the unit cell volume decreases 

and the particle size increases as the calcination temperature increases. 

Also, both the lattice constants and the interfacial angle β get slightly 

reduced upon increasing the calcination temperature. The heat treatment 

results in the increase of crystallite size, which also results in lattice 

contraction as well as slight deformation of the lattice. But, the increase in 

intensity of XRD peaks suggests improvement in the crystalline nature 

upon increasing the calcination temperature.  

3.3.2 XRD patterns of electron beam irradiated MnWO4 samples 

XRD patterns of samples M1, M1(05) and M1(10) are shown in Fig. 

3.4. Crystallite size and structural parameters are calculated as described in 

section 3.3.1. The average sizes obtained for samples M1, M1(05) and 

M1(10) are 26.03, 23.47 and 24.46 nm, respectively. The major peak 

corresponding to (111) plane is found to split due to electron beam 

irradiation. With irradiation, planes have then different distances and cause 
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different Bragg angles leading to the splitting of the prominent peak. The 

suppression of peaks below 30º is due to creation of defects affecting them. 

 

Fig. 3.4 XRD pattern of MnWO4 samples M1, M1(05) and M1(10) 

Structural parameters calculated for the unirradiated and irradiated 

samples are given in Table 3.2. It is seen that electron beam irradiation 

causes slight decrease in the crystallite size. However, the electron 

irradiation results in lattice expansion for the samples (Table 3.2). The 

reason for the expansion is inhomogeneity in the lattice strain introduced by 
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the electron beam irradiation [17]. In short, the electron beam irradiation on 

the MnWO4 samples causes modifications in the structural parameters. 

Table 3.2 Structural parameters of MnWO4 samples M1, M1(05) and M1(10) 

Sample 
Unit cell parameters 

(Å) β (degree) 
Unit cell 
volume 

(Å3) 

Crystallite 
size 

(nm) a b c 

JCPDS 
Card No. 
80-0135 

4.7766 5.681 4.9605 91.19 134.58 -- 

M1 4.7781 5.6848 4.9660 90.33 134.89 26.03 

M1(05) 4.7864 5.7946 4.9706 90.22 137.86 23.47 

M1(10) 4.7729 5.7972 4.9740 89.90 137.63 24.46 

 
3.4 Vibration spectroscopy of MnWO4 nanoparticles 

The surface chemistry of the samples will affect their lattice 

parameters and in turn their vibrational properties [11]. Such conclusions 

are possible by carrying out the FTIR and Raman studies. There are 36 

possible modes of vibration in MnWO4 according to the group theory. They 

are given by the equation [18],  

/�0�1�234256�67�� � 89: � 10<: � 89= � 10<=  (3.3) 

Out of these modes, 18 even modes �>� given by the equation, 

/�0�1�2� � 89: � 10<:,     (3.4) 

 are Raman active [19]. In equation 3.3, fifteen modes (79= and 8<=) are IR 

active. The acoustic modes (one 9= and two<=) are eliminated [19]. FTIR 

spectroscopy is used to investigate the formation of MnWO4. While, the 
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Raman spectroscopy is used for identifying the different modes of 

molecular vibrations in MnWO4 molecule. 

3.4.1 FTIR spectroscopy of MnWO4 

The FTIR spectra of the MnWO4 samples M1, M2 and M3, are 

recorded using Perkin Elmer Spectrum 400 (FTIR).  

 

Fig. 3.5 FTIR spectra of MnWO4 samples M1, M2 and M3 

The Fig. 3.5 shows the FTIR spectra of the MnWO4 nanoparticles 

prepared. These spectra give information on the characteristic bonds present 

in the tungstate group. The broad absorption band at 3407 cm-1 is a sign of 

the presence of O-H bond due to the surface hydration of the sample and 

the band at 1626 cm-1 is caused by the H-O-H deformation vibration [8, 20]. 

The spectrum indicates intense absorption peaks at 449, 583, 790 and 880 
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cm-1 in the range 400-1000 cm-1 [5, 21]. The 880 cm-1 absorption peak is 

assigned to the anti-symmetric stretching vibration in the [WO4] group. The 

bands at 790 and 583 cm-1 are caused by the stretching vibration of W-O 

bond. It is reported that this band should be formed when the size of the 

particle formed is small [22]. The band at 449 cm-1 can be assigned to the 

bending vibration of the W-O bond [23].  The small differences in the 

positions of the absorption peaks are due to the difference in the preparation 

conditions, and slight variations in the unit cell volumes caused due to 

strains and distortions in the lattice.  

3.4.2 Raman spectroscopy of MnWO4 

Raman spectra for samples M1, M2 and M3 are shown in Fig. 3.6. 

Careful observation of the data shows eighteen Raman modes in the range 

100-1200 cm-1 at room temperature. The most intense Raman band seen at 

880 cm-1 ( 9:
? ) originates from the symmetric stretching vibration of a short 

terminal W-O bond [24]. The bands at 776 cm-1 ( <:
?) and 692 cm-1 ( 9:

? ) 

are due to the asymmetric stretching vibration of a short terminal W-O 

bond. The modes at 675 cm-1 ( <:
?) and 547 cm-1 ( 9:

? ) are due to the 

asymmetric stretching modes of longer W-O bond. The mode at 394 cm-1  

( 9:
? ) is due to the deformation vibration of short W-O bond.   Modes at 547 

and 514 cm-1 are due to the symmetric stretching vibration of longer W-O 

bond. Modes at 361, 317 and 297 cm-1 are due to the vibrations of Mn-O 

[12]. Other bands are contributed by inter-chain deformation modes and 
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lattice modes [11]. Raman modes of MnWO4 samples along with their 

reported values are presented in Table 3.3. 

Fig. 3.6 and Table 3.3 show a shift in wavenumber of the major band 

from 880 to 869 cm-1, as calcination temperature is increased from 450 to 

750 °C.  This shift is due the lattice contraction that has occurred due to the 

increase in the particle size, as is evident from the XRD studies.  

 

Fig. 3.6 Raman bands of MnWO4 samples M1, M2 and M3 

It can be seen from Fig. 3.6 that line broadening of the peaks 

decreases with increase in calcination temperature, indicating a reduction in 

crystal defects [25]. This observation is in accordance with the XRD results.  
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Table 3.3 Comparison of Raman modes of MnWO4 with literature values 

Vibration 
modes 

Raman shift (cm-1) 
Literature [18] 

M1 M2 M3 

<: 90 79 82 89 

9: 117 129 128 129 

<: 159 161 154 160 

<: 168 167 169 166 

<: 172 171 174 177 

9: 190 205 205 206 

<: 262 265 269 272 

9: 247 252 252 258 

<: 297 290 293 294 

9: 317 327 320 327 

<:
@  361 369 354 356 

9:
?  394 393 395 397 

<: 514 506 508 512 

9:
?  547 528 535 545 

<:
? 675 653 662 674 

9:
?  692 688 695 698 

<:
? 776 762 769 774 

9:
?  880 871 869 885 
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3.4.3  Raman spectroscopy of electron beam irradiated MnWO4 

samples 

Raman spectra for the bare and irradiated samples of MnWO4 

nanoparticles are shown in Fig. 3.7. All the Raman bands obtained are listed 

in Table 3.4. The Fig. 3.7 shows that intensity and sharpness change upon 

increasing the dose of electron beam irradiation. For the electron beam 

irradiated samples M1(05) and M1(10), the peaks are broadened indicating a 

weak phonon confinement [25]. This broadening is due the creation of a 

number of defects caused by the electron irradiation. This observation can 

be related to the small increase in the unit cell volume with increase in the 

electron dose in the irradiated samples.   

 
 

Fig. 3.7 Raman bands of bare and electron beam irradiated MnWO4 samples 

The change in intensity of peaks may be due to variation in measurement 

conditions.   
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Table 3.4 Raman modes of bare and electron irradiated MnWO4 

Vibration modes 
Modes observed (cm-1) in samples 

M1 M1(05) M1(10) 

<: 90 89 87 

9: 117 116 123 

<: 159 159 159 

<: 168 157 161 

<: 172 171 174 

9: 190 188 194 

<: 262 265 269 

9: 247 246 244 

<: 297 290 293 

9: 317 312 317 

<:
@  361 349 354 

9:
?  394 387 386 

<: 514 506 508 

9:
?  547 525 530 

<:
? 675 633 642 

9:
?  692 676 682 

<:
? 776 756 752 

9:
?  880 860 864 
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3.5 Electron microscopy 

Electron microscopy techniques are employed to determine the 

morphology, shape, distribution and composition of nanoparticles.  These 

studies include SEM, EDS and TEM analyses. 

3.5.1 SEM analysis of MnWO4 samples 

The SEM image of samples M1, M2 and M3 are shown in Fig. 3.8. 

Particles of irregular size and shapes are visible in the image for M1. In the 

SEM image for M2, slightly agglomerated clusters are visible. In sample 

M3, clusters of rod shaped structures are formed. From this observation, it is 

obvious that morphology changes on increasing calcination temperature. 

Thermal recrystallization and growth in certain directions lead to changes in 

shape and size [26].  

 The SEM micrographs of the samples M1, M1(05) and M1(10) are 

shown Fig. 3.9. Irregular shaped clusters of particles looking like flakes and 

granules are seen in the SEM micrographs of the unirradiated sample M1. 

The changes in the morphology of samples due to electron irradiation at 5 

and 10 kGy doses are clear from the SEM images of M1(05) and M1(10), 

respectively (Fig. 3.9). A slight decrease in particle size is observed in the 

XRD results for electron irradiated samples, as described in section 3.3.2. 

Though the particle size is reduced, aggregation of particles forms large 

sized clusters. 
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Fig. 3.8 SEM micrographs of MnWO4 samples M1, M2 and M3 
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Fig. 3.9 SEM micrographs of MnWO4 samples M1, M1(05) and M1(10) 
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In Fig. 3.9, the irradiated samples appear to be spongy with lot of pores. 

After exposing to electron beam, the aggregation of the particles is found to 

be slightly greater. Thus, the surface morphology is slightly modified in the 

irradiated samples. 

3.5.2 EDS of MnWO4  

The elemental analysis of the sample calcined at 450°C (M1) is done 

using a JEOL Model JED – 2300 and BRUKER X Flash 6/10 EDS 

detector. Fig. 3.10 shows typical EDS pattern of the synthesized MnWO4 

nanoparticles.  

 

Fig. 3.10 EDS of synthesized MnWO4 nanoparticles 

The peaks in the EDS pattern confirm that the product contains Mn, 

W and O. Besides, 3.23 mass % of impurity element Cu is observed, which 

is from the Lacey Cu grid. In no other parts of the experiment, during the 



Chapter – 3 

   74  .    Synthesis, Characterization and Electron Beam Irradiation Studies of Selected Nanocrystalline… 

synthesis or the curing thereafter copper related compounds are used. The 

intense signal near 2 keV indicates that Mn is the major element. The mass 

percentage and the atom percentages of the sample are given in Table 3.5. 

Table 3.5 EDS data of MnWO4 sample M1 

Element Series (keV) Mass% Atom% 

O K 0.525 7.91 39 

Mn K 5.894 18.78 26.95 

Cu K 8.04 3.23 4.01 

W M 1.774 70.07 30.04 

Total  
 

100 100 

 

3.5.3  TEM analysis of MnWO4  

TEM images of sample M1 are shown in Fig. 3.11. TEM images of 

MnWO4 nanoparticles (Fig. 3.11a & b) show that the particles exhibit bar 

like shape [12]. The nanobars get arranged in certain directions. In this 

assembly some of the bars are almost longitudinal, while others are in the 

transverse direction. Most of the particles are agglomerated. It is reported 

that such an aggregation occurs due to surface energy by Van der Waal’s 

forces and grow along [100] direction [15]. The average width of the 

particles is found ~78 nm. HRTEM image of the sample is shown in Fig. 

3.11 (c).  Average d value obtained from HRTEM is 0.29 nm. The plane 

corresponds to (111) plane corresponding the peak at 30º in the XRD 
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spectra. Selected area electron diffraction pattern (Fig. 3.11 d) clearly 

indicates polycrystalline nature of the MnWO4 nanoparticles [12].  

 

Fig. 3.11 TEM images of MnWO4 sample M1 

3.6 Optical properties  

The absorptive and emissive properties of bare and electron 

irradiated MnWO4 samples are investigated in the optical study. 

3.6.1 UV-Visible absorption studies in MnWO4 samples 

Fig. 3.12 shows the UV-Visible absorbance spectra of MnWO4 

samples M1, M2 and M3. From the results, it can be observed that all the 
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samples have broad absorption peak. The absorption peaks of samples M2 

and M3 are slightly shifted towards the longer wavelength region.  

 

Fig. 3.12 UV-Visible spectra of MnWO4 samples M1, M2 and M3 

Optical bandgap is determined from the Tauc plot, as discussed in the 

section 2.3.8. The direct bandgap values obtained for samples M1, M2 and 

M3 are 2.63, 2.58 and 2.54 eV, respectively (Fig. 3.13). This increase in 

bandgap with decrease in particle size confirms size effect [12]. 

The UV-Visible absorbance spectra of MnWO4 are due to a metal-

to-metal charge transfer. In MnWO4, the partially filled 3d orbital of the 

Mn2+ ion acts as the highest occupied molecular orbital (HOMO) and an 

electron from this level is transferred to the unoccupied anti-bonding W 5d 

states [27].  
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Fig. 3.13 Tauc plots of MnWO4 samples M1, M2 and M3 

MnWO4 nanoparticles are useful for photocatalytic activities as their 

bandgap energy values are comparable to the energy of visible or UV light 

photons [25].  

3.6.2 UV-Visible absorption studies of electron beam irradiated 
samples 

The absorption spectra of samples M1, M1(05) and M1(10) are 

shown in Fig. 3. 14. An increase in absorbance is observed in irradiated 

samples M1(05)  and M1(10). The optical bandgap values obtained from the 

Tauc plots (Fig. 3.15) for samples M1, M1(05) and M1(10) are 2.63, 2.79 

and 2.73 eV, respectively. It is seen that the bandgap of MnWO4 

nanoparticles shifts from 2.63 to 2.79 eV as particle size reduces from 26.03 

to 23.41 nm and from 2.63 to 2.73 eV as size reduces from 26.03 to 24.46 

nm. This increase in the bandgap is due to surface band bending and lattice 

expansion caused by electron irradiation [11]. 
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Fig. 3.14 UV-Visible absorbance spectra of bare and  

electron beam irradiated MnWO4 samples  

 

Fig. 3.15 Tauc plots of MnWO4 samples M1, M1(05) and M1(10) 
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3.6.3 Photoluminescence studies  

3.6.3.1 PL studies of MnWO4 samples 

Room temperature photoluminescence spectra of samples M1, M2 

and M3 excited with 293 nm are shown in Fig. 3.16. 

 

Fig. 3.16 PL spectra of MnWO4 samples M1, M2 and M3  

The PL spectra of the samples show emission bands at 423.62, 447.55, 

460.45, 485.81 and 529.36 nm. These bands are attributed to the transition 

from the 1A1 ground-state to the high vibration level of 1T2 and from the 

low vibration level of 1T2 to the 1A1 ground state within the tetragonal 

WO4
2- groups [12, 15, 28]. The large intensity for sample M1 is attributed to 

the increase in the trap states that give rise to luminescence, which is a 

combined effect of defect centres generated by oxygen vacancies, small 

particle size, and increased absorption over the UV and visible range [29].  
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3.6.3.2 PL studies of electron beam irradiated MnWO4 samples 

The pure and electron irradiated samples of MnWO4 exhibit similar 

shape of PL curve (Fig. 3.17). The PL spectra of irradiated samples have 

larger intensities relative to unirradiated sample, which arise from defects 

and particle size variation caused by electron irradiation [12, 30]. Besides, 

intermediate energy levels are formed with favourable characteristics due to 

electron beam irradiation, which are necessary for recombination process. 

As a result, intensity of the PL emission is large for the electron irradiated 

samples. When the EB irradiation dose is increased above a certain dose 

level, the particles agglomerate and thereby reduce the number of 

fluorophores [12]. This possibly leads to a reduction in the fluorescence 

intensity of the sample M1(10).  

 

Fig. 3.17 PL spectra of MnWO4 samples M1, M1(05) and M1(10)  
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3.7 Electrical properties of MnWO4 nanoparticles 

In this section, DC and AC conductivity studies of bare and electron 

irradiated samples of nanocrystalline MnWO4 are presented. In conjunction 

with ac studies, the frequency and temperature dependence of dielectric 

properties are investigated. The modifications in electrical properties 

induced by 8 MeV electron beam irradiation are also investigated.  

