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PREFACE 

 The effective generation of mixed metal oxide nanomaterials has 

found tremendous importance due to their wide applications in 

interdisciplinary fields. Among the various mixed metal oxides, the 

transition metal tungstates with the formula MWO4 have attracted much 

attention due to their unique properties.In the group of MWO4, nickel 

tungstate (NiWO4) is an important inorganic salt due to its appropriate 

potential for application in various fields of industries, such as catalystsand 

humidity sensors, microwave devices, photoanodes, optical fibre and 

scintillator materials. 

 Various studies reportthe synthesis and characterization of 

NiWO4 nanoparticles. The effect of calcination on the properties of NiWO4 

nanoparticles is important to know the structural details of the NiWO4 

sample. Reports on the influence of cobalt doping on the structural, optical, 

electrical and magnetic properties of NiWO4 nanoparticles are sparse. Also, 

no studies have been reported on the structural, optical, electrical and 

magnetic properties of bismuth-doped NiWO4 and NiWO4/ Sn 

Pcnanocomposites. Hence, more extensive and systematic studies of  Bi-

doped NiWO4 nanoparticles and nanocompositeare needed. The 

photocatalytic activities of the NiWO4 nanoparticles under UV irradiation 

are reported. Very low degradation efficiency is seen in most cases due to 

its wide bandgap. So tuning of the bandgap and improving the 

photocatalytic activity is a major concern. 

 The work presented in this thesis comprises the analysis of the 

properties of pure nickel tungstate,  its doped and composite forms. Along 

with that, the photocatalytic activity of the samples are also studied. 



ii 

  The thesis entitled “Studies onthe Properties of 

Nanostructured Nickel Tungstate” is organized into eight chapters. 

Chapter 1 contains the introduction, literature survey, statement of the 

research problem, objectives and scope of the present study. Chapter 2 

discuss the various characterization techniques used for the analysis of the 

materials. The effect of calcination temperature on different properties of 

nanocrystalline NiWO4 is discussed in chapter 3.  

 Chapter 4 and 5 describe the effect of cobalt and bismuth doping 

in NiWO4 respectively. Structural, optical, magnetic and electrical 

properties of NiWO4 are varied by doping with these elements. 

Improvement of  conductivity by doping are also discussed in these 

chapters. 

 The formation of NiWO4/SnPc composite and their properties 

are analysed in chapter 6. Chapter 7 deals with the photocatalytic activity of 

nickel tungstate samples. The conclusions drawn based on systematic 

analysis are summarized in Chapter 8 and the scope for future work in this 

field is indicated at the end of this chapter. 

 Most of these results and discussion have been published/ 

communicated in peer reviewed national/international journals. 
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Chapter - 1 

INTRODUCTION  

 

 Currently, the effective generation of mixed metal oxide 

nanomaterials has found tremendous importance due to their wide 

applications in interdisciplinary fields. Among the various mixed metal 

oxides, the transition metal tungstates with the formula MWO4 have 

attracted much attention due to their unique chemical, physical, structural, 

and photoluminescence properties [1,2]. In this group of MWO4, nickel 

tungstate (NiWO4) is an important inorganic salt due to its appropriate 

potential for application as catalysts and humidity sensors in various fields. 

Also, NiWO4 could be used extensively in other fields such as microwave 

devices, photoanodes, scintillator materials, microwave applications and 

optical fibre [1–6]. 

 This thesis comprises the experimental study of the properties of 

NiWO4 nanoparticles synthesized by the direct chemical precipitation 

method. The structural, optical, magnetic and electrical properties of 

NiWO4 are discussed. The effect of calcination temperature on the 

properties of the NiWO4 is studied. The effect of different dopants on the 

properties of pristine NiWO4 is studied. In addition to this, the possibility of 

the formation of nanocomposite with Tin phthalocyanine (SnPc) is 

analysed. The variation in the properties of pristine NiWO4 by the 

nanocomposite formation is also analysed. Photocatalytic properties of pure 

NiWO4 and its doped and composite forms are also investigated and 

discussed.  
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1.1 Synthesis and different properties of NiWO4 

 The chemical and physical properties of metal tungstates are in 

general depend on the synthesis route. Until today, different processes are 

proposed for the synthesis of nano-sized NiWO4 crystals with different 

morphologies. These proposed methods are co-precipitation [7], polymeric 

precursor method [8], modified citrate complex technique [9,10], 

hydrothermal method [11,12], molten salt method [13], spray pyrolysis [14] 

and solution combustion synthesis [15]. Each method has its benefits and 

related limitations. Among these methods, the chemical precipitation 

method is found to be easy and economic even though it needs a post 

thermal treatment.    

 The physico-chemical properties of NiWO4 depend on its structure. 