3.7.1 DC electrical studies  

3.7.1.1 DC electrical studies of MnWO4 samples 

The pellets used for DC studies are prepared using the method 

described in section 2.5. Conductivity measurements are done in M1, M2 

and M3 samples using two points probe method (section 2.5). The variation 

of DC conductivity with temperature of calcined samples M1, M2 and M3 

are plotted in Fig. 3.18. At 303 K, the values of BDC obtained are 1.30C10-8, 

1.23 C 10-8 and 1.12 C 10-8 mho-m-1 for M1, M2 and M3, respectively. At 

463 K, the values of BDC are 6.41 C 10-5, 4.81 C 10-5 and 2.81C 10-5 mho-

m-1, respectively. From the Fig. 3.18, it can be seen that as the temperature 

increases BDC increases exponentially. At a given temperature, BDC is lower 

for the sample calcined at higher temperature. 

The nature of the plots reveals that the conduction is thermally 

activated. The activation energy of each sample is found out by plotting the 

Arrhenius relation [31], 

  BDE � BFG

HIJ
KLM,     (3.5) 
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 where BF is a pre-exponential term relating to conductivity, N� the 

activation energy, T the absolute temperature of the sample and 


�=1.38065 X 10-23 m2kg s-2 K-1. 

 

Fig. 3.18 DC conductivity of MnWO4 samples  

M1, M2 and M3 as a function of temperature 

The Arrhenius plot for samples M1, M2 and M3 are shown in Fig. 

3.19. The activation energy is calculated from the slope of the 

corresponding linear fits (Fig. 3.20). The values of activation energy 

obtained for M1, M2 and M3 are 0.6929, 0.6766 and 0.6425 eV, 

respectively. Such low values of activation energy do not contribute to any 

intrinsic conduction as the bandgap values obtained for nanocrystalline 

MnWO4 is about 2.6 eV. But, there is a rise in the conductivity with 
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temperature. This must be due to small polaron hopping as supported by 

reports in the literature [14, 17, 32, 33].  

 

Fig. 3.19 Arrhenius plots of DC conductivity of MnWO4 samples  

 

Fig. 3.20 The linear fits of Arrhenius plots of MnWO4 samples M1, M2 and M3 
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In this type of conduction, the charge carriers hop from one site to 

the next. They get trapped in local traps with some lattice deformation 

leading to local polarization [31]. When they get sufficient thermal energy, 

they hop to the next site and so on. In MnWO4, hopping is from Mn2+ to 

Mn3+ sites. 

3.7.1.2 DC electrical studies of electron irradiated MnWO4 

The variation of DC conductivity (BDC) with temperature for the 

samples M1 and M1(05) in the range from 300-460 K is shown in Fig. 3.21. 

The DC conductivity increases exponentially with temperature for the bare 

and electron irradiated samples. At 303 K, the values of BDC obtained are 

1.30C10-8 and 3.25C10-6 mho-m-1 for M1 and M1(05), respectively. These 

values at 463 K are 6.41C10-5 and 2.91C10-4 mho-m-1, respectively.  This 

confirms the semiconducting nature of the synthesized MnWO4 

nanoparticles. In the case of electron irradiated sample, a tenfold increase in 

DC conductivity is observed (Fig. 3.21). 

The values of activation energy (Ea) of samples M1 and M1(05) 

determined from Arrhenius plots are 0.6975 and 0.4350 eV, respectively. 

The activation energy needed for hopping is less for the irradiated sample 

because of the decrease in particle size due to electron irradiation. The 

lattice deformation occurring to the unit cells might have brought Mn2+ to 

Mn3+ closer. This reduces the hopping distances and the activation energy. 

So, it can be inferred that suitable dose of irradiation can improve the DC 

conductivity of MnWO4. An important application of MnWO4 nanocrystals 
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mentioned in the literature is humidity sensing [34, 35]. In brief, electron 

irradiation of suitable doses can help to design MnWO4 based humidity 

sensor with better sensing capabilities. 

 

Fig. 3.21 DC conductivity of MnWO4 samples M1 and M1(05)  

as a function of temperature 

3.7.2 AC electrical studies 

In this section a detailed study of the temperature, frequency and 

grain size dependence on the dielectric properties and the AC conductivity 

of nanocrystalline MnWO4 are presented. Effect of electron beam 

irradiation on the AC electrical properties are also investigated. Pellet 

samples are used for the AC electrical studies.  

3.7.2.1 Dielectric studies 

Dielectric constant 

Fig. 3.22 represents the variation of dielectric constant with AC 

frequency of samples M1, M2 and M3 at room temperature (303 K). The 
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real part of the dielectric constant (ε′) for samples M1, M2 and M3 are 

2534.49, 164.03 and 4.07, respectively at 100 Hz. It shows that dielectric 

constant decreases with increase in calcination temperature. The dielectric 

constants of samples M1, M2 and M3 are decreased to 13.55, 7.19 and 0.03, 

respectively as the frequency increased to 10 MHz. It shows that dielectric 

constant decreases with increase in frequency. 

 

Fig. 3.22 Variation of dielectric constant with AC frequency of 

MnWO4 samples at room temperature 

The observations in the dielectric studies can be explained as 

follows. The dielectric properties of nanomaterials have great dependence 

on the heterogeneities, such as dangling bonds, vacancies, vacancy clusters, 

and microporosities present at the interfaces [36, 37]. These defects can 

cause a change of positive and negative space charge distribution in 

interfaces. When subjected to an electric field, these space charges move. 
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When they are trapped by defects, a lot of dipole moments are formed. In 

the low frequency region, it is easy for the dipole moments to follow the 

variation of electric field [36]. The major contribution to the dielectric 

constant in nanocrystalline samples at low frequencies is due to interfacial 

polarization [38]. The reason for the decrease in dielectric constant with 

increase in calcination temperature (or grain size) can be attributed to the 

decrease in grain boundary volume which diminishes the interfacial 

polarization. 

 

Fig.  3.23 Variation of dielectric constant with  

AC frequency of MnWO4 sample M3 at different temperatures  

Fig. 3.23 represents the variation of dielectric constant with 

frequency of the sample M3 at different temperatures. At 100 Hz, the 

dielectric constant of M3 has values of 4.07, 22.18 and 57.12 at 

temperatures 303, 363 and 423 K, respectively. At 10 MHz, respective 
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values are 0.04, 0.07 and 0.16. It is observed that at any particular 

frequency the dielectric constant increases with increase in temperature and 

this temperature dependence is high in the low frequency region. 

 Interfacial and dipolar polarizations have linear dependence on 

temperature at lower frequencies [25, 37]. This is the reason for the large 

increase in the dielectric constant with temperature at lower frequencies. 

But, at higher frequencies the temperature dependence is not observed due 

to very low response of polarization to the changing electric field. In the 

high frequency regime dielectric contributions are mainly due to electronic 

polarizations, but their   temperature dependence is negligible.  

Loss tangent 

The variation in loss tangent (Tan δ) as a function of frequency for 

samples M1, M2 and M3 at room temperature are plotted in the Fig. 3.24. At 

100 Hz, loss tangent values are 23.90, 4.81 and 3.80 for M1, M2 and M3 

respectively. The corresponding values of loss tangent at 10 MHz are 1.03, 

0.79 and 0.65, respectively. 

In nanophase materials, the heterogeneities present in the interface 

layers produce an absorption current, resulting in dielectric loss. Large 

absorption current due to the space charge polarization leads to dissipative 

losses. When the frequency is increased the response of dipoles to the 

changing field decreases and the loss tangent approaches very low constant 

values (Fig. 3.24). It can also be seen from Fig. 3.24 that loss tangent 

decreases with increase in calcination temperature. The loss tangent is 
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found to be a maximum for the sample (M1) with smallest grain size. 

Absorption current decreases with decrease of grain boundary volume 

caused by an increase in grain size due to rise in calcination temperature. 

Hence, the dielectric loss decreases at any given frequency with increase in 

calcination temperature (or grain size).   

 

Fig. 3.24 Variation in loss tangent as a function of AC  

frequency of MnWO4 samples M1, M2 and M3 at room temperature 

Fig. 3.25 is a plot of Tan δ against log f in the case of sample M3 at 

three different temperatures. The values of Tan δ at 100 Hz are 3.70, 5.39 

and 8.00 at 303, 363 and 423 K, respectively. At low frequencies, the loss is 

high and gets elevated with increase in temperature.  
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Fig. 3.25 Variation of loss tangent with AC frequency of MnWO4  

sample M3 at different temperatures 

The loss in MnWO4 can be explained by the electronic hopping 

model, which considers the frequency dependence of the localized charge 

carriers hopping in a random array of centres. This model is applicable for 

materials in which the polarization responds fast to the appearance of an 

electron on any one site so that the process may occur effectively into the 

final state [37]. At high frequencies, Tan δ becomes very less because the 

electron exchange interaction (hopping) between Mn+2 and Mn+3 cannot 

follow the alternatives of the applied AC electric field. This absorption 

current decreases with increase in the frequency of the applied field. At 

lower frequencies the hopping rate of charge carriers increases with 

increase in temperature. Thus, the loss tangent also increases with increase 

of temperature in the low frequency region [37]. 
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3.7.2.2 AC conductivity studies 

Fig. 3.26 represents the variation of AC conductivity (BE) of MnWO4 

samples M1, M2 and M3 at room temperature with frequency of the applied 

AC. It is found that at low frequencies all the samples show almost 

frequency independent behavior. It is interesting that the frequency 

independent part of the curve shifts downward with increase in the grain 

size. Above 40 kHz, the curves show frequency dependence behavior. 

 
Fig. 3.26 Variation of AC conductivity (BE) of MnWO4 samples 

 M1, M2 and M3 with AC frequency at room temperature 

Fig. 3.27 represents the variation of BE of sample M3 with frequency 

at three different temperatures. Measured AC conductivityBE has a 

frequency independent but temperature dependent part Bdc(T) due to band 

conduction. As expected, Bdc is shifted upward as the temperature is raised. 

The frequency dependent part (Bac) arising from hopping is slightly greater 
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at higher temperature. The results of the AC measurements can be analyzed 

as follows.  

 

Fig. 3.27 Variation of AC conductivity (BE) with AC frequency of MnWO4 

sample M3 at different temperatures 

 
Generally observations on the type of experimentally measured 

conductivity variations as in Fig. 3.26 and 3.27 can be represented by the 

relation [39,40], 

  BZ�[� � B���\� � B���[�             (3.6) 

The frequency dependent part is given by the Jonscher’s universal power 

law [41, 42] as, 

   B���[� � 9[2 .   (3.7) 

Here, 9 is a constant, ω is the angular frequency and n is the power. The 

nature of variation in the frequency dependent part is determined by the 

value n, which is a temperature dependent exponent. Its value is usually 
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between 0 and 1. The values of n determined for the sample M3 from the 

slope of log ω versus log [Bac] plots in Fig. 3.28 are 0.89, 0.80 and 0.84 at 

temperatures 303, 363 and 423 K, respectively. The values of n confirm 

that mechanism of conduction in the MnWO4 sample is hole hopping [43].  

 

Fig. 3.28 log ω versus log [Bac] plots of MnWO4 sample M3 

  The dc part B��(\)of the AC conductivity is represented by the flat 

plateau in the curves of Fig. 3. 27. At 20 kHz, the values of B��(\) 

conductivity of sample M3 are 9.67 C 10-5, 2.30 C 10-4, and 2.02 C 10-3 

mho-m-1 at 303, 393 and 423 K, respectively. In the frequency range 40 

kHz to 10 MHz (Fig. 3.27), AC conductivity obeys the power law. From 

equation 3.6, B��([) � BZ(\) � B��(\). Values of B��([) obtained at 40 

kHz for the sample M3 are 9.62C 10-6, 3.04C 10-5, 1.45C 10-4 mho-m-1 at 

temperatures 303, 363 and 423 K, respectively. The corresponding values at 

10 MHz are 3.90C 10-4, 0.00115 and 0.00721mho-m-1, respectively. 
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3.7.3 AC electrical studies of electron beam irradiated sample 

To study the influence of electron beam irradiation on the AC 

electrical properties, samples M1 and M1(05) are sintered at 400°C for 2 h.  

3.7.3.1 Dielectric studies 

Variation of dielectric constants of samples M1 and M1(05) with 

frequency is shown in Fig. 3.29. At lower frequencies the dispersion is 

more. As the frequency increases the dispersion decreases gradually. 

Beyond 10 kHz the two graphs almost merge with each other. At 100 Hz, 

the values of ε′ observed are 107.87 and 183.82 for the bare and irradiated 

samples, respectively. The corresponding values at 10 MHz are 6.53  

and 7.27. 

 
Fig. 3.29 Variation of dielectric constant with  

AC frequency of MnWO4 samples M1 and M1(05) 
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It can be seen from Fig. 3.29 that at lower frequencies, the values of 

dielectric constants are elevated to higher values due to the increase of 

defects caused by electron beam irradiation [37, 44].  

The dependence of Tan δ with frequency of samples M1 and M1(05) 

is shown in Fig. 3.30. The values of Tan δ, at 100 Hz, are 127.71 and 

224.14 for M1 and M1(05), respectively. 

 
Fig. 3.30 Variation of loss tangent with  

AC frequency of MnWO4 samples M1 and M1(05) 

At lower frequencies loss tangent is greater in the irradiated sample 

(Fig. 3.30). This can be due to the increase in particle boundary volume 

when more defects are created as a result of electron beam irradiation.  

3.7.3.2 AC conductivity studies 

Fig. 3.31 depicts the changes in AC conductivity with frequency of 

bare and electron irradiated (5 kGy electron dose) MnWO4 nanoparticles. 

At 100 Hz, the values of AC conductivity measured are 6.12C 10-6 and 
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1.54C 10-5 mho-m-1 for samples M1 and M1(05), respectively. At 0.1 MHz, 

the values obtained are 1.89C 10-5 and 3.21C 10-5 mho-m-1, respectively.  

 
Fig. 3.31 Variation of AC conductivity with  

AC frequency of MnWO4 samples M1 and M1(05) 

It is found that the DC part of the measured values is increased upon 

electron irradiation. The nature of AC conductivity variation obeys the 

universal power law B���[� � 9[2. The frequency exponent n is 

determined from the slope of the linear fits of log ω versus log [Bac] curves 

in Fig. 3.32. Linear fits of log ω versus log [Bac] plots of samples are shown 

in Fig. 3.33. For the sample (M1) its value is 0.95 and for the irradiated 

sample it is 0. 57. Since n lies between 0 and 1, the AC conduction is due to 

ionic hopping [41]. Small value of activation energy and size reduction of 

crystallites caused by electron irradiation increase the hopping probability 

in sample M1(05)  [44].  
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Fig. 3.32 The plot of log ω versus log [Bac] of MnWO4 samples M1 and M1 (05)  

 

Fig. 3.33 Linear fit of log ω versus log [Bac] plot of MnWO4  

samples M1 and M1(05) 
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3.8 Conclusion 

� Nanophase MnWO4 in powder form is successfully prepared by 

chemical precipitation method without using any surfactants. Thermal 

analysis found that MnWO4 is thermally stable in the temperature 

range 390-850°C.  

� The XRD analysis confirms the monoclinic wolframite structure for 

the synthesized MnWO4. The crystallite size of the sample is found to 

increase with increase in the calcination temperature, which results in 

slight lattice contraction.  Vibrational spectroscopic studies like FTIR 

and Raman studies confirm the formation of MnWO4.  

� The electron beam irradiated MnWO4 samples exhibit a decrease in 

crystallite size with lattice expansion.  But, aggregation of particles is 

more in electron irradiated samples. The electron beam irradiation 

results in the broadening and slight shift of Raman peaks. 

� SEM analysis shows that the particles are aggregated to form micro-

clusters and could not observe any regular shape for the particles or 

clusters. The EDS analysis confirms the presence of all the constituent 

elements in MnWO4.  TEM studies found bar-shaped morphology for 

the MnWO4 particles with a width of 78 nm.  

� The UV-Visible absorption maximum for MnWO4 is found in the 

ultraviolet region and a bandgap of 2.63 eV is obtained for the sample 

calcined at 450 °C. A slight decrease in optical bandgap with increase 

in calcination temperature is also observed. This decrease in bandgap 
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is due to the slight elevation of particle size caused by the calcination.  

The PL spectra of MnWO4 samples exhibit a wide photoluminescence 

spectrum having a number of shoulder peaks.  The intensity of PL 

emission slightly decreases with increase in calcination temperature. 