Crystalline NiWO4 has a wolframite type structure which is a build-up of 

hexagonally close-packed oxygen with octahedral sites filled by Ni2+  and 

W6+  cations [14]. The wolframite type tungstates are monoclinic with the 

space group P2/c and symmetry point group C2h
4 [16]. Literature reports the 

structure of NiWO4 using the Fourier difference method. In it  oxygen 

atoms have a distorted hexagonal close packing with  Ni and W atoms each 

occupying one-fourth of the octahedral interstices. Like octahedrals are 

joined by edges and different octahedra are joined by corners [14,17–19].    

 Literature reports FT-IR absorption bands in between 400-1000cm-1 

for NiWO4 nanoparticles. These bands are attributed to metal-oxygen 

vibrations [20,21]. It is reported that the bands below 500 cm-1  are due to 

the vibrations of NiO6 polyhedra. Other bands can be assigned to the 

vibrations in WO6
6- entity [17,22,23]. 

 Group theoretical analysis carried out to find the Raman active 

modes of NiWO4 reported that six internal stretching vibration modes are 
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there in monoclinic wolframite structure through every six W-O bonds in 

WO6 octahedra provide 36 lattice modes [17,24].  

 The optical properties of nickel tungstate play an important role in 

several applications of it. UV absorption starts at 350 nm in NiWO4 and the 

absorption peak appears at about 250 nm within the UV range. Nickel 

tungstate shows light-absorbing properties in UV, VIS and NIR region 

wavelengths [7,18,25]. A few theoretical and experimental works are 

reported regarding the absorption properties of NiWO4 crystals [16,26]. 

Literature reports experimental data regarding the optical bandgap values of 

NiWO4. It ranges from 2.95 to 3.20 eV which are all due to the electronic 

structure of NiWO4 [13,27]. A few works report a low bandgap for NiWO4 

[28].  Studies carried out by Montini et. al [29] and Pandey et.al [14] reveal 

that NiWO4 nanocrystals exhibit both direct and indirect bandgaps. In 

certain works NiWO4 exhibit a high bandgap [14,30].  Hao et. al [31] report 

a detailed study of the bandgap of NiWO4  in different works. In the case of 

NiWO4, the valance band is formed by hybridized O2p and Ni3d states, and 

the Ni3d states contribute mainly to the upper part of the valance band. The 

conduction band is formed by the empty W5d states with an admixture of 

the empty Ni3d states at the bottom of the band [18]. Literature report the 

presence of both direct and indirect bandgaps in NiWO4 [25,32,33]. The 

direct transition is attributed to the spin-orbit valance band to the 

conduction band. The indirect transitions are due to the tungstate ion. The 

phonons involved in the indirect band to band transitions are due to the 

internal vibrations of the tungstate (WO4
-) ion [14].  

 Photoluminescence emission (PL) ranges from 350-550 nm for 

NiWO4  nanoparticles. This is due to the intrinsic emission of WO4
2- anion 

due to excitonic absorption or recombination process [23]. Transition metal 

tungstates is a self-activated luminescent system [34]. Its intrinsic 
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luminescence is due to the presence of WO6
6- ions [22,35]. But  NiO6 

polyhedra also contribute towards the PL emission [17].  

 Literature reports the antiferromagnetic nature of NiWO4 with a 

Neel temperature of 64K [36]. But the nanocrystalline NiWO4 is found to 

have paramagnetic behaviour due to the incomplete 3d levels present in Ni 

[37,38]. 

 The complex electronic structure of transition metal tungstates 

offers unique physical and chemical properties for potential 

applications. Thermo-physical, DC conductivity and dielectric 

measurements of these transition metal tungstates are mentioned in the 

literature [39–41]. Nickel tungstate with a wolframite structure is 

considered an important candidate for the fields of sensors, catalysis and 

photovoltaic electrochemical cells. NiWO4 is a p-type conducting material 

below 660K. Literature reports a conductivity of 10-7 – 10-3 S/cm for the 

nickel tungstate at different temperatures [42–46].     

1.2 Doping with transition metal and semimetal ions and 

NiWO4/Tinphthalocyanine nanocomposite structure 

 Properties of NiWO4 can be modified by different means such as 

doping and composite formation.  Cobalt is considered one of the most 

effective doping species due to its abundant electronic states and also it 

appears to suit well the tailoring of  the electronic structure [47,48]. To vary 

the magnetic functionality existing in semiconductor, it is suitable to dope 

with a magnetically active transition metal [49,50]. The dopant cobalt plays 

this role effectively in many cases that are already reported [51].  