The electron beam irradiation results in enhanced absorbance and 

modified optical bandgap. Besides, slightly enhanced PL emission is 

observed for the electron irradiated samples due to defects and particle 

size variation. 

� Thermally activated polaronic DC conductivity is observed in 

MnWO4 samples. The DC conductivity of MnWO4 ranges from 10-6-

10-3 mho-m-1. The AC electrical studies of MnWO4 show that the 

values of dielectric constant and tangent loss increases with increase 

in temperature. But, they decrease with increase in grain size at low 

frequencies. The AC conductivity studies establish the universal 

power law dependence. The frequency independent part of the 

observed AC conductivity is lower in samples calcined at higher 

temperatures. But it becomes higher for a sample as the measurement 

temperature increases. 

� Thermally activated polaronic DC conductivity is also observed in the 

irradiated sample of MnWO4. DC electrical study confirms a ten-fold 

increase in conductivity for the electron irradiated sample. AC 

conductivity of electron irradiated samples increases with increase in 

frequency and shows the power law dependence. Compared to 

unirradiated sample the values of dielectric constant, tangent loss and 
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AC conductivity are elevated in the electron beam irradiated sample. 

Thus, the overall effect of electron beam irradiation in nanocrystalline 

MnWO4 is that it modifies the structural, optical and electrical 

properties to certain extent. 
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Chapter - 4 

STUDIES ON STRUCTURAL, OPTICAL AND 

ELECTRICAL PROPERTIES OF NANOCRYSTALLINE 

CALCIUM TUNGSTATE   

 

 Scheelite calcium tungstate (CaWO4) is well known for its 

interesting structural and luminous peculiarities, and applications [1-6]. 

CaWO4 powders are usually prepared by non-aqueous solvents methods as 

well as by solid-state reactions which require high temperature, longer 

reaction time and difficult reaction conditions. Different methods reported 

for the synthesis of nanocrystalline CaWO4 includes hydrothermal [7-10], 

solvothermal [11], solution method [12, 13, 14], polymeric precursor 

method , sol-gel method [15, 16], surfactant assisted solution synthesis [17, 

18], solution precipitation [19], microemulsion-based synthesis [20], and  

microwave assisted synthesis [21].  

In the present work, CaWO4 nanoparticles are synthesized by 

aqueous precipitation route. The samples calcined at different temperatures 

are used for characterization. The synthesis and characterization of 

nanocrystalline CaWO4 are presented in this chapter. The study of the 
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influence of high energy electron beam irradiation on the material 

properties of the CaWO4 calcined sample (350 °C) is also presented.  

4.1 Synthesis of CaWO4 nanoparticles 

The reagents used for the synthesis of CaWO4 are calcium nitrate 

(Ca(NO3)2. 4H2O, 99.8 %, Sigma Aldrich) and sodium tungstate 

(Na2WO4.2H2O, 99.9 %, Alfa Aesar) 0.1M aqueous solutions (100ml each) 

of sodium tungstate and calcium nitrate are allowed to react and the CaWO4 

precipitated is subjected to different preparation steps as described in 

section 3.1. The scheme of preparation of CaWO4 is presented in Fig. 4.1. 

The chemical reaction can be expressed as follows 

Ca(NO3)2 .4H2O +  Na2WO4 .2H2O  →   CaWO4 + 2Na NO3  + 6H2O. 
 

 The calcination temperatures are fixed after performing the thermal 

analysis described in section 4.2. The CaWO4 samples calcined at 350, 500 

and 650 °C are designated as C1, C2 and C3, respectively.  

CaWO4 powder sample calcined at 350 °C (C1) is used for electron 

beam irradiation studies. Four different samples C1(2), C1(4), C1(6) and 

C1(8) are subjected to irradiation of  8 MeV electron doses of 2, 4, 6 and 8 

kGy, respectively. 
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Fig. 4.1 Scheme of preparation of CaWO4 

4.2 Thermal analysis 

TG and DTG curves of the calcium tungstate precursor are shown in 

Fig. 4.2. The TG and DTG patterns reveal three prominent weight losses 

centred on 65.69, 286.6 and 582.60 °C with an overall weight loss of 2.71 

% in the temperature range from 40-900 °C. The DTG pattern shows three 

endothermic peaks centred on 65.69, 286.6 and 582.60 °C. The first weight 

loss step of  0.70 % represents the physisorbed and interlayer water [22]. 

The second weight loss 0.76 % attributes to the loss of structural water 

(~one unit of H2O). A third weight loss of ~ 1.25 % is due to the removal 

of chemisorptions found at certain sites (Ca-Owater) in the scheelite  

structure [22].  
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Fig. 4.2 TGA, DTG and DTA curves of CaWO4 precursor 

Above 582.60 up to 900 °C, no significant weight loss is observed. DTA 

curve from 200 to 850 °C is exothermic indicating the thermal crystallization of 

the sample. Thus, thermal studies show that the overall weight loss upon heating 

is very less and CaWO4 is thermally stable.  

4.3 Structural characterization  

4.3.1   XRD analysis of CaWO4 samples 

The crystal structure of calcium tungstate nanoparticles are studied 

using Bruker D8 Advance X-ray diffractometer (λ=1.5406 Å) with Cu (��) 

radiation in the 2θ range from 10 to 70°. Fig. 4.3 shows the XRD patterns 

of CaWO4 samples C1, C2 and C3.  
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Fig. 4.3 XRD patterns of CaWO4 samples C1, C2 and C3 
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 The XRD confirms that the peaks obtained for CaWO4 match well 

with the data given in JCPDS Card No. 77-2235. All XRD patterns 

obtained indicate highly crystalline CaWO4 with a scheelite-type tetragonal 

structure and a space group I41/a in a C��
�  symmetry [23]. The crystallite 

size is estimated from the Scherrer’s equation (2.2). The average crystallite 

sizes calculated are 18.45, 25.32, and 39.67 nm for samples C1, C2 and C3, 

respectively. At higher calcination temperatures, XRD patterns show much 

sharper peaks as a result of increase in size of the particles. The lattice 

parameters are calculated from the �-spacing for peaks having Miller 

indices 	
��
 using the equation [24], 

   
�

��
�

�����

��
�

��

��
 , (4.1) 

 for the tetragonal unit cell (� � � � �, � � � � � � 90°). The unit cell 

volume is obtained using the equation, 

  # � �$�,   (4.2) 

  Table 4.1 presents a comparison of the values of lattice constants 

and unit cell volume calculated with those in the JCPDS file No. 77-2235 

for CaWO4. It shows slight increase in lattice constants with increase in 

calcination temperature. This results in an increase in the unit cell volume 

or lattice expansion. 
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Table 4.1 Lattice constants and unit cell volume of CaWO4 samples 

Sample 

Unit cell parameters 
(Å) Unit cell 

volume (Å3) 

Average 
crystallite 

size 
(nm) a c 

JCPDS Card 
No. 77-2235 

5.1936 11.2552 303.59 -- 

C1 5.2114 11.2652 305.95 18.45 

C2 5.2222 11.2976 308.10 25.32 

C3 5.2219 11.2864 307.75 39.67 

 

4.3.2 XRD analysis of electron beam irradiated CaWO4 samples 

The XRD patterns of bare and the electron irradiated samples are 

shown in Fig. 4.4. Table 4.2 shows that the position of the major peaks in 

C1(2) and C1(4) are shifted to lower (2θ) values when irradiated with 2 and 

4 kGy doses. Besides, the full width at half maximum (FWHM) of the 

major peaks in C1(2) and C1(4) are reduced due to electron irradiation. 

However, the position of the major peaks in C1(6) and C1(8) are shifted 

back to higher (2θ) values when electron irradiation doses increases to 6 

and 8 kGy. Also, it can be seen that the FWHM of samples C1(6) and C1(8) 

are increased due to higher electron doses (6 and 8 kGy). Corresponding to 

the changes discussed above, the crystallite size calculated for samples C1, 

C1(2), C1(4), C1(6) and C1(8) are 20.52, 23.62, 24.75, 23.66 and 19.96 nm, 

respectively.  
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Fig. 4.4 XRD patterns of CaWO4 samples C1, C1 (2), C1(4), C1(6) and C1(8) 

 
The change in crystallite size with electron dose can be explained as 

follows. Lower electron doses cause slight atomic displacements leading to 

the growth of crystallites. But at higher doses, electron irradiation cannot 

promote crystallite growth due to disorder. It is reported that due to residual 
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stress, strain is generated in the sample by stretching or compressing the 

bonds between atoms [23, 25]. The increase in lattice spacing can be 

attributed to the residual stretching strain induced by irradiation.  

Table 4.2 XRD data of bare and irradiated CaWO4 samples 
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C1 29.045 0.0077 5.2114 11.2652 305.95 3.07 18.50 20.52 

C1(2) 28.703 0.0069 5.2114 11.2652 313.04 3.11 20.66 23.62 

C1(4) 28.604 0.0061 5.2521 11.4149 314.88 3.11 21.92 24.75 

C1(6) 28.746 0.0070 5.2402 11.3674 312.14 3.10 20.29 23.66 

C1(8) 28.741 0.0077 5.2401 11.3673 312.13 3.10 18.48 19.96 

 

The crystallite size is found to increase with increase in electron dose 

up to 4 kGy and there after it decreases as the electron dose increases 

(Table 4.2). It is reported that there is a critical irradiation dose for each 

material and is dependent upon particle size [23, 26]. In short, the changes 

in unit cell volume and the strain induced are the indication of defects 

produced during electron irradiation.  
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4.4 Vibrational spectroscopy of CaWO4 nanoparticles 

FTIR spectroscopy is used for investigating the formation of 

CaWO4. While the Raman spectroscopy is used for identifying the different 

modes of molecular vibrations in CaWO4 molecule.  

Vibrational spectroscopy can be employed as a probe to investigate 

the degree of structural order-disorder at short range in the materials. Group 

theory calculation shows 26 different vibration modes (Raman and infrared) 

for CaWO4 crystal as indicated by the equation, 

 %	&�'�(�)(*+�+,�
 � 3./ � 5.1 � 52/ � 321 � 53/ � 531,  (4.3) 

where Ag, Bg and Eg are the Raman-active modes. They are given by the 

equation, 

 %	&�'�(
 � 3./ � 52/ � 53/.  (4.4)  

In equation 4.3, 4.1 and 431 of 5.1 and 531 modes are IR active. 

One .1 and one  31 modes are acoustic vibrations, and 321vibrations are 

silent modes [27, 28].  

4.4.1 FTIR spectroscopy of CaWO4 

The FTIR spectra of CaWO4 nanoparticles C1, C2 and C3 are shown 

in Fig. 4.5. The spectra indicate absorption peaks centred on 448 and 812 

cm-1 in the range from 400 to 1000 cm-1. The sharp absorption peak at 448 

cm-1 corresponds to the bending vibration of W-O bond.  The absorption 

peak centred on 812 cm-1 is assigned to the anti-symmetric stretching 

vibration in the [WO4] group. The bands at 3431 and 1634 cm-1 correspond 
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to the O-H stretching and H-O-H bending vibrations, respectively due the 

presence of surface adsorbed water [18, 29-31]. The peak positions are not 

affected by increase in calcination temperature indicating the presence of 

the same molecular species in samples C1, C2 and C3. 

 

Fig. 4.5 FTIR spectra of CaWO4 samples C1, C2 and C3 

4.4.2 Raman spectroscopy of CaWO4  

Raman vibration modes can be divided into two groups, internal and 

external modes. The internal vibrations are caused by vibrations within the 

[WO4]
2- cluster. The external vibrations are related to the lattice phonon or 

motion of [CaO8] clusters [23]. The room temperature Raman spectra of 

CaWO4 samples C1, C2 and C3 are shown in Fig. 4.6. 
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Fig. 4.6 Raman spectra of CaWO4 samples C1, C2 and C3 

In CaWO4 (C1) sample, 10 Raman modes are detected and labelled. 

The Raman band at 911 cm-1 occurs due to the symmetric stretching and 

those at 838 and 797 cm-1 occur due to the anti-symmetric bending in the 

[WO4]
2- cluster. The peak at 400 cm-1 is assigned to the anti-symmetric 

bending and the one at 334 cm-1 to the symmetric bending in the O-W-O 
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bond. The Raman shift due to the free rotation is observed at 212 cm-1. The 

shift observed at 117 cm-1 is assigned to the symmetric stretching and the 

one at 83 cm-1 to the symmetric bending in the [CaO8] cluster [5, 23, 30]. 

Raman modes of CaWO4 samples along with literature values are presented 

in Table 4.3. It can be seen from the table that Raman peaks, except the 

peak formed at 400 cm-1, shift slightly to the lower wavenumber side as the 

calcination temperature increases. These changes are caused by small 

changes in vibrational amplitudes as a result of improvement in crystallinity 

upon calcination. 

Table 4.3 Comparison of Raman modes of CaWO4 with literature values 

Vibration 
modes 

Raman shift (cm-1) for calcined CaWO4 samples 

C1 C2 C3 Literature [30] 

3/ 83 81 80 84 

2/ 117 115 114 117 

3/ 196 193 192 195 

2/ 212 211 208 210 

3/ -- -- -- 218 

./ 276 272 271 275 

3/ -- -- -- -- 

.//2/ 334 331 331 336 

3/ 400 400 400 401 

2/ - - - 409 

3/ 797 795 794 797 

2/ 838 837 832 838 

./ 912 910 909 912 
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4.4.3 Raman spectroscopy of electron irradiated CaWO4 

Raman spectroscopic technique is capable of detecting small 

changes in crystal structure caused by calcination or electron irradiation 

[32, 33]. The room temperature Raman spectra of the irradiated samples of 

nanocrystalline CaWO4 are shown in Fig. 4.7. Table 4.4 shows that electron 

beam irradiation of CaWO4 samples cause slight variations in certain peaks. 

A new peak at 1053 cm-1 is observed for the irradiated samples C1(2) and 

C1(4) . This might be due to the formation of dangling bonds as a result of 

electron beam irradiation [23, 33]. But, this peak disappears when irradiated 

with higher doses (6 and 8 kGy). XRD results of irradiated samples (Table 

4.2) show an increase in volume of unit cell.  But, the percentage increase 

in volume upon irradiation is very small. Hence, only slight changes are 

seen in the lattice parameters of irradiated CaWO4 samples. 

Correspondingly, the changes in the positions of Raman modes are small. 

However, these small changes in the peak positions can influence the 

properties of samples. Table 4.4 shows the presence of highest frequency Ag 

vibration at 334 cm-1. This is an indication of distortion in the surroundings 

of the tetrahedral anion [30]. Also, Table 4.4 shows that Ag vibration shifts 

to 332 cm-1in the irradiated samples C1(2), C1(4) and C1(6). In sample 

C1(8), Raman peak shifts back to 334 cm-1. These changes in the Ag 

vibration can induce changes in the optical properties of the material.         
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Fig. 4.7 Raman spectra of CaWO4 samples C1, C1(2), C1(4), C1(6) and C1(8)  
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Table 4.4 Raman modes of CaWO4 samples C1, C1(2), C1(4), C1(6) and C1(8)  

Vibration 
modes 

Raman shift (cm-1) 

C1 C1(02) C1(04) C1(06) C1(08) 

3/ 83 83 83 83 83 

2/ 117 117 114 114 114 

3/ 196 193 192 195 196 

2/ 212 211 211 211 211 

3/ -- -- --  -- 

./ 276 276 276 274 272 

3/ -- -- -- -- -- 

2/ 334 332 332 332 332 

./ 334 332 332 332 334 

3/ 400 400 400 400 400 

2/ - - - - - 

3/ 797 797 797 797 797 

2/ 838 838 838 838 838 

./ 911 910 909 910 910 
 

4.5 Electron microscopy 

The morphology, shape, distribution and composition of 

nanocrystalline CaWO4 are investigated using electron microscopy 

techniques and the energy dispersive X-ray spectroscopy. 

4.5.1 SEM analysis of CaWO4 samples 

SEM micrographs of the samples C1, C2 and C3 are shown in Fig. 

4.8. The images show that the products are composed of a number of 

nanosized particles in clusters. Dumb-bell shaped clusters are visible in the 
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image for C1. But, the morphology of C2 and C3 changes as the calcination 

temperature increases.  

 

Fig. 4.8 SEM images of CaWO4 samples C1, C2 and C3 
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The change in morphology occurs due to the fact that the scheelite-

type structures tend to be faceted and aligned by docking processes as 

calcination temperature increases, involving crystallographic fusion 

between some faces with lower surface energy [23, 31, 34]. The self 

assembly of nanoparticles into certain shapes is to reduce the surface 

energy. 