 Doping with semimetal bismuth has attracted much attention 

because of its unique properties [52,53].  Bi3+ ion exhibits outstanding 

optical properties in inorganic solid-state crystal lattices. These properties 
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are attributed to their intrinsic multiple energy levels [54–57]. It is found 

that Bi nanoparticles also exhibit plasmonic properties akin to noble metal 

nanoparticles [58].  This makes Bi a promising candidate in many fields 

such as sensors, fluorescence, surface-enhanced spectroscopy and 

photocatalysis [59–61]. No works regarding bismuth doping in NiWO4 is 

reported to the best of our knowledge. 

 A wide variety of inorganic/organic composites have found 

application in different fields [62,63]. Literature report the inorganic 

semiconductor/Mpc nanocomposite and their potential applications [41,64–

68]. Metal phthalocyanines [MPc] are coloured, organic, p-type 

semiconducting compounds which show high chemical and thermal 

stability. Since they have unique optical and electronic properties, they can 

be used in organic solar cells [69–71], chemical sensors [72] and electronic 

devices such as field-effect transistors [73,74] and optic data storage [75].   

Tin phthalocyanines are important due to their chemical and spectroscopic 

properties, and their applications in photocatalysis and the biomedical field. 

The SnPc as a metalloporphyrin has an inherent ability to absorb UV-

visible light.  It possesses a relatively long excited-state lifetime and can be 

used for optical amplification in this region. The ability to absorb light in 

the UV-visible part of the spectrum is due to the presence of sp2 

hybridization carbon atoms in SnPc. Moreover, Sn(II) ions induce some 

strain on the phthalocyanine framework as the ion is large. Due to this 

strain metal ion is slightly displaced leading to the breakage of planar 

symmetry of MPcs. This nonplanar symmetry modifies the crystalline 

properties of the compound. 

1.3   Applications of pristine, doped and composites of NiWO4 

  Based on the literature, it is acknowledged that NiWO4 possesses 

desirable physico-chemical properties with possible applications in areas 
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such as magnetism [16], photocatalytic degradation of dyes [76], 

supercapacitor type hybrid- electrodes [77],  active electrocatalyst in 

hydrogen evolution reaction [78], selective detection of sub-ppm level p-

Xylene [79], gas or humidity sensing, photoelectron chemical water 

oxidation [12] and photoluminescence [80]. 

  Literature reports different nanocomposites having visible light 

photocatalysis [28,81]. Bandgap tuning is done with the formation of 

composite with different compounds [82,83]. It is reported that NiWO4 also 

find application in lithium-ion batteries[84]. Recently electrochemical 

studies were carried out with the help of NiWO4 [12,14,84–87]. In 

biosensing  fields also NiWO4 acts as a potential candidate [11].  Catalytic 

properties of NiWO4  is found application in the reduction of NO by CO 

[88].  

1.4    Background of the study 

 Literature reports various synthesis methods for the synthesis of 

NiWO4 with desired properties. The hydrothermal synthesis route is 

preferred for the synthesis of  NiWO4 with the smallest particle size[11]. 

Direct chemical precipitation methods is an easy and economic method of 

synthesis along with assuring high purity sample [89]. By varying the 

reactant’s concentrations Pourmatazair et. al [23] report the optimization 

done for the synthesis of NiWO4. They varied the concentrations and flow 

rate to obtain NiWO4  nanoparticles with the lowest particle size and desired 

properties. 

 Literature reports the dependence of the vibrational modes of 

nanoparticles on the particle size variation introduced by the different 

synthesis methods and also due to the calcination effect [90,91]. Different 

methods adopted for the synthesis also produce significant changes in the 

morphology of the samples. Literature reports the self-assisted methods 
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[27,92]and green synthesis method [93,94] which produce significant 

changes in the morphologies. These changes in the morphology introduced 

active centres for reactions and make the NiWO4  particles applicable in 

photocatalytic and electrochemical applications.  

 The optical properties of NiWO4 particles highly depend on the 

synthesis method and particle size variation [91,95–99]. The formation of 

valance band and conduction band is formed by the hybridization taking 

place between oxygen, tungsten and nickel atoms [18]. Literature reports 

variation of band gaps from 2.6  to 3.2 eV. Different synthesis methods 

provide different band gaps and are reported in Hao et. al [25]. Theoretical 

works using DFT are also carried out for bulk and nanocrystalline NiWO4 

[26]and reports the existence of both direct and indirect band gaps formed 

in the case of NiWO4 [100]. Ligand field theory also gives a clear 

explanation for the low energy absorption properties of NiWO4 samples 

[14]. 

 Nickel tungstate has intrinsic luminescence nature [17]. It has 

inherent defects like cation vacancies that can act as a luminescence centre. 

Generally, NiWO4 has photoluminescence emission in the range of 350-550 

nm [34]. The main peaks can be attributed to the WO6 entity. In addition to 

that NiO6 sublattice also contribute to the luminescence emission [22]. The 

intensity of emission is significant in the case of luminescence applications. 

It is related to the crystal defects or imperfections that can be introduced 

into the lattice [101]. Literature reports the luminescence emission of 

NiWO4 and it follows the general transition metal tungstate with wolframite 

structure [34,101,102].  

 No detailed study is found regarding the magnetic properties of 

NiWO4. They are found to be in paramagnetic form at room temperature 

[36]. In NiWO4, the tungstate sublattice influences the magnetic properties. 
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Contribution from Ni counterpart is negligible considering the magnetic 

nature. Variation in the magnetic properties can be achieved by doping or 

making composite with magnetically active materials.     

 Literature reports that below 660K, NiWO4 exhibit p-type 

behaviour [44,103]. At higher temperature, it may have both p and n-type 

contributions. Due to the defective nature of NiWO4, it shows high 

conductivity of the order of 10-4S/m compared to other wolframite 

transition metal tungstate [27,44,46]. The conduction mechanism in NiWO4 

is reported to be due to the hopping of charge carriers. To improve the 

conductivity and dielectric constant doping with suitable elements are 

preferred.   

 Many works have been reported based on cobalt doping in NiWO4 

matrix involving different synthesis routes and exploring the 

electrochemical and photocatalytic properties [104–106]. Due to the 

electronic band structure of Co, it can tune the electrical properties and 

photocatalytic activity of NiWO4.  

 Nowadays, Bi is widely used to improve the photocatalytic activity 

of various semiconductor photocatalysts [90,107–112]. Li et.al [90]  reports 

the photocatalytic activity of Bi-doped anatase TiO2 nanospheres. This 

study explains the variation in particle size with variation in doping 

percentage. It also describes the change in photocatalytic activity according 

to the particle size variation. Rangaraj et.al [113] reports the photocatalytic 

activity of Bi3+ doped TiO2 nanocatalyst. This work suggests that the 

presence of Bi3+ in TiO2 catalyst substantially enhanced the photocatalytic 

degradation under UV light.  Li et. al [112] studied the visible light active 

photocatalysis and influence of Bi on photocatalytic activity of  NaTa1-

xBixO3. Wang et.al [114] also reports the optical absorption properties of 

Bi3+ doped NaTaO3 nanoparticles. This study explains a change in bandgap 
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introduced by Bi doping. To the best of our knowledge, no work is done to 

improve the structural, optical, electrical, and photocatalytic properties of 

NiWO4.  

 NiWO4 is a promising candidate for environmental purification and 

solar water splitting through photocatalysis [99]. The photocatalytic 

properties of pure NiWO4 nanocrystals at room temperature present 

interesting applications regarding the purification of the environment. These 

include photodegradation of methanol [27], 4-chlorophenol [106], 

methylene blue [115], methyl orange, 4-nitrophenol [83], rhodamine blue 

and alizarin red [25,25,31]. The major limiting factor in photocatalytic 

activities is the rapid recombination of photogenerated electron and hole 

pairs. To overcome this problem and to improve the overall catalytic 

performance of NiWO4 photocatalysts, many techniques have been 

developed such as element doping,  morphology control,  noble metal 

deposition and semiconductor coupling. The most effective methods are 

found to be elemental doping and the formation of nanocomposites. 

Literature report different nanocomposite formations to improve the 

catalytic activity of NiWO4 and the optical bandgap tuning for visible-light-

driven photocatalytic activity. 

 From the literature survey conducted, it is evident that synthesis 

route and conditions play a major role in the structural, optical, electrical,  

and magnetic properties of NiWO4. Particle size variations also affect the 

different properties of   NiWO4. Doping with suitable elements or forming 

nanocomposite with different compounds help to tune the properties of 

NiWO4. This helps in making the NiWO4 a suitable candidate for catalytic 

and other applications.    
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1.5   Scope of present study and objectives 

 Various studies report the synthesis and characterization of NiWO4 

nanoparticles. The effect of calcination on the properties of NiWO4 

nanoparticles is important to know the structural details of the NiWO4 

sample. Reports on the influence of cobalt doping on the structural, optical, 

electrical and magnetic properties of NiWO4 nanoparticles are sparse. Also, 

no study has been reported on the structural, optical, electrical and magnetic 

properties of bismuth-doped NiWO4 and NiWO4/SnPc nanocomposites. 

Hence, more extensive and systematic studies of  Bi-doped NiWO4  

nanoparticles and nanocomposite are needed. The photocatalytic activities 

of the NiWO4 nanoparticles under UV irradiation are reported. Very low 

degradation efficiency is seen in most cases due to its wide bandgap. So 

tuning of the bandgap and improving the photocatalytic activity is a major 

concern. The present research work is mainly focussed on the synthesis and 

characterization of nanocrystalline NiWO4, cobalt doped NiWO4, bismuth-

doped NiWO4 and NiWO4/SnPc nanocomposites. Along with that 

photocatalytic activity of  NiWO4, bismuth-doped NiWO4 and NiWO4/SnPc 

nanocomposite are also investigated. 