SEM micrographs of the bare (C1) and electron irradiated (C1(6)) 

samples are shown in Fig. 4.9. It is observed that some fragmentation of the 

clusters occurred in the irradiated sample.  

 

Fig. 4.9 SEM images of bare and irradiated CaWO4 nanoparticles  



Synthesis, Characterization and E

4.5.2 EDS of CaWO4 

The compositio

dispersive X-ray spectr

SEM analysis. The E

 Fig. 4.10. 

Fig. 4

 
Tab

Element Ser

O K

Ca K

W M

Total 

Nanocrystalline Ca

d Electron Beam Irradiation Studies of Selected Nanocrystalline

 

tional analysis of the sample C1 is done

ctroscopy, which is carried out in conjuncti

 EDS pattern of CaWO4 nanoparticles is

. 4.10 EDS of synthesized CaWO4 nanoparticle

able 4.5 EDS data of CaWO4 sample C1 

Series (keV) Mass% 

K 0.525 4.02 

K 3.69 16.4 

M 1.774 79.58 

 -- 100 

Calcium tungstate   

line…    123  .   

ne by energy 

ction with the 

s is shown in 

 

icles 

Atom% 

22.99 

37.42 

39.59 

100 



Chapter – 4 

   124  .    Synthesis, Characterization and Electron Beam Irradiation Studies of Selected Nanocrystalline… 

The peaks in the spectrum confirm that the product contains Ca, W 

and O only. The intense signal near at 1.774 keV indicates that W is the 

major element. The elements present in the sample and their percentage 

occurrence are given in the Table 4.5. 

4.5.3 TEM analysis of CaWO4  

TEM images of CaWO4 nanoparticles calcined at 350 0C (C1) are 

shown in Fig. 4.11.  

 

Fig. 4.11 TEM images of CaWO4 sample C1 

It can be seen from the TEM bright field images (Fig. 4.11a and b) 

that the particles exhibit almost spherical shape. Most of the particles are 

agglomerated and their average diameter is found to be ~82 nm. HRTEM 

image of the sample C1 is shown in Fig. 4.11 (c).  Average d value obtained 
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from HRTEM image is 0.307 nm and matches with the plane (112). Fig. 

4.11 (d) shows selected area electron diffraction (SAED) pattern of sample 

C1, which confirms that CaWO4 nanoparticles are polycrystalline. 

4.6 Optical properties  

4.6.1 UV-Visible spectra of CaWO4 

The absorbance of the calcined samples is determined from their 

diffuse reflectance measurements using UV-Visible spectrophotometer as 

mentioned in section 2.3.8.  Fig. 4.12 shows the UV-Visible absorption 

spectra of samples C1, C2 and C3. Sample C1 shows absorption peak at 

258.60 nm. This peak is due to the inter band transitions between the 

valence and the conduction bands. From the figure, it can be observed that 

the peaks of samples C2 and C3 are shifted towards the longer wavelength 

region. This red shift occurs due to particle size elevation caused by the 

calcination.  

 
Fig. 4.12 UV-Visible spectra of CaWO4 samples C1, C2 and C3 
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The optical bandgap energy is calculated using the Tauc relation 

(Eqn. 2.5). Tungstates having general formula AWO4 (A= Ca, Sr, Ba) 

exhibit an absorption spectrum governed by direct electronic transitions 

[35]. The optical bandgap is determined from the extrapolation of the 

straight line portion of (αhν) 2 versus hν plot to (αhν) 2 = 0. The optical 

bandgap values obtained from the Tauc plots (Fig. 4.13) for samples C1, C2 

and C3 are 4.12, 3.58 and 3.50 eV, respectively. It shows that the bandgap 

energy increases with decrease in particle size, which confirms quantum 

size effect [8]. Not that the dependence of bandgap on particle size is not 

linear. 

 

Fig. 4.13 Tauc plots of CaWO4 samples C1, C2 and C3  
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4.6.2 UV-Visible absorption study of irradiated CaWO4 samples 

 

Fig. 4.14 UV-Visible absorption spectra of CaWO4  

samples C1, C1(2), C1(4), C1(6) and C1(8) 

The UV-Visible absorption spectra of samples C1, C1(2), C1(4), 

C1(6), and C1(8) are shown in Fig. 4.14. The figure demonstrates slight 

variations in the absorption peak positions of the irradiated samples. The 

shift in peak position is due to particle size variation caused by electron 

beam irradiation. The intensity of absorption is found to be less in electron 

beam irradiated samples. The Fig. 4.14 also confirms shift in absorption 

edges due to electron beam irradiation. The observed shifts in the 

absorption edge could be attributed to the variation in particle size [36].  
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The optical bandgap values of the samples are measured from the 

Tauc plots. The bandgap values observed are 4.12, 4.20, 4.08, 4.22 and 4.25 

eV, respectively for samples C1, C1(2), C1(4), C1(6) and C1(8). The changes 

in bandgap values are due to the small changes in particle size upon 

electron beam irradiation [23]. The variation of crystallite size and bandgap 

with increasing electron dose is given in the Table. 4.6. 

Table 4.6 The crystallite size and optical bandgap of  

bare and electron irradiated CaWO4 samples 

Samples Crystallite size (nm) Bandgap (eV) 

C1 20.52 4.12 

C1(2) 23.62 4.20 

C1(4) 24.75 4.08 

C1(6) 23.66 4.22 

C1(8) 19.96 4.25 

4.6.3 Photoluminescence studies 

4.6.3.1 PL studies of CaWO4 samples 

The PL spectra of samples calcined at three different temperatures 

are shown in Fig. 4.15, when excited with 270 nm. A broad emission peak 

centred on 357.15 nm is observed in the case of sample C1. This peak 

position is much different from the characteristic PL emission peak in the 

blue region (420 to 440 nm) reported in the literature [7, 21, 37, 38]. This 

varied behaviour can be attributed to the incomplete crystallization in the 

sample calcined at 350°C. But for samples C2 and C3, broad emission peaks 
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are centred on 422 and 424 nm, respectively. This red shift in emission peak 

is due to the increase in particle size caused by calcination [23]. The 

intensity of emission peaks decreases with increase in calcination 

temperature, which can be attributed to the decrease in the intrinsic 

disorders due to the improved crystallinity of the calcined CaWO4 samples.  

 
Fig. 4.15 PL spectra of CaWO4 samples C1, C2 and C3 

In short, the light-emitting properties of the calcium tungstate crystal 

are greatly influenced by calcination temperature. PL emission can be tuned 

in the UV- Visible (350-430) region by calcination.  

4.6.3.2 PL studies of electron irradiated samples 

The PL spectra of bare sample C1 and the irradiated samples C1(2), 

C1(4), C1(6) and C1(8) are shown in Fig. 4.16. In the bare sample C1, PL 

peak appears at 357.15 nm, which is in the ultraviolet region. But when the 
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sample is irradiated with an electron dose of 2 kGy, the peak position is 

found to be red shifted to the usual blue emission region (around 422 nm). 

This is because of irradiation induced non-thermal re-crystallization in 

CaWO4 powder [39]. It is interesting to note that the PL peaks get blue 

shifted with further increase in the electron dose [Fig. 4.16]. The 

characteristic blue emission is quenched and PL emission peak gradually 

shifts back to the ultraviolet region. This new behaviour is due to the 

variation in intrinsic defects caused by electron beam irradiation [23, 40]. In 

brief, electron beam irradiation of suitable dose is useful in tuning the PL 

emission of CaWO4 in the UV-Visible range with increased intensity.  

 

Fig. 4.16 PL spectra of CaWO4 samples C1, C1(2), C1(4), C1(6) and C1(8) 
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4.7 Electrical properties  

Electrical studies of nanocrystalline CaWO4 are carried out, as 

described in section 2.5. The results and discussions on the experimental 

data are presented in this section. 

4.7.1 DC electrical studies 

4.7.1.1 DC electrical studies of CaWO4 samples 

Plot of DC conductivity versus temperature for samples C1, C2 and 

C3 are shown in Fig. 4.17.  At 303 K, the values of 9DC are 5.30 : 10-9, 

4.30 : 10-9 and 3.87 : 10-9 mho-m-1for C1, C2 and C3, respectively. At 463 

K, the values of 9DC are 8.07 : 10-6, 6.59 : 10-6 and 5.36 : 10-6 mho-m-1, 

respectively. An exponential increase in 9DC with increase in temperature is 

observed. Thus, the DC conductivity is thermally activated. At a given 

temperature, 9DC is lower for the sample calcined at higher temperature.  

 
Fig. 4.17 DC conductivity of CaWO4 samples C1, C2 and C3 
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The reletionship  between 9DC and temperture is given by the 

Arrhenius relationship (eqn. 3.5).  The Arrhenius plots for the calcined 

samples are shown in Fig. 4.18. The activation energies for C1, C2 and C3 

are determined from the slopes of the linear fit to the Arrhenius plots (Fig. 

4.19). The activation energy values obtained are 0.5667 and 0.5680 and 

0.5717eV for C1, C2 and C3, respectively. The low values of activation 

energy show that DC conduction in CaWO4 is by hopping of charges.  

 

Fig. 4.18 Arrhenius plots of DC conductivity of CaWO4  

samples C1, C2 and C3 as a function of temperature 
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Fig. 4.19 The linear fits of Arrhenius plots of CaWO4  

samples C1, C2 and C3 

4.7.1.2 DC electrical studies of irradiated CaWO4 sample 

The variation in DC conductivity with temperature of bare (C1) and 

irradiated (C1(04)) samples is plotted in Fig. 4.20. The values of DC 

conductivity at 303 K are 5.30 : 10-9 and 1.54 : 10-8 mho-m-1 for samples 

C1 and C1(04), respectively. At 463 K the corresponding values are 8.07 : 

10-6 and 8.22 : 10-5 mho-m-1, respectively. 

It is found that the conductivity increases with increase in 

temperature. As descrbed in section 4.7.1.1 the activation energy values are 

determined from the Arrhenius relationshp between 9DC and temperature. 

The values obtained are 0.5644 and 0.7281eV for C1 and C1(04), 

respectively. These values confirm that DC conduction in CaWO4 is by 

hopping of charges. The conductivity of C1(4) is large compared to C1 and 
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the dispersion is more at higher temperature. From XRD analysis, it is 

found that the crystallite size is highest for sample C1(4) which tend to 

decrease the contribution to DC conduction by hopping process. But, the 

conductivity shifts upwards for the irradiated sample C1(4). The reason for 

this observation is that new charge centres will be created during electron 

beam irradiation that results in an increase in the number of hopping as 

temperature increases [41]. 

 

Fig. 4.20 DC conductivity of CaWO4 samples C1 and C1(4) 

4.7.2 AC electrical studies of CaWO4 samples 

The AC studies are carried out using circular pellets by measuring 

their  capacitance and loss tangents. The measurements are taken using an 

impedance analyzer (Wayne Kerr 6500 B), described in chapter 2. Data are 

collected by varying frequency and temperature. 
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4.7.2.1   Dielectric studies 

Dielectric constant 

   Fig. 4.21 shows the variation of dielectric constant (ε′) with 

frequency at 303 K for samples C1, C2 and C3. At 303 K, the values of ε′ 

are 118.06, 30.08 and 10.66 at 100 Hz for the samples C1, C2 and C3 

respectively, which decreases to 5.35, 6.06 and 6.29 at 10 MHz.  

 

Fig. 4.21 Variation of dielectric constant with frequency of CaWO4 

samples C1, C2 and C3 at temperature 303 K 

It is seen that the dielectric constant for all the samples are high at 

low frequencies which decreases rapidly as frequency increases, attaining a 

constant value at higher frequencies. When the frequency is low, different 

polarizations get enough time to orient in accordance with the changing 

field. But, at higher frequencies their response is very low. The Fig.4.21 

shows that dielectric constant decreases with increase in calcination 

temperature. The reason is that grain size increases with calcination 
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temperature. As the grain size increases, the increase in volume of the 

particle causes a decrease in the volume of the interfaces. This leads to 

decrease in space charge polarization. But, the contribution to ε′ by 

electronic polarization from within the particles increases [41, 42]. The 

overall effect is a decrease in ε′ with increase in grain size. 

Fig. 4.22 shows variation of ε′ for sample C3 at temperatures 303, 

363, and 423 K. At 1 kHz the values of ε′ are 8.68, 8.89 and 9.41 

corresponding to 303, 363, and 423 K, respectively. When the temperature 

is increased, more and more dipoles are oriented, resulting in an increase in 

dielectric constant at any frequency [43]. At very high frequencies (MHz), 

the charge carriers would have started to move before the field reversal 

occurs and ε′ falls to a small value.  

 
Fig. 4.22 Variation of dielectric constant with frequency of CaWO4 

sample C3 at different temperatures 
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Loss Tangent 

The frequency dependence of loss tangent (Tan δ) of samples C1, C2 

and C3 at 303 K is shown in Fig. 4.23. At 100 Hz, the dissipation factor  

Tan δ has a value of 2.54, 3.41 and 0.92. But at 0.5 MHz, Tan δ decreases 

to 0.18, 0.04 and 0.03 for C1, C2 and C3, respectively. 

 

Fig. 4.23 Frequency dependence of dielectric loss of CaWO4  

samples C1, C2 and C3  

The decrease in Tan δ takes place when the dielectric response of 

polarizations to the frequency decreases. The inhomogeneities present in 

the interface layers of CaWO4 nanocrystals produce an absorption current 

resulting in dielectric loss [41]. This absorption current decreases with 

increase in frequency of the applied field. 

Fig. 4.24 represents the variation of Tan δ with frequency of sample 

C3 at 303, 393 and 423 K. For the sample C3 at 1 kHz, the values of Tan δ 
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are 0.15, 0.25 and 0.24 for temperature 303, 363 and 423 K, respectively. 

The corresponding values at 0.5 MHz are 0.030, 0.025 and 0.027 

respectively. 

 

Fig. 24 Frequency dependence of dielectric loss of CaWO4  

sample C3 at three different temperatures 

The hopping probability per unit time increases with increase in 

temperature. Correspondingly, the loss tangent elevated with temperature at 

a specific frequency. The loss in CaWO4 can be explained using the 

electronic hopping model, which considers the frequency dependence of the 

localised charge carriers hopping in a random array [42]. This model is 

applicable for materials in which the polarisation responds rapidly to the 

appearance of an electron on any one site so that the transition may be said 

to occur effectively into the final state [44]. In the high frequency region, 

tan δ becomes almost zero because the electron exchange interaction 
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(hopping) cannot follow the alternatives of the applied AC electric field 

beyond a critical frequency. 

4.7.2.2     AC conductivity studies 

Fig. 4.25 shows the variation of AC conductivity (σE) of samples C1, 

C2 and C3 with frequency. At 3 kHz for C1, C2 and C3, the measured AC 

conductivity values are 1.94 X 10-6, 7.2 x 10-7 and 1.05 X 10-7mho-m-1 

respectively at 303 K. At 1 MHz, the corresponding values are 2.93 X 10-5, 

1.46 X 10-5 and 1.10 X 10-5 mho-m-1.  

 

Fig. 4.25 Variation of AC conductivity (σE) of CaWO4 

 samples C1, C2 and C3 with frequency 

The nature of variation is almost similar for all the samples, but the 

conductivity values shift downwards as the grain size increases. Initially, 

the AC conductivity has a small steady value which increases at higher 
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frequencies. At lower frequencies up to about 1 kHz, the variation in the 

AC conductivity has no frequency dependence. Beyond this frequency, AC 

shows frequency dependence in accordance with the universal power law 

(eqn. 3.7). 

Fig. 4.26 shows the nature of variation of conductivity of sample C3 at 

303, 393 and 423 K. At 3 kHz, the AC conductivity measured for sample C3 is 

7.20 X 10-8, 1.01 X 10-7 and 1.28 X 10-7 mho-m-1 at 303, 363 and 423 K, 

respectively. At 0.5 MHz, the respective values of AC conductivity are 3.58 X 10-

6, 3.56 X 10-6 and 4.03 X 10-6 mho-m-1. Here also, the universal power law 

(equation 3.7) can be applied to explain the observed variations in conductivity 

with frequency and temperature. 

 

Fig. 4.26 Variation of the AC conductivity of CaWO4 sample C3  

with frequency at different temperatures 
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Plots of log ω versus log [9ac] for sample C3 are given in Fig. 4.27. The 

frequency exponents are determined from the slopes of linear fit of log ω versus 

log [9ac], given in Fig. 4.28. The values obtained for the exponent (n) in the power 

law are 0.95, 0.97 and 0.97 at temperatures 303, 393 and 423 K, respectively.  