The main objectives of this research work are: 

• To synthesize NiWO4 nanoparticles by direct chemical precipitation 

method. 

• To investigate on the effect of calcination on the structural, optical, 

magnetic and electrical properties of NiWO4 nanoparticles. 

• To study the effect of cobalt doping on the properties of NiWO4  

nanoparticles. 

• To study the effect of bismuth doping on the properties of NiWO4 

nanoparticles. 
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• To synthesis of NiWO4/SnPc nanocomposite by solvent evaporation 

method and their characterization. 

• To study the photocatalytic activity of NiWO4, its doped and 

composite forms under UV irradiation, using Rhodamine blue and 

Methylene blue dyes.  
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Chapter - 2 

CHARACTERIZATION TECHNIQUES 
 

2.1 Introduction 

 Material characterization is the fundamental process that can be 

done for the systematic and scientific analysis of the properties of materials. 

Different characterization techniques are performed for the detailed analysis 

of the properties of NiWO4 nanoparticles and their doped and 

nanocomposite forms. The present research work includes the synthesis of 

NiWO4 nanoparticles, its doped and composite forms along with their 

characterization. The results are discussed in detail in the foregoing 

chapters. This chapter provides the information of different characterization 

techniques used in the study.  

 The thermal stability of the NiWO4 samples is analysed using 

thermogravimetric (TG) and differential thermal analysis (DTA). Structural 

characterization of thermally stable NiWO4 is done with X-ray powder 

diffraction (XRD) and transmission electron microscopy (TEM). Surface 

morphology is identified with the help of field emission scanning electron 

microscopy (FESEM). Chemical composition of the elements present is 

analysed with energy-dispersive X-ray spectroscopy (EDS). The important 

part in the structure identification, the bonds present is identified with the 

help of Fourier transform infrared spectroscopy (FTIR) and Raman 

spectroscopy. Optical properties of the nickel tungstate nanoparticles are 

analyzed using Ultraviolet-visible- near-infrared spectroscopy (UV-VIS-

NIR) and photoluminescence (PL) spectroscopy. The magnetic properties 

of the samples are studied with the help of vibrating sample magnetometer 
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(VSM). Electrical studies are carried out by dielectric and impedance 

measurements.  

2.2 Method of Synthesis 

 In the present work, pure and doped NiWO4 samples are 

synthesized by direct chemical precipitation method. The nanocomposite 

samples of NiWO4/SnPc are prepared by the solvent evaporation method. 

The detailed description of the synthesis procedure of the samples is given 

in the respective chapters. 

2.3 Characterization Techniques 

2.3.1 Thermal analysis 

 Thermogravimetric analysis (TGA) is a technique of thermal 

analysis in which the mass of a sample is measured with increasing the 

temperature. With the temperature change, there may be weight loss or 

gain. This mass change indicates the chemical and physical phenomena 

taking place in the sample over time by the increase in temperature. The 

thermogravimetric data collected are complied and plotted. The plot has a 

mass or percentage of initial mass on the y-axis and temperature on the x-

axis. This plot is referred to as a TGA curve. The first derivative of the 

TGA curve which is called the derivative thermogravimetric (DTG) curve 

is also plotted to determine changing points in the TGA curve. It is useful 

for the interpretation of the process involved during temperature change [1]. 

 In differential thermal analysis, the difference in temperature of the 

material under study and an inert reference is measured as a function of 

temperature while both the sample and reference are made to undergo 

identical thermal cycles. Exothermic or endothermic changes taking place 

in the sample can be detected relative to the inert reference. So from the 
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DTA curve, transformations such as glass transitions, crystallization, 

melting and sublimation can be identified [2].   

 Thermal analysis of the pure NiWO4, doped NiWO4 and 

NiWO4/SnPc nanocomposite samples are done with Perkin Elmer STA 

6000, heating from ambient temperature to 8800C at a rate of 200C/min. 

2.3.2 Structural characterization 

 The structural characterization of samples is important as it helps to 

identify the structure of the sample and the structural variations take place 

in the case of doped and composite samples.  The different analytical 

techniques used in the present research work are XRD, TEM, FE-SEM, 

EDS, FT-IR and Raman spectroscopy.      

2.3.2.1 Powder X-ray diffraction  

 XRD mainly helps to identify the phase of a crystalline material 

and provide information on unit cell dimensions. It also used for the study 

of crystal structures and atomic spacing. The interaction of the incident X-

rays with the sample produces constructive interference when conditions 

satisfy Bragg’s law represented by the equation, 

  nλ=2dhkl sin θ                                    (2.1) 

 This law relates the wavelength of the X-ray (λ) to the diffraction 

angle (2θ) and the lattice spacing (dhkl ) in a crystalline sample [3]. 

 In the present work, XRD analysis is carried out using the 

instrument Bruker AXS D8 Advance X-ray diffractometer with features  Cu-

Kα radiation of λ = 1.5406 Å, X-ray tube voltage = 35 kV and current =35 

mA are used. The scan is taken in the 2θ range from 0 to 800 at increments 

of 0.020 with a step time of 29.1s. The XRD patterns obtained is compared 
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with the X-ray powder data file of the Joint Committee on Powder 

Diffraction Standards (JCPDS) to identify the crystal phase and structure.   

The lattice parameters of the monoclinic structure are determined [4,5] 

using the formula,    

 
𝟏𝟏𝒅𝒅𝟐𝟐 =

𝟏𝟏𝒔𝒔𝒔𝒔𝒔𝒔𝟐𝟐𝜷𝜷 �𝒉𝒉𝟐𝟐𝒂𝒂𝟐𝟐 +
𝒌𝒌𝟐𝟐𝒔𝒔𝒔𝒔𝒔𝒔𝟐𝟐𝜷𝜷𝒃𝒃𝟐𝟐 +

𝒍𝒍𝟐𝟐𝒄𝒄𝟐𝟐 − 𝟐𝟐𝒉𝒉𝒍𝒍𝒄𝒄𝟐𝟐𝒔𝒔𝜷𝜷𝒂𝒂𝒄𝒄 �,      (2.2) 

where‘d’ is the spacing between the planes corresponds to the Miller 

indices (hkl); a, b, c and β are the lattice parameters.  

 The average crystallite sizes of nanoparticles are calculated from 

XRD patterns using Scherrer equation, 

  𝑫𝑫 =
𝒌𝒌𝒌𝒌𝜷𝜷𝒉𝒉𝒌𝒌𝒍𝒍 𝐜𝐜𝐜𝐜𝐜𝐜𝜽𝜽,                 (2.3) 

where D is the crystallite size in nm, k the shape factor, which usually takes 

a value of about 0.9, λ the radiation wavelength (0.15406 nm for Cu-Kα 

radiation), βhkl the full width at half maximum (FWHM) of the peak 2θ 

angle [6,7]. 

Williamson–Hall (W-H) Method 

 Williamson- Hall analysis [7] is carried out to find out the 

contribution of size and micro-strain to line broadening of the XRD 

spectrum. Crystallite size and micro-strain ‘ε’ on peak broadening are 

estimated from W-H equation,  

  βhkl cosθ = 𝒌𝒌𝒌𝒌𝑫𝑫  + 4ε sinθ, (2.4) 

where ε is the micro-strain of the system. The variation of βhklcosθ against 

4sinθ is plotted for the samples. By linear fitting, crystallite size is 

estimated from the y-intercept and micro-strain ε is obtained from the slope 

of the fitted line. 
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2.3.2.2 Transmission electron microscopy  

 In this microscopic technique, a beam of electrons is transmitted 

through the sample to form an image from the interaction of the electrons 

with the sample. TEM is capable of imaging at a significantly 

higher resolution than the light microscope. This is due to the smaller de 

Broglie wavelength of electrons. In TEM imaging, bright-field pictures are 

usually obtained at smaller angles and consist of a mixture of elastic, 

thermal diffuse, and inelastic scattering.  In bright-field TEM imaging, 

the transmitted beam, as well as a small amount of reflections, is select by 

cutting out all the other electrons to form the image. So a magnified image 

can be obtained from this. In high-resolution transmission microscopy 

(HRTEM), both the transmitted and several diffracted electron beams are 

used to form the image. So the resolution is improved in HRTEM 

comparing to bright field imaging because higher spatial frequencies are 

included in HRTEM.  Due to the high resolution of this technique, lattice 

arrangements, defects, dislocations within the sample can be identified 

using this HRTEM. Selected area electron diffraction (SAED) is obtained 

by operating TEM in diffraction mode. The SAED image helps to identify 

the nature of the sample.  The SAED pattern consists of a pattern of dots in 

the case of a single crystal, small spots making up rings in the case of a 

polycrystalline and diffused rings for amorphous solid material [8]. 