 

Fig. 4.27 log ω versus log [9ac] plots of CaWO4 sample C3 

 

Fig. 4.28 Linear fits of log ω versus log [9ac] plots of CaWO4 sample C3 

(Inset table presents the results of linear fit) 
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It is clear from the figure that the conductivity increases as frequency 

increases, which confirms to small polaron hopping [41].  

4.7.3  AC electrical studies of electron beam irradiated CaWO4 sample 

Effect of electron beam irradiation on the AC electrical properties of 

CaWO4 sample is presented in this section. 

4.7.3.1 Dielectric studies 

Dielectric constant 

The dielectric constant of electron beam irradiated sample C1(4) is 

much higher at lower frequencies compared to the bare sample C1 as is 

evident from the Fig. 4.29. At 100 Hz the value of dielectric constant are 

120.85 and 863.61 for the bare and electron irradiated samples, 

respectively. The corresponding values at 6 MHz are 6.76 and 11.21. 

 

Fig. 4.29 Variation of dielectric constant of CaWO4 samples 
C1 and C1(4) as a function of frequency 
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Loss tangent 

  The variation in the loss tangent of samples C1 and C1(4)  with 

frequency at 303 K is depicted in Fig. 4.30. The value of tan δ for samples 

C1 and C1(4) at 100 Hz are 2.54 and 29.80, respectively. These values are 

changed to 0.18 and 0.74 at 1 MHz. Thus, the loss tangent is also higher for 

the electron irradiated sample. 

 

Fig. 4.30 Variation of loss tangent with AC frequency of CaWO4  

samples C1 and C1(4) 

The increased dielectric constant and loss tangent in the irradiated 

sample can be attributed to the increase in defects leading to greater 

polarization. 

4.7.3.2 AC electrical studies 

Fig. 4.31 presents the variation of AC conductivity (9E) of samples 

C1 and C1(4) as a function of frequency at 303 K. The values of 9E at 3 kHz 
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for samples C1 and C1(4) are 3.69 : 10-6 and 1.45 : 10-4 mho-m-1, 

respectively. The corresponding values of 9E at 1 MHz are 5.03 : 10-5 and 

4.30 : 10-4 mho-m-1, respectively. Thus, AC conductivity is large for 

electron beam irradiated sample. 

 

Fig. 4.31 Variation in AC conductivity of CaWO4 samples  

C1 and C1(4) as a function of frequency  

As discussed in chapter 3, the variation of AC conductivity with 

frequency can be explained using the universal power law [59]. The 

frequency independent part of the curve is found to be shifted upwards. The 

values given by 9��	;
 � 9<	=
 > 9��	=
 for samples C1 and C1(4) at 1 

kHz are respectively 1.89 : 10-6 and 1.38 : 10-4 mho-m-1. The respective 

values at 1 MHz are 6.25 : 10-5 and 4.31 : 10-4 mho-m-1. This variation in 

AC conductivity with frequency is given by 9�� � .;(, where A is a 

temperature dependent constant and n is the frequency exponent. The 
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values of frequency exponent determined from the slope of log ω versus log 

[9ac] plot shown in Fig. 4.32 are 0.56 and 0.52, respectively for C1 and 

C1(4) samples. According to theory, the value of n is between 0 and 1. The 

values obtained in this study indicate hopping conduction in CaWO4 [41]. 

 

Fig. 4.32 log ω versus log [9ac] plots of CaWO4 

 It is reported in the literature that the contribution to AC 

conductivity by the grain boundaries is higher than that due to the grains 

and is attributed to the trapping of electrons in the grain boundaries [45, 

46]. Due to electron beam irradiation a number of trap states are created 

which enhance the hopping conduction.  

4.8 Conclusion 

The following conclusions are drawn from the systematic studies of 

structural, optical and electric characterization of nanocrystalline CaWO4. 
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� Thermal analysis confirms that CaWO4 synthesized by simple 

chemical precipitation method is thermally stable.   

� XRD studies of CaWO4 samples confirm tetragonal scheelite structure 

with a space group I41/a in a C��
�  symmetry for CaWO4. The average 

crystallite size is found to increase from 18.50 to 39.67 nm with 

increase in calcination temperature from 350 to 650 °C. XRD 

calculations show a lattice expansion in this structure on increasing 

the calcination temperature. The crystallite size of CaWO4 is found to 

vary with electron irradiation dose due to the variations in defects and 

crystallization. 

� The FTIR and Raman spectroscopic studies confirm the formation of 

CaWO4. The Raman bands are modified slightly during electron 

irradiation process. In the samples irradiated with 2 and 4 kGy, a new 

Raman band is observed at 1053 cm-1.  

� SEM images show dumb-bell shaped CaWO4 nanoclusters formed by 

growth in certain directions. The morphology gets changed as the 

calcination temperature increases due to aggregation of more and 

more particles to the cluster. The EDS analysis confirms the presence 

of all the elements in CaWO4. The aggregation of nanoparticles 

produced thick contrast in the TEM image. Average size of the 

particles is ~82 nm.   

� UV-Visible absorption spectroscopic studies of CaWO4 samples show 

red shift in the absorption edge as well as reduction in the bandgap 

due to calcination. A bandgap of 4.12 eV is obtained for CaWO4 
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nanoparticles calcined at 350 °C. The electron beam irradiation creates 

modifications in optical absorption and bandgap with electron dose. 

� The PL emission peak shifts from UV to visible range (350-430 nm) 

as the calcination temperature rises from 350 to 650°C. The PL 

intensity is found to decrease as the particle size increases due to 

calcination. It is found that electron beam irradiation creates drastic 

changes in the PL property of the material. Besides, the electron beam 

irradiation of suitable dose can be useful in tuning the PL emission of 

CaWO4 in the UV-visible range with enhanced intensity. An 

advantage of electron irradiation over calcination treatment is that it 

can be used for tuning the PL emission without much variation in the 

particle size. 

� DC electrical studies show an exponential increase in conductivity 

with temperature. The low values of activation energy (~0.57 eV) 

confirm the DC conduction by hopping process. The DC conductivity 

decreases with increase in calcination temperature. 

� Dielectric studies revealed the usual relaxation processes relating to 

the different types of polarizations.  The dielectric constant for all the 

samples are high at low frequencies, which decreases rapidly as 

frequency, increases, attaining a constant low value at higher 

frequencies. The samples calcined at higher temperatures show lower 

values of dielectric constant and loss tangent. The AC conductivity 

shows power law dependence. 



Chapter – 4 

   148  .    Synthesis, Characterization and Electron Beam Irradiation Studies of Selected Nanocrystalline… 

� The DC conductivity of the electron irradiated sample is higher due to 

the creation of new charge centres. In the irradiated CaWO4 sample, 

the dielectric constant and loss tangent are higher at lower 

frequencies. But at higher frequencies, the loss tangent is very small. 

It is found that electron beam irradiation enhances the AC 

conductivity of nanocrystalline CaWO4.  
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Chapter - 5 

STUDIES ON STRUCTURAL, OPTICAL AND 

ELECTRICAL PROPERTIES OF POLYANILINE 

COMPOSITES   

 

The synthesis and characterization of polyaniline composites of 

nanocrystalline MnWO4 and CaWO4 are presented in this chapter. The 

structural, optical and electrical property changes due to the formation of 

the PANI- metal tungstate composites are also discussed. The effect of high 

energy electron beam irradiation on the properties of PANI-

MnWO4/CaWO4 nanocomposites is also studied.  

5.1 Synthesis of polyaniline nanocomposite 

5.1.1 Synthesis of PANI 

 Emeraldine salt (PANI-ES) is prepared by in situ oxidative 

polymerization of aniline monomer in an acidic medium in the presence of 

a suitable oxidant [1-4]. Aniline monomers after double distillation (9.3 ml) 

is added to 1 M HCl (200 ml) and stirred well. APS (11.4 gm) is dissolved 

in distilled water to make 50 ml of solution. It is then added drop by drop to 

the above mixture with constant stirring. The solution gradually turns into 
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dark green colour, indicating the formation of PANI. The mixture is stirred 

over a period of 4 h and left at room temperature overnight to complete the 

polymerization. The dark green precipitate is collected by filtration and 

washed several times with distilled water until the filtrate turned colourless. 

The product is dried in an oven at 50 °C for 48 h to get flakes of protonated 

PANI.  The PANI is then ground into fine powder using an agate mortar. 

5.1.2 Synthesis of PANI-MnWO4 nanocomposite 

 Synthesis method described in section 5.1.1 is employed to synthesize 

PANI-MnWO4 composite. For this 1.51 gm (0.50% mol) of MnWO4 

powder calcined at 450 ºC is dispersed in 10 ml of ethanol by 

ultrasonication for 30 minutes. It is then added in portions during the 

oxidative polymerization of aniline discussed in section 5.1.1. The solution 

gradually turns into dark green colour, indicating the formation of PANI 

composite. The mixture is stirred over a period of 10 h and left at room 

temperature overnight to complete the polymerization. The dark green 

precipitate is collected by filtration and washed several times. The product 

is then dried to get flakes of PANI-MnWO4 composite. 

5.1.3 Synthesis of PANI-CaWO4 nanocomposite 

 The PANI-CaWO4 nanocomposite is also synthesized using the same 

method discussed in section 5.1.2. In this case, 1.44 gm (0.50 % mol) of 

CaWO4 calcined at 650 ºC dispersed in 10 ml of ethanol is used to form the 

nanocomposite.  
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5.2 Characterization of PANI-MnWO4 nanocomposite  

5.2.1 Thermal analysis  

 The TGA/DTA curves of PANI-MnWO4 composite are shown in Fig. 

5.1. The sample is heated from room temperature to 720 ºC at 10 ºC/min. 

TGA/DTG curve exhibits three prominent weight losses centred on 

temperatures 82.16, 286.16 and 541.35 ºC.  

 

Fig. 5.1 TGA/DTA curves of PANI-MnWO4 nanocomposite 

The first weight loss corresponds to the loss of water and impurities 

in the sample. The second weight loss observed centred on 286.16 ºC is due 

to the liberation of HCl molecules from PANI [5-8]. Third weight loss at 

541.35 ºC is attributed to the decomposition of the PANI backbone. The 

exothermic nature of the DTA curve centred on 425 ºC suggests that some 

cross linking of PANI-chain takes place at this temperature [4, 9, 10]. As 
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dedoping of PANI in the composite occurs beyond 250 ºC, the electrical 

conductivity of the composite may decrease beyond this temperature. The 

overall weight loss observed is 35% when heated from 40 to 700 ºC. This 

confirms that the thermal stability of PANI in the composite is slightly 

higher.  

5.2.2  Structural characterization  

5.2.2.1 XRD study  

 Fig. 5.2 represents the XRD pattern for PANI-ES, nanocrystalline 

MnWO4 and PANI-MnWO4 composite. For pure PANI, three broad peaks 

are observed at 2θ values 14.65º, 20.15º and 25.27º, which correspond to 

(011), (020) and (200) planes of PANI, respectively. In Fig. 5.2, the peak 

centred at 2θ = 20.15º for PANI may be attributed to periodicity parallel to 

the polymer chain. The major peak at 2θ = 25.27º may be due to the 

periodicity perpendicular to the polymer chain [11-14]. This peak is related 

to the conjugation length of π-electrons in PANI-ES. The XRD analysis 

shows the presence of local crystalline centres in PANI, as reported in the 

literature [7, 15, 16]. XRD results of MnWO4 and PANI- MnWO4 are 

compared in Table 5.1. 

 The results of XRD pattern of pure MnWO4 calcined at 450 ºC are 

discussed in section 3.3.1. In the present case, all the major peaks for 

MnWO4 are found in the XRD spectrum of the composite also. But, peaks 

are broadened, indicating reduction in crystallite size. The full width at half 

maximum is almost double for the composite (Table 5.1). 
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Fig. 5.2 XRD patterns of PANI, MnWO4 and PANI-MnWO4 

nanocomposite 

The average crystallite size of the composite calculated using the 

Scherrer equation (Eqn. 2.2) is found to be 11.50 nm, which is only half of 
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the original crystallite size (26.03 nm) of MnWO4. This indicates that 

MnWO4 nanoparticles got dispersed during the polymer composite 

formation. The Fig. 5.2 and Table 5.1 show that the XRD peaks of PANI- 

MnWO4 composite are slightly shifted towards the lower 2θ values 

indicating an increase in the d-spacing. This is due to the interaction 

between the tungstate and the polymer chain. 

Table 5.1 XRD results of MnWO4 sample M1 and PANI-MnWO4 composite 

Sample 
Major peaks 

(hkl) 
2θ (degree) 

 

FWHM 
(degree) 

 

d 

(Å) 

Average 
crystallite 
Size (nm) 

MnWO4 (M1) 

(100) 18.57 0.289 4.76 

26.03 
(011) 23.77 -- 3.74 

(111) 30.03 -- 2.97 

(002) 36.15 0.365 2.48 

PANI-MnWO4 
composite 

(100) 18.25 0.477 4.86 

11.50 
(011) 23.53 0.912 3.78 

(111) 29.93 1.030 2.98 

(002) 35.66 -- 2.52 

 
5.2.2.2 XRD study of electron beam irradiated samples 

 XRD spectra of bare and electron beam irradiated PANI-MnWO4 

nanocomposite samples are shown in Fig. 5.3. Average crystallite sizes 

calculated are 11.50, 10.85, 8.51 nm respectively for 0, 4 and 8 kGy 

irradiated samples.  
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Fig. 5.3 XRD patterns of unirradiated and electron beam irradiated  

PANI-MnWO4 nanocomposite 

 As the crystallized regions in PANI are much less compared to the 

amorphous regions, their contribution to the intensity in XRD pattern is 

small.  Hence, it is difficult to observe the PANI peaks in the composite.  A 

close observation of the data (Table 5.2) shows that there is a slight shift in 

the XRD peaks to higher 2θ values as the electron dose is increased from 0 
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to 8 kGy. Hence, small decrease in d-values is observed. This is due to the 

irradiation induced strains in the composite. In addition, average crystallite 

size of the composite decreases with increase in electron irradiation dose. 

Table 5.2 XRD results of bare and irradiated PANI-MnWO4 samples  

Sample 
Major 
peaks 
(hkl) 

2θ 
(degree) 

 

FWHM 
(degree) 

 

d 

(Å) 

Average 
crystallite 

size 
(nm) 

PANI-
MnWO4 
(0 kGy) 

(100) 18.25 0.477 4.86 

11.50 
(011) 23.53 0.912 3.78 

(111) 29.93 1.030 2.98 

(002) 35.66 -- 2.52 

PANI-
MnWO4 
(4 kGy) 

(100) 18.36 0.519 4.83 

10.85 
(011) 23.69 0.88 3.75 

(111) 30.06 1.005 2.97 

(002) 35.96 -- 2.50 

PANI-
MnWO4 
(8 kGy) 

(100) 18.72 0.540 4.74 

8.51 
(011) 23.52 1.056 3.78 

(111) 30.07 1.231 2.97 

(002) 36.003 -- 2.49 

 
5.2.3 FTIR spectroscopy  

5.2.3.1 FTIR spectroscopy of bare PANI-MnWO4 composite 

 The FTIR spectra of PANI-ES, MnWO4 and PANI-MnWO4 are 

presented in Fig. 5.4. The absorption peaks detected in the three cases are 

labelled in the figure. The C=N vibration observed in PANI at 1643 cm-1 is 

shifted to 1651 cm-1 in the composite. The peaks observed for PANI at 1557 

and 1508 cm-1 are assigned to the stretching vibration of quinoid (–N= 
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(C6H4) =N–) ring and benzenoid (–(C6H4)–) ring, respectively. These peaks 

are slightly shifted to 1556 and 1510 cm-1 in the PANI-MnWO4 composite. 

The band observed at 1292 cm-1 is strengthened by the protonation of PANI 

and attributes to the C-N stretching of secondary amine [17]. This peak, 

shifts to 1290 cm-1 in the PANI-MnWO4 composite. The protonation of 

polyaniline induces absorption peak at 1238 cm-1 in PANI and PANI-

MnWO4 composite. The presence of this peak in PANI and its composite is 

a measure of the π-electron delocalization that determines their conducting 

nature [18]. 