 For TEM studies, NiWO4 samples are dispersed in ethanol using an 

ultrasonic bath. A drop of the suspension is placed on a copper grid coated 

with carbon film. After drying, the copper grid containing the nanoparticles 

is placed on a holder for the imaging process. TEM micrographs of the 

samples are taken using a JEOL JEM 2100 accelerated by 200 kV with a 

resolution of 0.23 nm. Further analysis such as particle size calculation 

from the bright-field image, lattice spacing calculations from HRTEM and 

SAED are done using ImageJ software. 

https://en.wikipedia.org/wiki/Microscopy
https://en.wikipedia.org/wiki/De_Broglie_wavelength
https://en.wikipedia.org/wiki/De_Broglie_wavelength
https://www.globalsino.com/EM/page4162.html
https://en.wikipedia.org/wiki/Amorphous
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2.3.2.3 Field emission scanning electron microscopy 

 FE-SEM is the microscopy that works with electrons instead of 

light. It is used to analyse the topographic details on the surface of the 

samples. In the present research work to analyse the surface morphology of 

NiWO4 samples, FE-SEM images are taken using the instrument FEI 

(Model- Nova Nano SEM 450) operating at15 kV.  For the surface analysis 

of the doped and composite samples, the instrument ∑IGMA TM (ZEISS) 

operating at 5 kV is used. 

2.3.2.4 Energy-dispersive X-ray spectroscopy  

 The energy-dispersive X-ray spectroscopy is used to analyse the 

chemical composition of the samples. When a sample is bombarded with a 

focused beam of electrons, it emits X-ray spectrum. The EDS makes use of 

this spectrum to obtain a localized chemical analysis. All elements from 

atomic number 4 to 92 can be detected in principle. In some instruments, it 

is difficult to analyse 'light' elements (Z < 10). It can be used for qualitative 

elemental analysis and also standardless quantitative analysis. Qualitative 

analysis involves the identification of the lines in the spectrum. Quantitative 

analysis (determination of the concentrations of the elements present) 

entails measuring line intensities for each element in the sample and the 

same elements in the calibration standards of known composition. In the 

present work, the analysis of the NiWO4 samples is carried out with the 

help of EDS detector OXFORD XMX N.  

2.3.2.5 Fourier transform infrared spectroscopy  

 It is a technique used to obtain an infrared spectrum of absorption 

or transmission of a sample in solid, liquid or gaseous phase. FT-IR 

identifies the presence of organic and inorganic compounds in the sample. 

Depending on the infrared absorption frequency range, the specific 

molecular groups existing in the sample can be determined.  

https://en.wikipedia.org/wiki/Infrared
https://en.wikipedia.org/wiki/Electromagnetic_spectrum
https://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
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 In the present study, Fourier transform infrared spectra of the 

NiWO4 samples are recorded by FT-IR spectrophotometer (Thermo Nicolet, 

Avatar 370) in the range 4000 to 400 cm-1.  The spectral output is recorded 

by transmittance (%T) as a function of wavenumber (1/λ) cm-1. 

2.3.2.6 Raman spectroscopy 

 Raman spectroscopy is a non-destructive chemical analysis 

technique which provides detailed information about chemical structure, 

phase, crystallinity and molecular interactions. It is based upon the 

interaction of light with the chemical bonds within a material. This 

spectroscopic technique is used to identify the vibrational modes of a 

molecule. A Raman spectrum features several peaks, showing the intensity 

and wavelength position of the Raman scattered light. Each peak 

corresponds to a specific molecular bond vibration. So the structural 

properties can be analysed with the help of a Raman spectrum.  In the 

present research work, Alpha 300 RA AFM & RAMAN (WITec GmbH, 532 

nm DPSS laser) is used to carry out the Raman analysis.  

2.3.3 Optical characterization 

 In this section, two important optical characterization techniques 

namely UV-VIS-NIR absorption spectroscopy and photoluminescence 

spectroscopy are discussed.   

2.3.3.1 Ultraviolet-visible- near-infrared spectroscopy  

 UV-VIS-NIR spectroscopy is a powerful analytical technique to 

determine the optical properties of a material. It includes absorption and 

reflectance spectroscopy in the UV–Vis-NIR spectral regions. Molecules 

containing π-electrons or nonbonding electrons (n-electrons) can absorb 

ultraviolet or visible light energy and be excited to higher anti-bonding 

molecular orbitals [9]. In UV–Vis spectroscopy, molecules undergo 
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electronic transitions in the ultraviolet or visible region. This transition is 

from highest occupied molecular orbit in the valence band to lowest 

unoccupied molecular orbital in the conduction band. This kind of transition 

is possible only when the incident photon energy is equal to or greater than 

the energy difference between possible electronic transition states. As a 

result, a sharp increase in the absorption at an energy close to bandgap is 

observed in the spectrum. 

Bandgap energy 

 To find the bandgap energy, data is collected from UV-VIS- NIR 

spectrophotometer in the diffuse reflectance mode. The optical bandgap 

(Eg) of samples are determined by fitting data to Tauc transition equation 

[10] 

  αhν = A(hν – Eg)n,        (2.5) 

where α is the optical absorption coefficient, hν the photon energy, Eg the 

bandgap and A is a constant. In equation (2.5), n=1/2 gives the direct 

transition and n=2 gives the indirect transition[11]. The absorption co-

efficient ‘α’ is calculated from the diffuse reflectance data using the 

equation,  

  α= [ 1- R]2 / 2R,    (2.6) 

where R is the reflectance. Both direct and indirect optical bandgap 

energies of samples are measured by plotting (αhν)2 and (αhν)1/2 as a 

function of photon energy respectively (Tauc plot) and extrapolating the 

linear portion of the curves to absorption equal to zero.  