 
Fig. 5.4 FTIR spectra of PANI-ES, MnWO4 (M1) and PANI-MnWO4 

 The band at 1141cm-1 in PANI-ES spectrum is due to the excess HCl 

doping. This is assigned to the vibration of mode of –NH+= structure, 
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formed during protonation [19-21]. This band shifts to 1066 cm-1 in the 

composite material due to the interaction between MnWO4 nanoparticles 

and PANI-ES. The absorption peak at 977 cm-1 in PANI and PANI-

MnWO4 composite is assigned to the stretching of the C-H out of plane 

bending. The peak at 782 cm-1 in PANI is assigned to the N-H wagging. 

The major absorption peaks of MnWO4 at 880, 790, 583 and 449 cm-1 are 

described in section 3.4.1. In PANI-MnWO4 composite, the peak at 880  

cm-1 is not distinct. Other peaks related to MnWO4 are shifted to 782, 560 

and 438 cm-1, respectively. This shift is due to the the Vander Waal’s 

interaction between MnWO4 and polyaniline chain [22]. These shifts in 

peak of MnWO4 in the composite confirm the composite formation.  

5.2.3.2 FTIR spectroscopy of electron beam irradiated PANI-MnWO4  

 FTIR spectra of bare (0 kGy) and electron beam irradiated (4 and 8 

kGy) PANI-MnWO4 nanocomposite samples are shown in Fig. 5.5. The 

C=N vibration observed in PANI-MnWO4 at 1651 cm-1 disappears in the 

electron beam irradiated samples. The peak at 1510 cm-1 in the unirradiated 

sample, arising from the stretching vibration of benzenoid (–(C6H4)–) ring, 

shifts to 1476 cm-1in the irradiated samples. The absorption peak at 1066 

cm-1, due to the vibration of mode of –NH+= structure in the bare 

composite, shifts to 1107 cm-1 in the irradiated samples. Moreover the 

increased intensity of absorption of this peak indicates increased doping of 

the PANI chain. Electron beam irradiation of suitable dose causes some 

chain scission that leads to improvement in ordering of PANI. Accordingly 
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improved electrical conduction is expected in the composite. Thus, the IR 

absorption in PANI-MnWO4 gets modified after electron beam irradiation. 

 

Fig. 5.5 FTIR spectra of unirradiated and electron beam irradiated PANI-MnWO4  

5.2.4 Electron microscopy 

 The morphology of the composite is studied using FE-SEM and TEM 

analysis. The elemental composition is confirmed using EDS. 

5.2.4.1 FE-SEM analysis of PANI and PANI-MnWO4 nanocomposite 

 The FE-SEM image of PANI-ES is shown in Fig. 5.6. The 

interconnected fibre (clew) like morphology is seen throughout. The 

diameter of the fibre is less than 80 nm. 
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 The FE-SEM image for the PANI-MnWO4 composite is shown in Fig. 

5.7. In the magnified image, clew like fibres connected to each other are 

visible. The diameter of the fibre is about 80 nm. Compared to FESEM 

images of PANI-ES, some morphological changes are observed in the 

composite, which may be due to the incorporation of MnWO4 in the PANI 

fibres.  

5.2.4.2 Compositional analysis 

 The elemental composition of the composite is carried out using EDS, 

which is obtained in conjunction with the SEM measurements. The 

spectrum obtained is shown in Fig. 5.8.  

 

Fig. 5.8 EDS of PANI-MnWO4 composite 
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 The elements present in the composite are Mn, W, O, C, N and Cl. 

Hydrogen being light element cannot be detected in the EDS. But its 

presence is confirmed by the occurrence of the peaks of hydrogen 

containing functional groups in the FTIR spectra discussed in section 5.2.3. 

No impurity or loss of chemical elements is detected from the EDS 

spectrum. Moreover, the elements present in the constituents before the 

formation of the composite are also confirmed in the final product. The 

percentage occurrence of each element in the composite is given in  

Table. 5.3. 

Table 5.3 EDS data of PANI-MnWO4 

Element Series Mass% Atom% 

C K 53.48 61.40 

O K 21.54 18.56 

N K 19.54 19.40 

Mn K 0.63 0.16 

W L 3.93 0.29 

Cl K 0.87 0.34 

Total  100 100 

 
5.2.4.3 TEM analysis of PANI-MnWO4 nanocomposite 

 The TEM images for PANI-ES are shown in Fig. 5.9. Bead shaped 

nanoparticles connected together are seen in Fig. 5.9(a). The average size of 

the particles is 8 nm. High resolution images in Fig. 5.9 (b) and (c) show 
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important when the electrical properties are discussed. The Fig. 5.10(c) 

again depicts some crystalline regions embedded in amorphous regions. 

The SAED pattern shows the presence of crystalline peaks in PANI-

MnWO4 composite.  

5.2.5  UV-Visible spectroscopy 

 The UV-Visible absorption studies are performed both in bare and 

electron beam irradiated samples.  

5.2.5.1 UV-Visible spectroscopy of PANI-MnWO4 composite 

 The UV-Visible absorption spectra after performing the Kubelka 

Munk transformation of the diffuse reflectance for PANI and PANI-

MnWO4 composite are shown in the Fig. 5.11. Two major absorptions 

peaks centred on 372 and 648 nm are obtained for protonated PANI. The 

first broad peak centred on 372 nm is blue shifted to 338 nm and the second 

one centred on 648 nm is red shifted to 665 nm in the composite material. 

 According to literature reports, the first transition is due to π-π* 

electronic transition in the phenyl ring of the polymer backbone and the 

second transition is due to the inter band charge transfer associated with 

excitation of the benzenoid to the quinoid moieties [13, 23, 24]. Though the 

first absorption peak is centred on 338 nm, it extends without much 

variation up to 420 nm. The broad absorption ranges from 375 to 425 nm is 

due to polaron-π* transition and is characteristic of the emaraldine salt form 

of PANI [18]. 
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Fig. 5.11 UV-Visible absorption spectra of PANI and PANI-MnWO4 

Energy gap is determined for PANI and PANI-MnWO4 composite 

from Tauc plot, shown in Fig. 5.12. The bandgap obtained for PANI-ES is 

1.50 eV. For the composite the optical bandgap value obtained is 1.48 eV. 

This slight change in bandgap resulted from the interaction between its 

constituents. Reduced bandgap in polaronic states is reported by Deb et al. 

[25]. The bandgap reported for PANI-ES from absorption spectrum studies 

is 1.50 eV and is interpreted as excitation to polaron band [26, 27]. 

Observed bandgap can be explained by the polaron lattice structure 

proposed by Stafstrom et al. [24, 28].  
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Fig. 5.12 Tauc plot of PANI and PANI-MnWO4  

5.2.5.2 UV-Visible spectroscopy of electron beam irradiated PANI-

MnWO4 composite 

 The UV-Visible absorption spectra of bare (0 kGy) and electron beam 

irradiated (4 and 8 kGy) PANI-MnWO4 composite samples are shown in 

Fig. 5.13. It can be seen from Fig. 5.13 that the absorption peaks are blue 

shifted for the electron irradiated sample. It is interesting that the 

absorbance increases with increase in electron dose.  
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Fig. 5.13 UV-Visible absorption spectra of unirradiated and  

electron beam irradiated PANI-MnWO4  

The bandgap values estimated from Tauc plots (Fig. 5.14) of the 

irradiated samples with doses 0, 4 and 8 kGy are 1.48, 1.51 and 1.52 eV, 

respectively. Since the percentage of MnWO4 in the composite is small and 

the absorption due to PANI is very high, contribution from the former is not 

distinct in the composite form.  
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Fig. 5.14 Tauc plot of the bare and irradiated PANI-MnWO4  

5.3 Electrical properties  

 In this section, the DC and AC conductivities are discussed. Also the 

dielectric response of the bare and irradiated samples is compared. 

5.3.1 DC electrical studies of PANI-MnWO4 composite 

 The variation in the conductivity of PANI-ES, bare and electron beam 

irradiated PANI-MnWO4 composite are shown in Fig. 5.15.  At 303 K, DC 

conductivity values are 0.00042, 0.0023, 0.0036 and 0.0033 S-cm-1 for the 

PANI-ES, 0, 4 and 8 kGy irradiated PANI-MnWO4 nanocomposite, 

respectively. At 463 K, the corresponding values become 0.00087, 0.0031, 

0.010 and 0.009 S-cm-1. Fig. 5.15 demonstrates that the DC conductivity is 

larger for the electron beam irradiated samples.  
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 In all the cases, the conductivity is found to increase with increase in 

temperature. This type of thermally activated DC conductivity has been 

observed with many other polyaniline composites and other conducting 

polymers [29,30]. It is generally accepted that this type of conduction is due 

to the hopping of charge carriers [31]. Though a bad conductor is added to 

the PANI to form the composite, the conductivity gets doubled because of 

synergistic effect of MnWO4 molecule with the PANI-chain [32]. The 

reason for the enhanced DC conductivity in the irradiated sample is the 

ordering and the effective increase in doping of the PANI chain in the 

composite induced by the electron beam irradiation. Also, the electron dose 

affected the material properties [33]. It has been reported that the electrical 

conductivity of polyaniline based composite enhanced upon irradiation by 

gamma, electron beam or UV radiations [34]. Moreover, the enhanced 

electrical conductivity of electron irradiated PANI-MnWO4 composite can 

be suitable for potential application like antistatic coatings and EMI 

shielding. Further investigation is needed to decide the optimum ratio of the 

components in the composite and suitable electron dose. 

 The conductivity values obtained are similar to that for 

semiconductors. In the present case the values fall in the range of 10-3 to  

10-2 Scm-1. These values of conductivity are many orders greater than that 

of many conventional polymers (10-9 Scm-1). According to previous reports 

on composites of polyaniline, this type of DC conductivity takes place by 

the hopping process due to wide range of localized states and the increase in 

conductivity in the composite must be due to the shifting of the Fermi level 
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[35, 36]. Though the added nanoparticles have poor conductivity, their 

presence in the composite has resulted in better DC conductivity than that 

of pure PANI (Fig. 5.15). 

 

Fig. 5.15 Variation in the DC conductivity of PANI-ES, PANI-MnWO4 and 

electron beam irradiated PANI-MnWO4 with temperature 

5.3.2 AC electrical  

AC electrical studies include determination of the frequency 

dependence of the dielectric constant and tangent loss for the unirradiated 

and electron beam irradiated samples of PANI-MnWO4 nanocomposite. 
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5.3.2.1 Dielectric studies of PANI-MnWO4 composite 

Dielectric constant 

Dielectric constants at different frequencies are calculated from the 

measured values of capacitance at the corresponding frequencies. Fig. 5.16 

shows the frequency dependence of the dielectric constant for the 

unirradiated (0 kGy) and irradiated (4 and 8 kGy) PANI-MnWO4 

nanocomposite in the range 20 Hz to 2 MHz at room temperature. 

 
Fig. 5.16 Frequency dependence of the dielectric constant in the  

unirradiated and irradiated PANI-MnWO4 

 The value of dielectric constant is very high initially and decreases 

exponentially with log f. Its value at 100 Hz is 4752, 10220 and 9220 for 

the 0 kGy, 4 and 8kGy irradiated samples, respectively. The dielectric 

constant got doubled in the irradiated case.  At 1MHz the corresponding 

values are 166, 260 and 213 for the three samples.  The decrease in 
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dielectric constant with frequency is due to dielectric relaxation [22, 37, 

38]. At lower frequencies charges accumulate at the interfaces of 

conducting PANI and MnWO4 particles which results in Maxwell-Wagner-

Sillars interfacial polarization [39, 40]. This phenomenon also contributes 

to dielectric relaxation.  

Dielectric loss 

 The variations in loss tangents with log f for the bare and electron 

irradiated samples are shown in Fig. 5.17. The loss tangents observed at 10 

kHz for the bare (0 kGy), 4 and 8 kGy irradiated samples are 8.49, 6.48 and 

5.37, respectively. Low values of loss tangents are seen in the case of the 

irradiated samples. The corresponding values at 2 MHz are 0.31, 0.42 and 

0.27 respectively. The dielectric losses are due to conduction losses.  

 
Fig. 5.17 Variation of loss tangent of the bare and  

electron irradiated PANI-MnWO4  
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5.3.2.2 AC conductivity studies 

 The variation in AC conductivity as a function of frequency is shown 

in Fig. 5.18. An exponential increase in AC conductivity is observed in the 

three cases. At 4 kHz, the values of AC conductivity are 0.0017, 0.00151 

and 0.0012 Scm-1 for the unirradiated, 4 and 8 kGy irradiated samples, 

respectively. At 1 MHz, the corresponding values are 0.0031, 0.0036 and 

0.0024 Scm-1. In the case of 4 kGy the AC conductivity over rides that of 

the unirradiated sample at higher frequencies. 

 
Fig. 5.18 Variation in AC conductivity as a function of frequency in  

unirradiated and irradiated samples of PANI-MnWO4  

It is very clear from the three curves (Fig. 5.18) that the AC 

conductivity is greatly affected with electron beam irradiation dose. The 

inter-chain separation is affected by irradiation [41]. The motion of 

delocalized electrons through the polymer back bone and hopping of 
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electrons between nearest redox sites on the polymer chain contributes to 

AC conduction in PANI-composites [42]. Depending on the dose, chain-

scission, cross-linking and change in the ordering of the chains occurs 

leading to the observed variations in the AC conductivity of the irradiated 

sample [43].  

 

Fig. 5.19 Linear fits of log ω versus log [�ac] plots 

 A linear fits of log ω versus log [�ac] plots are given in Fig. 5.19. The 

AC studies in many polyaniline composites, reports the power law 

behaviour. In the case of PANI-MnWO4 also the power law dependence 

given by ������ � ��	 is satisfied [30, 44-46]. Values of n determined 

from the slopes of the linear fit in Fig. 19 are 0.13, 0.19 and 0.16 for the 

unirradiated, 4 and 8 kGy irradiated composites, respectively. These values 
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are between 0 and 1. Hence, the contribution to the conduction by hopping 

process is confirmed. 

5.4 Characterization of PANI-CaWO4 nanocomposite  

5.4.1 Thermal analysis  

 The TGA/DTA curves obtained for PANI- CaWO4 composite when 

heated in oxygen atmosphere are shown in Fig. 5.20. The solid curve 

represents the weight loss occurring to the sample when it is heated from 40 

to 850 ºC. It shows mainly two weight losses centred on 83.63 and 

568.45ºC.  

 

Fig. 5.20 TGA/DTA curves of PANI-CaWO4 composite 

The first weight loss is due to the removal of moisture from the 

composite [7]. The loss of HCl molecules in this case is not as sharp and 
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fast as in the case of PANI-MnWO4 composite. The decomposition of 

PANI-chain begins around 450 ºC and is maximized at 568.45 ºC and is 

completed around 675 ºC. The residue must be CaWO4 as it is very stable to 

heating up to 900 ºC. In the present case the overall weight loss, when 

heated up to 700 ºC, is about 65%. The wide exothermic nature of the DTA 

curve from 150 to 500 ºC suggest the cross linking occurring in the PANI. 

TGA results suggest that heating beyond 250 ºC set an upper application 

limit of temperature because the elimination of the dopant results in loss of 

conductivity [47]. 

5.4.2 Structural characterization  

5.4.2.1 XRD study  

 XRD patterns of PANI-ES, CaWO4 and PANI-CAWO4 are shown in 

Fig. 5.21. As discussed in section 5.2.2.1, for PANI-ES, the peak centred at 

2θ = 20.15º is attributed to periodicity parallel to the polymer chain, while 

the peaks at 2θ = 25.27º is due to the periodicity perpendicular to the 

polymer chain [11-13]. This indicates that there are local crystalline centres 

embedded in amorphous PANI [48]. The XRD pattern of nanocrystalline 

CaWO4 is discussed in detail in section 4.3.1. It has a scheelite-type 

tetragonal structure and a space group I41/a in a C��

  symmetry (JCPDS 

number 77-2235). In the case of PANI-CaWO4 nanocomposite the XRD 

profile shown cannot display clearly the peaks associated with PANI-ES as 

they are of very low intensities. All the peaks and d-spacing detected 

correspond to the records in JCPDS file no. 77-2235 for CaWO4. Therefore, 
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it may be concluded that the crystal structure of CaWO4 is retained in the 

composite. The average particle size calculated for CaWO4 and PANI-

CaWO4 are 39.67 and 35.24 nm, respectively. 

 

Fig. 5.21 XRD patterns of PANI, CaWO4 and PANI-CaWO4 nanocomposite 

Table 5.4 represents the XRD data related to the major peaks of 

CaWO4 (C3) before and after the composite formation. It can be seen from 
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the table that the major peak positions of CaWO4 are slightly shifted to 

lower 2θ values in the composite. Accordingly there is a slight increase in 

the d spacing. 

Table 5.4 XRD results for CaWO4 and PANI-CaWO4 composite 

Sample 
Major 
peaks 
(hkl) 

2θ 
(degree) 

FWHM 
(degree) 

d 

 (Å) 

Average 
crystallite 
size (nm) 

CaWO4 (C3) 

(101) 18.88 0.182 4.71 

39.67 
(112) 28.99 0.183 3.08 

(204) 47.32 0.223 1.92 

(312) 58.09 0.278 1.59 

PANI-
CaWO4 

composite 

(101) 18.49 0.219 4.79 

35.24 
(112) 28.53 0.225 3.13 

(204) 46.85 0.253 1.94 

(312) 57.63 0.311 1.60 

 
5.4.2.2 XRD study of electron beam irradiated PANI-CaWO4 

 Fig. 5.22 shows the XRD patterns obtained for unirradiated (0 kGy) 

and electron beam irradiated (4 and 8 kGy) PANI-CaWO4 nanocomposite. 

The major peaks obtained are labelled. It is interesting to find that the 

intensity of PANI peaks is more visible for the electron beam irradiated 

samples. This indicates improvement in the conjugation length for 

delocalizing the π- electrons. So an improvement in the electrical 

conductivity for the electron beam irradiated samples of polyaniline 

composites can be predicted.  
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Fig. 5.22 XRD patterns of unirradiated and electron beam  
irradiated PANI-CaWO4 nanocomposite 

The major peaks of CaWO4 (C3), their 2θ values, FWHM and d 

spacing, before and after the composite formation with polyaniline, are 

given in the Table 5.5. The average crystallite sizes estimated are 35.24, 

13.19 and 20.77 nm for samples irradiated with electron doses of 0, 4 and 8 

kGy, respectively.  
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Table 5.5 XRD results for bare and electron irradiated PANI-CaWO4 samples 

Sample 
Major 
peaks 
(hkl) 

2θ 
(degree) 

 

FWHM 
(degree) 

 

d 

(Å) 

Average 
crystallite 
size (nm) 

PANI-
CaWO4 
(0 kGy) 

(101) 18.49 0.219 4.79 

35.24 
(112) 28.53 0.225 3.13 

(204) 46.85 0.253 1.94 

(312) 57.63 0.311 1.60 

PANI-
CaWO4 
(4 kGy) 

(101) 18.96 0.542 4.69 

13.19 
(112) 29.08 0.651 3.07 

(204) 47.38 0.670 1.92 

(312) 57.96 0.726 1.59 

PANI-
CaWO4 
(8 kGy) 

(101) 18.78 0.379 4.72 

20.77 
(112) 28.88 0.429 3.13 

(204) 47.23 0.391 1.92 

(312) 58.00 0.424 1.59 

 
Though electron beam irradiation produces defects, it brings about 

more order in the PANI matrix. But the intensities of the CaWO4 peaks 

become greatly reduced. The reason attributes to the size reduction as well 

as the formation of thin PANI layers over CaWO4 particles. This 

observation is supported by similar results reported in other polyaniline 

composites [32]. The large reduction in crystallite size of the composite 

after electron irradiation can result in changes in material properties. 
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5.4.3  FTIR spectroscopy 

5.4.3.1 FTIR analysis of PANI-CAWO4 nanocomposite 

 Fig. 5.23 shows the FTIR spectra of PANI, CaWO4 and PANI-CaWO4 

nanocomposite. The FTIR absorption modes are discussed in section 

5.2.3.1. The characteristic N-H stretching frequencies are found to centre on 

3348 cm-1. The chemical bonds responsible for the absorption peaks related 

to CaWO4 have been discussed in the section 4.4.1. The broad peak at 812 

cm-1 in the IR spectrum for CaWO4 becomes sharp in the composite. The 

peak at 448 cm-1 got shifted to 492 cm-1 in the composite. Another change 

observed is the shift of peak at 1141 cm-1 in PANI-ES to 1101 cm-1.  

 
Fig. 5.23 FTIR spectra of PANI-ES, CaWO4 and PANI- CaWO4 nanocomposite 

The anti-symmetric stretching vibration of the [WO4] and the 

bending vibration of W-O bond in CaWO4 are modified due to interaction 

with PANI. The quinoid and benzenoid ring stretching vibrations at 1643, 
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1557 cm -1are also affected by the presence of CaWO4 in the composite. All 

other major bands observed in PANI appear in the composite product also. 

These observations confirm the formation of the PANI-CaWO4 

nanocomposite. 

5.4.3.2 FTIR analysis of electron beam irradiated PANI-CAWO4  

 FTIR spectra of unirradiated, and electron beam irradiated (4 and 8 

kGy) PANI-CaWO4 nanocomposite are shown in the Fig. 5.24. The 

prominent absorption bands found in the PANI-CaWO4 composite are 

retained in the irradiated samples.  Two new feeble absorption bands are 

found at 676 and 602 cm-1 in the electron irradiated samples. Thus the 

interaction between the metal ions with PANI-ES introduces new vibrations 

in the [WO4] stretching vibrations. 

 

Fig. 5.24 FTIR spectra of unirradiated and electron beam irradiated PANI-CaWO4  

Wavenumbers (cm-1) 
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5.4.4.2 Compositional analysis of PANI-CaWO4 nanocomposite  

 The EDS spectrum obtained is shown in Fig. 5.26. The elements 

detected in the PANI-CaWO4 nanocomposite are carbon, oxygen, nitrogen, 

calcium, tungsten and chlorine. Hydrogen being a light element is not 

detected in the EDS analysis. But, its presence can be confirmed from the 

presence of different hydrogen containing functional groups in the FTIR 

spectrum. The EDS data is presented in Table 5.6. 

 

Fig. 5.26 EDS spectrum of PANI-CaWO4 nanocomposite  
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Table 5.6 The EDS data of PANI-CaWO4 

Element Series Mass% Atom% 

C K 22.28 58.54 

O K 9.80 19.34 

N K 4.02 9.05 

Ca K 3.16 2.49 

W L 60.53 10.39 

Cl K 0.21 0.19 

Total  100 100 

 

5.4.4.3 TEM analysis of PANI-CaWO4 nanocomposite 

 The TEM images of PANI-CaWO4 composite are shown in Fig. 5.27. 

Figures (a) and (b) are images showing two different magnifications. They 

show beads like PANI-ES entangled around CaWO4 nanoparticles. The 

HRTEM image (Fig. 5.27 (c)) shows crystalline as well as amorphous 

regions. The boundary between these regions is called interfacial region 

which plays important role in interpreting the dielectric properties. The Fig. 

5.27 (d) shows SAED pattern of the composite. 
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Fig. 5.27 TEM images of PANI-CaWO4 nanocomposite  

5.4.5 UV-Visible spectroscopy 

5.4.5.1 UV-Visible spectroscopy of PANI-CaWO4composite 

 UV-Visible absorption spectra of HCl doped PANI and PANI-CaWO4 

nanocomposite are shown in Fig. 5.28 (a). PANI has two absorption peaks. 

These absorption peaks are formed at 372 and 648 nm in the UV-Visible 

spectrum for PANI. In the composite the corresponding peaks are formed at 

430 and 685 nm, respectively. Also the absorbance is found to be lower for 
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the composite. The absorbance spectra in Fig. 28 (a) show that both PANI 

and its composite are good absorbers of UV-Visible radiations [14]. 

 

Fig. 5.28 (a) UV-Visible spectra and (b) Tauc plots of PANI and  

PANI-CaWO4  

The Tauc plots for PANI and PANI-CaWO4 are shown in Fig. 5.28 

(b). The bandgaps obtained are 1.50 and 1.16 eV for PANI and PANI-

CaWO4, respectively. 

5.4.5.2 UV-Visible spectroscopy of irradiated PANI-CaWO4 

 UV-Visible absorption spectra of bare (0 kGy) and irradiated (4and 8 

kGy) composites are shown in Fig. 5.29. In the samples irradiated with 4 

kGy, the absorption peaks are centred on 412 and 677 nm. But for the 

sample irradiated with 8 kGy, the absorption peaks are shifted to 410 and 
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680 nm, respectively. These shifts in peaks occur due to the variation in the 

interaction of CaWO4 with PANI in the composite due to the crystallite size 

variation of CaWO4 upon electron irradiation. The intensity of absorption 

first increases with 4 kGy dose, but shows a slight decrease for 8 kGy dose. 

This might be due to ordering of PANI-chains at lower electron doses after 

chain scission.  

 

Fig. 5.29 UV-Visible spectra of the bare and irradiated PANI-CaWO4  

The bandgaps determined from the Tauc plot in Fig. 5.30 are 1.16, 

1.29 and 1.28 eV respectively for the 0, 4 and 8 kGy irradiated samples. 

These values are less than the bandgap for the doped PANI. This indicates 

changes within the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) bands as a result of composite 

formation. These facts confirm the interaction between PANI and CaWO4 
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nanoparticles. Also an additional peak appears in the electron irradiated 

samples centred on 271 nm, which corresponds to the absorption due to 

CaWO4 nanoparticles as a result of irradiation damages. 

 

Fig. 5.30 Tauc plots of the unirradiated and irradiated  

PANI-CaWO4 samples 

The appearance of a bump in the first absorption peak indicates that 

the UV absorbance increases upon irradiation. These observations 

strengthen the formation of new polaron bands. It is found that in PANI-

CaWO4 composite the bandgap decreased to 1.16 eV compare to the 

bandgap of 1.50 eV of PANI-ES. The decrease in the optical bandgap in the 

present system may be due to reduction in the disorder of the system and 

increase in the density of defect states [35]. Though CaWO4 is a wide-

bandgap semiconductor, the small bandgap obtained for PANI-CaWO4 

attributes to the formation of PANI films over CaWO4 nanoparticles. 
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5.5 Electrical properties  

5.5.1 DC conductivity of PANI-CaWO4 composite 

 The variations in DC conductivity of PANI-ES, 0, 4 and 8 kGy 

irradiated PANI-CaWO4 nanocomposite with temperature are plotted in the 

Fig. 5.31. At 303 K, the DC conductivity values are 0.00042, 0.0015, 

0.0016 and 0.0015 S-cm-1 for the PANI-ES, 0, 4 and 8 kGy irradiated 

PANI-CaWO4 nanocomposite, respectively. At 443 K, the corresponding 

values of DC conductivity become 0.0012, 0.0032, 0.0036 and 0.0035 S-

cm-1, respectively. The DC conductivity is higher in the composite samples 

than in pure PANI-ES. The mechanism of conduction in PANI-CaWO4 

nanocomposite is similar to that for PANI-MnWO4, as discussed in section 

5.3.1. In the 4 kGy electron beam irradiated sample, the values of DC 

conductivity are slightly elevated. 

 
Fig. 5.31 Variation in DC conductivity with temperature of PANI-ES, PANI-

CaWO4 and 4 kGy irradiated PANI-CaWO4 
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 The presence of CaWO4 causes increased delocalization length that is 

reflected in the improved DC conductivity in the composite. Similar 

observation in other PANI composite supports this observation [49]. The 

Fig. 5.31 shows that the DC conductivity increases with temperature, which 

confirms semiconducting nature of the composite sample.  

5.5.2  AC electrical studies 

5.5.2.1 Dielectric studies of PANI-CaWO4 nanocomposite 

Dielectric constant 

 The variation of dielectric constant of 0, 4 and 8 kGy electron beam 

irradiated PANI-CaWO4 samples as a function of frequency is shown in the 

Fig. 5.32. The values of dielectric constant at 100 Hz are 27838, 28974 and 

22168 for the 0, 4 and 8 kGy irradiated samples. At 1MHz, the respective 

values are 122, 153 and 121. All samples show similar type of variation in 

dielectric constant. Initially at lower frequencies the value of dielectric 

constant is very high. It decreases with increasing frequencies showing 

dielectric relaxation. Interfacial polarisation contributes to the unusually 

high values of dielectric constant. Besides interfacial polarization, the 

compound exhibits different types of polarizations (dipolar, atomic, ionic, 

electronic etc.) which contribute to decrease in dielectric constant with 

increase in AC frequency [50]. The overall behaviour is a dielectric 

relaxation. 
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Fig. 5.32 Variation of dielectric constant with frequency of electron beam 

irradiated PANI-CaWO4 samples 

Dielectric loss  

 Fig. 5.33 presents the variation of Tan δ with log f  for PANI-CaWO4 

samples irradiated with 0, 4 and 8 kGy electron doses. The values of Tan δ 

at 100 Hz are 8.63, 8.4 and 6.73 for samples irradiated with 0, 4 and 8 kGy 

doses, respectively. The loss tangent is high at lower frequencies and 

decreases with increase in frequency. Besides, loss tangent shows a slight 

decrease with increase in electron dose. 
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Fig. 5.33 Variation in the loss tangent with log f of the  

electron irradiated PANI-CaWO4 samples 

 The large dielectric constant and low dielectric loss composite 

material is useful for potential applications like micro-actuators and metal 

oxide semiconductor applications [51]. 

5.5.2.2 AC conductivity studies 

The frequency dependence of AC conductivity of 0, 4 and 8 kGy 

irradiated samples is given in the Fig. 5.34. The values of AC conductivity 

at 100 Hz are 0.0014, 0.0016 and 0.00050 Scm-1 for 0, 4 and 8 kGy 

irradiated samples, respectively. At 1 MHz, the corresponding values are 

0.0044, 0.0044 and 0.0023 Scm-1. The AC conductivity in the irradiated 

samples is slightly reduced with increase in irradiation dose. 
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Fig. 5.34 Variation in the AC conductivity of PANI-CaWO4  

composite as a function of frequency 

 

Fig. 5.35 Linear fits of log ω versus log [�ac] plots  
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 The power law dependence of AC conductivity can be checked using 

the plot of log ω versus log [�ac] curve in Fig. 5.35. The values of n 

obtained from the slopes are 0.12, 0.12 and 0.15 respectively for 0, 4 and 8 

kGy irradiated samples. These values lie between 0 and 1, which means 

conduction is by hopping process.  

5.6 Potential applications of PANI-MnWO4 and PANI-CaWO4 
nanocomposites-a comparison  
 

Both PANI-MnWO4 and PANI-CaWO4 nanocomposites have high 

dielectric constants and low loss tangents. This indicates their potential in 

microwave applications. In the electron beam irradiated sample a 10-fold 

increase in DC conductivity is measured for PANI-MnWO4. This shows its 

potential for the use in applications like antistatic coatings and 

electromagnetic interference shielding. PANI-MnWO4 is thermally more 

stable compared to PANI-CaWO4 nanocomposite. 

 
5.7 Conclusion 

� Polyaniline composites of MnWO4 and CaWO4 are readily 

synthesized by in situ chemical oxidative polymerization of aniline 

monomer.  

� TGA/DTA analysis shows that PANI-ES composites of tungstates are 

not thermally stable above 250 ºC. Above 250 ºC, de-protonation 

followed by decomposition of PANI occurs. However, thermal 

analysis shows evidence for some cross-linking of PANI chains in the 

composite centred on 425 ºC. 



Polyaniline Composites  

Synthesis, Characterization and Electron Beam Irradiation Studies of Selected Nanocrystalline…    201  .   

� XRD studies confirm the presence of local crystalline centres of PANI 

in PANI-MnWO4/CaWO4 composites. The average crystallite size of 

PANI-MnWO4/CaWO4 composites is lower compared to the 

crystallite size of the nanocrystalline MnWO4/CaWO4 before the 

composite formation. Electron beam irradiation of PANI-MnWO4 

shows crystallite size reduction with increasing electron doses. In 

PANI-CaWO4, the crystallite size first decreases and then increases 

with increase in electron dose. 

� All chemical bonds present in PANI-ES and MnWO4/CaWO4 are 

revealed in the FTIR studies of PANI-MnWO4/CaWO4 composites. 

Moreover slight changes in certain peak positions confirm interaction 

between PANI and tungstates in the composites. The FTIR spectrum 

shows a new weak absorption peak centred on 1066 cm-1 in PANI-

MnWO4. In the electron irradiated PANI-MnWO4 sample this peak 

shifts to 1107 cm-1. A similar event is observed in PANI-CaWO4 

composite at 1101 cm-1and the peak shifts to 1126 cm-1in the electron 

irradiated samples. The shift in peak positions is due to the cross 

linking and charge delocalization in PANI. 

� Fibre clew-like morphology is seen in the SEM images of PANI-ES 

and PANI-MnWO4 composites. Very long rod shaped structures along 

with irregular shaped clusters are seen in the SEM images of PANI-

CaWO4 composite. Magnified FE-SEM shows an average diameter of 

the fibres less than 100 nm. The EDS analysis confirms the presence 
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of all elements those are expected in the PANI-MnWO4/CaWO4 

composites. 

� TEM images show bead shaped PANI connected together as a long 

chain. The presence of crystalline centres in PANI is visible from the 

HRTEM images. Crystallinity of PANI is also supported by the SAED 

pattern obtained. TEM images of PANI-MnWO4/CaWO4 composites 

contained nanostructures of different shapes with a majority of PANI 

fibres. 

� UV-Visible absorption studies reveal two absorption centres in PANI-

MnWO4/CaWO4 composites which correspond to π-π* electronic 

transition and the inter band charge transfer associated with excitation 

of the benzenoid to the quinoid moieties. The first absorption peak 

centres on 340 nm and the second one on 665 nm in PANI-MnWO4. 

The corresponding peaks in the case of PANI-CaWO4 are seen centred 

at 430 and 685 nm, respectively. These peak positions are shifted from 

those of PANI differently due to the difference in the interaction 

between PANI and the two tungstates. The optical bandgap of PANI-

ES is found to be 1.5 eV and it decreased to 1.48 and 1.16 eV in 

PANI-MnWO4 and PANI-CaWO4 composites, respectively. It is 

interesting that a decrease in the bandgap of PANI occurs upon 

composite formation. However, electron beam irradiated samples 

show only a slight variation in the bandgap. 

� The DC conductivity of both PANI-MnWO4 and PANI-CaWO4 

nanocomposite varies in the range of 10-4 to 10-3 Scm-1 as the 
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temperature is raised from the room temperature to about 450 K. DC 

conductivity of PANI increases upon composite formation. This might 

be due to the positive synergistic effect between the polymer and the 

tungstates that improves the polaron hopping. In the electron beam 

irradiated sample a 10-fold increase in DC conductivity is measured 

for PANI-MnWO4. This shows its potential for the use in applications 

like antistatic coatings and electromagnetic interference shielding. 

PANI-CaWO4 exhibits only a slight increase in DC conductivity in the 

irradiated samples. 

� In PANI-MnWO4/CaWO4 composites slight and random variations in 

dielectric constant and loss tangent are seen after electron beam 

irradiation. But high dielectric constant and low loss tangents in these 

materials indicate their potential in microwave applications. AC 

studies show that both the composites obeyed the power law and that 

the conduction is due to polaron hopping.  
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Chapter - 6 

SUMMARY 

 

The main objective of the present investigation, as brought out in 

section 1.3, is to synthesize and characterize nanophase MnWO4, CaWO4 

and their polyaniline composites (PANI-MnWO4/CaWO4). Nanocrystalline 

MnWO4 and CaWO4 are synthesized using simple chemical precipitation 

method and are characterized using various tools as mentioned in Chapter 

2. The structural, optical and electrical characterizations of the synthesized 

nanocrystalline MnWO4 and CaWO4 before and after electron beam 

irradiation are presented in Chapter 3 and 4 respectively. Polyaniline 

composites of MnWO4 and CaWO4 are synthesized by in situ chemical 

oxidative polymerization of aniline and their properties are investigated 

using structural, optical and electrical characterization techniques. The 

synthesis method and characterization results along with discussion are 

presented in Chapter 5. 

A summary of the synthesis, characterization and the effect of electron 

beam irradiation in nanocrystalline MnWO4, CaWO4 and their polyaniline 

composites (PANI-MnWO4/CaWO4) are presented in the current chapter. 
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The important outcomes, promising applications of the materials 

synthesized and the outlook of the research work are mentioned as closing 

remarks of this chapter.  

6.1 Summary of research 

 Nanocrystalline MnWO4 in the powder form is successfully prepared 

by simple chemical precipitation method. TGA/DTA analysis shows that 

the material is thermally stable in the temperature range 390-850 °C. XRD 

analysis confirms the monoclinic wolframite structure. The crystallite size 

is found to increase with increase in the calcination temperature which 

results in slight lattice contraction. The electron beam irradiated samples 

exhibit a decrease in crystallite size with lattice expansion. FTIR studies 

further confirm the formation of MnWO4. Careful observation reveals 

eighteen Raman modes in the range 100 to 1200 cm-1. The electron beam 

irradiation results in the broadening and slight blue shift of the Raman 

peaks. SEM analysis shows that the particles are aggregated to form micro-

clusters and do not reveal any regular shape for the particles or clusters. 

There is more aggregation of particles due to electron beam irradiation. The 

EDS analysis confirms the presence of all the elements expected for 

MnWO4. Bar-shaped morphology for the particles with a width of ~78 nm 

is found in TEM images.  

 The UV-Visible absorption maximum for the synthesized MnWO4 

nanoparticle is found to be in the ultraviolet region. Calculations show a 

bandgap of 2.63 eV for the sample calcined at 450 °C. In MnWO4 



Summary 

Synthesis, Characterization and Electron Beam Irradiation Studies of Selected Nanocrystalline…    211  .   

nanoparticles, a slight decrease in bandgap is observed with the increase in 

calcination temperature. In the electron beam irradiated samples, increase in 

absorbance and bandgap is observed. Electron beam irradiated samples 

show slightly enhanced PL emission due to the creation of new defect 

states. These observations indicate its potential for photocatalytic 

applications. 

 Thermally activated polaronic DC conductivity is observed in both 

unirradiated and irradiated samples of MnWO4. A ten-fold increase in DC 

conductivity in the electron irradiated sample is confirmed. AC studies 

show that the values of dielectric constant and loss tangent increase with the 

increase in temperature. The values decrease with the increase in grain size 

at lower frequencies. AC conductivity increases with the increase in 

frequency in accordance with the Jonscher’s universal power law. The 

frequency independent part of the observed AC conductivity is lower in 

samples calcined at higher temperatures. But this DC component is elevated 

as the measurement temperature is increased. Compared to unirradiated 

sample the values of dielectric constant, tangent loss and AC conductivity 

are enhanced in the irradiated MnWO4 samples. In brief, the optical and 

electrical properties of the MnWO4 nanoparticles synthesized in this work 

can be tuned using calcination and electron beam irradiation. The MnWO4 

particles tailored in this manner have the potential for photocatalysis and to 

sense humidity.  

 Nanocrystalline CaWO4 is synthesized by simple chemical 

precipitation. White powder form of the final product is found to be very 
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stable in the temperature range from 350 to 850 °C. XRD studies confirm 

the tetragonal scheelite structure of CaWO4. Unlike MnWO4, a lattice 

expansion is observed in this structure on increasing the calcination 

temperature. The average crystallite size also increases in the samples 

calcined at higher temperatures. But, the crystallite size first increases and 

then decreases on increasing the electron dose from 0-8 kGy in steps of 2 

kGy. Formation of the various bonds in CaWO4 is confirmed through FTIR 

spectrum analysis. Out of the 13 Raman bands predicted by theory only 10 

peaks are observed in the product. SEM images display dumb-bell shaped 

nanoclusters. SEM images show that the sample irradiated with 6 kGy is the 

most affected. Compositional analysis using EDS confirms the presence of 

all the elements expected for CaWO4. The aggregation of nanoparticles 

produces a thick contrast in the TEM image. Average size of the particles is 

~82 nm.   

 UV-Visible absorption studies of calcined samples show red shift in 

the absorption edge because of the reduction in the bandgap due to 

calcination. A bandgap of 4.12 eV is calculated for CaWO4 nanoparticles 

calcined at 350 °C. A variation in the bandgap in accordance with particle 

size variation is also observed in the electron beam irradiated samples. PL 

peak shifts from 350 to 430 nm as the calcination temperature varies from 

350 to 650 °C. The PL intensity also decreases accordingly. Electron beam 

irradiation of CaWO4 sample produces remarkable changes in its PL 

properties. PL emission peak in CaWO4 calcined at 350 °C is found to be at 

~357 nm in the ultraviolet region. For lower doses (2 to 4 kGy) of electron 
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beam irradiation, the PL emission in CaWO4 is shifted to longer wavelength 

at ~430 nm. The emission peak returns to the initial position gradually with 

further increase in electron dose. These shift in PL emission peaks occur 

due to variations in the emission centres caused by different electron dose. 

 In CaWO4, DC electrical conductivity increases exponentially with 

temperature. The low values of activation energy obtained for the sample 

support conduction by ionic hopping. The conductivity of the irradiated 

sample is higher than that of the bare sample. Dielectric study reveals the 

usual relaxation processes relating to the different types of polarizations. 

But in the irradiated samples, dielectric constant and losses are elevated at 

lower frequencies. But the loss is very low at higher frequencies. In 

nanocrystalline CaWO4, AC conductivity shows power law dependence. In 

the irradiated sample, an enhanced AC conductivity is observed. In short, 

the electron beam irradiation in nanocrystalline CaWO4 can modify its 

structural, optical and electrical properties. Electron beam irradiation 

creates interesting changes in the PL property of the material. Proper 

selection of calcination temperature as well as electron dose can produce 

intense PL emission and it can be tuned for specific applications. 

 PANI-MnWO4/CaWO4 nanocomposites are synthesized under normal 

conditions by adding MnWO4/CaWO4 during the in situ chemical oxidative 

polymerization of aniline monomer in the presence of hydrochloric acid 

using ammonium persulphate (APS) as oxidant. HCl doped form of 

polymer nanocomposite appears greenish-back. Thermal analysis shows a 

dedoping of PANI in the temperature range from 250 to 400 ºC. But, there 



Chapter – 6 

   214  .    Synthesis, Characterization and Electron Beam Irradiation Studies of Selected Nanocrystalline… 

is evidence for the cross-linking of PANI chains centred on 425 ºC. 

Decomposition of PANI occurs in the temperature range from 450 to 650 

ºC and is maximum at 541.16 ºC. From these observations, it may be 

concluded that PANI is not thermally stable above 150 ºC. PANI composite 

is found to be more stable.  

 XRD analysis of PANI-MnWO4 composites confirms localized 

crystalline centres (PANI) other than the crystalline regions of tungstates. 

All major peaks found in the XRD spectrum of MnWO4 are also present in 

the spectrum of the PANI- MnWO4 composite. Due to the interaction 

between PANI and tungstate, the XRD peaks in the composite are slightly 

shifted to lower 2θ values. A further shift in 2θ occurs in the electron beam 

irradiated samples. Average crystallite size obtained for PANI-MnWO4 is 

11.5 nm. A comparison of the FTIR spectra of PANI-ES, MnWO4 and 

PANI-MnWO4 confirm the formation of the PANI composite. A new 

absorption peak (FTIR) appears in the electron irradiated sample at 1107 

cm-1 which is related to cross linking and charge delocalization. 

 Fibre clew-like morphology is seen in the SEM images of PANI-ES 

and PANI-MnWO4. Magnified FE-SEM shows an average fibre diameter of 

~80 nm. In the EDS analysis of PANI-MnWO4 composite, the elements 

carbon, oxygen, nitrogen, manganese, tungsten and chlorine are detected. 

Hydrogen being a very light element is not detected in the EDS. But the 

presence of hydrogen in the composite is confirmed from the presence of 

hydrogen containing functional groups in the FTIR spectrum of PANI- 

MnWO4. TEM images show bead shaped PANI connected together as a 
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long chain. Semi-crystalline regions in PANI are visible in the HRTEM 

images. Crystallinity of PANI is also supported by the SAED pattern 

obtained. TEM images of PANI-MnWO4 composite contain nanostructures 

of different shapes along with nanofibres.  

 Two major absorption centres are found in the UV-Visible spectrum 

of PANI composites with tungstates. In the PANI-ES synthesized, two 

absorption peaks are observed at 372 and 648 nm. In PANI-MnWO4 

composite the first absorption peak is shifted to 340 nm and the second to 

665 nm. The shift in the peak positions are due to the interaction between 

PANI and MnWO4 nanoparticles. The bandgap decreased from 1.50 to 1.48 

eV in PANI-MnWO4. 

 The DC conductivity of PANI-MnWO4 nanocomposite varied in the 

range of 10-4 to 10-3 Scm-1 as the temperature is raised from room 

temperature to about 450 K.  Semiconductor behaviour is reflected in this 

observation. But in electron beam irradiated sample, a 10-fold increase in 

DC conductivity is measured. There is an increase in DC conductivity of 

PANI upon composite formation due to the positive synergistic effect 

between the polyaniline and the tungstate that increases the polaron 

hopping. AC studies proved the Jonscher’s power law dependence of AC 

conductivity in PANI-MnWO4 composite and confirmed polaron hopping. 

Only slight and random variations in dielectric constant and loss tangent are 

caused by electron beam irradiation. 



Chapter – 6 

   216  .    Synthesis, Characterization and Electron Beam Irradiation Studies of Selected Nanocrystalline… 

 Decrease in crystallite size with increase in electron dose is also 

observed in PANI- CaWO4 composite. The crystallite size in PANI-CaWO4 

composite also changes upon electron irradiation. The FTIR spectrum 

showed a new absorption peak in the electron irradiated PANI-CaWO4 

sample at 1126 cm-1. This indicates that the doping of PANI is enhanced by 

electron irradiation.  The SEM micrographs of PANI-CaWO4 show very 

long rod shaped fibres along with irregular shaped clusters. In the EDS 

analysis of PANI- CaWO4 composite, the elements carbon, oxygen, 

nitrogen, calcium, tungsten and chlorine are detected. TEM images of 

PANI-CaWO4 composite also contain nanostructures of different shapes 

along with nanofibres.  

 UV-visible study of PANI-CaWO4 shows absorption peaks centred on 

430 and 685 nm. The bandgap of PANI changed from 1.5 to 1.16 eV after 

PANI-CaWO4 formation. In PANI-CaWO4 composite, electron irradiation 

caused only slight variation in the bandgap. 

 The DC conductivity of PANI-CaWO4 nanocomposite is also found to 

increase with temperature. The DC conductivity of PANI increases when it 

forms a composite with CaWO4.  A positive synergistic effect between the 

polymer and the tungstate is also seen in PANI-CaWO4 nanocomposite. 

There is only a slight increase in DC conductivity due to electron beam 

irradiation in PANI-CaWO4 nanocomposite.  

 AC studies proved the Jonscher’s power law dependence of the AC 

conductivity in PANI-CaWO4 composite. Only slight and random variations 
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in dielectric constant and loss tangent are caused by electron beam 

irradiation. But the high dielectric constant and low loss tangents in these 

materials indicate their scope in microwave applications and 

electromagnetic interference shielding. 

6.2 Important outcomes 

� Nanocrystalline tungstate nanoparticles (MnWO4 and CaWO4) are 

synthesized through chemical precipitation method without using any 

capping agent. This simple method can also be extended for the 

synthesis of other tungstates. 

� Novel polyaniline composites of MnWO4 and CaWO4 are successfully 

synthesized by in situ chemical oxidative polymerization of aniline. 

� Changes in the vibrational properties of the materials synthesized are 

detected in the IR and Raman studies. 

�  Studies based on the effect of calcinations temperature confirm 

changes in the structural, optical and electrical properties of MnWO4 

and CaWO4 nanoparticles.  

� In MnWO4, a lattice expansion occurs with crystallite size reduction 

upon electron beam irradiation. But in CaWO4, a lattice contraction 

takes place on irradiation.  

� The electron beam irradiation results in structural modifications of the 

materials synthesized (MnWO4, CaWO4 and PANI-MnWO4/CaWO4 

composites), which in turn produces changes in their optical and 

electrical properties. 
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� Electron irradiation of a suitable dose can be applied for the tuning of 

bandgap and photoluminescence properties of nanocrystalline 

tungstates and their composite for specific applications. 

� Electron beam irradiation can also be used to enhance the DC 

electrical conductivity of nanocrystalline tungstates and their 

composite.  

� The high dielectric constant and low loss tangents found in PANI-

MnWO4/CaWO4 composites indicate their scope in microwave 

applications and electromagnetic interference shielding. 

Apart from the above mentioned physical outcomes, other qualitative 

outcomes such as getting acquainted with novel analytical tools, practicing 

the scientific methods and above all an inquisitive ambience in academic 

life are achieved.  

6.3 Outlook  

 Future research could be conducted on the use of these materials in 

existing as well as novel applications. For specific applications, research 

has to be continued further to control the size and the effect of irradiation 

time. More extensive and systematic studies, on optimization of synthesis 

conditions of metal tungstates and their polyaniline composites, are needed 

to explore their unique properties for usage in photocatalysis, antistatic 

coating, EMI shielding and microwave applications. 
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