Absorption spectra of the samples are obtained using a double-beam UV–

Visible spectrophotometer (Varian, Cary 5000 model) with a scan rate of 

600 nm/min. The spectra are recorded in the range of 224–1976 nm. 
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2.3.3.2 Photoluminescence spectroscopy 

 Photoluminescence spectroscopy is a non-destructive method of 

probing the electronic structure of materials. The light which is directed 

onto a sample is absorbed and it excites an electron to a higher energy level. 

This is known as the photoexcitation process. This excess energy can be 

dissipated by the sample through the emission of light and it is called 

photoluminescence. Photoexcitation causes electrons within a material to 

move into permissible excited states. When these electrons return to their 

equilibrium states, the excess energy is released by a radiative process or by 

a non-radiative process. The energy of the emitted light is related to the 

difference in energy levels between the electron states involved in the 

transition. The energy corresponding to the emission peaks is given by,  

  E = hν = hc/λ in eV,        (2.7)  

where λ is the wavelength in nm corresponding to the emission peak. 

Photoluminescence spectra of the samples are recorded by a Horiba 

fluorescence spectrometer using broadband 450W Xenon arc lamp as a 

source with a resolution of 0.2 nm. The emission spectra are recorded in the 

range 350–650 nm at an excitation wavelength of 350 nm using a slit width 

of 3 nm. 

CIE Chromaticity diagram 

 In 1931, the Commission International de l'Eclairage (CIE) 

developed a standard three colour system for specifying colours. The CIE 

colour model is a visual perception system based on three colours namely 

red (X), green (Y), and blue (Z) recognized by the colour receptors in the 

eye. These primaries (X, Y, Z) are called the trichroma values. The 

chromaticity coordinates (x, y, and z) are calculated as the fractional values 

of the three primaries. Since the sum of x, y and z equal 1, two of the 
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fractional values are sufficient to define an unknown colour. Thus a two-

dimensional chromaticity diagram can be plotted with the x coordinate 

along the abscissa, and the y coordinate along the ordinate. The two-

dimensional chromaticity diagram forms a parabolic curve where the pure 

spectral colours located on the edge. Fig. 2.1 shows the 1931 chromaticity 

diagram.  

 

Fig. 2.1 1931 CIE chromaticity diagram [12] 

2.3.4 Vibrating sample magnetometry  

 Vibrating sample magnetometry belongs to the direct class of 

magnetic measuring techniques in which the macroscopic magnetization of 

the sample is sensed. VSM measures the magnetic moment of a sample 

when it is vibrated perpendicular to a uniform magnetizing field. The 
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magnetic moment is measured based on Faraday’s law [13]. In the present 

research work, magnetic measurements of the samples are carried out in a 

vibrating sample magnetometer (Lakeshore VSM 7410) at room 

temperature in an applied magnetic field sweeping between ± 15000 Oe.  

2.3.5 Dielectric and AC conductivity studies 

  Dielectric measurements are important as they provide electrical 

characteristics of the materials. Measurement of dielectric properties 

involves measurements of the complex relative permittivity (ε*) of the 

material. Complex permittivity consists of a real and imaginary part. The 

real part of the complex permittivity, also known as dielectric constant is a 

measure of the amount of energy from an external electrical field stored in 

the material. The imaginary part is known as the loss factor. It is a measure 

of the amount of energy loss from the material due to an external electric 

field. Its value is zero for lossless materials. The ratio of the imaginary part 

to the real part of the complex permittivity is called loss tangent it is 

represented by tanδ. The loss tangent is also called as tangent loss or 

dissipation factor. 

 The frequency-dependent properties of materials at room 

temperature can be explained with the help of complex permittivity (ε*), 

complex impedance (Z*) and dielectric loss or dissipation factor. Different 

parameters and their interconnecting relations are given below: 

 Complex permittivity, ε* = εꞌ - j εꞌꞌ  (2.7) 

 Complex impedance, Z*  = Zꞌ +j Zꞌꞌ = 1/(jωC0ε*) (2.8) 

 Dielectric loss or dissipation factor, tan δ = εꞌꞌ/ εꞌ = Zꞌ/ Zꞌꞌ    (2.9) 

Where ω= 2πf, C0 is the geometrical capacitance. 

 The real part of the dielectric constant of a material can be 

evaluated by forming a capacitor with the same material as a dielectric 
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medium. From the capacitance value obtained, the real part of dielectric 

constant can be calculated   

  εꞌ = Cp d/(ε0 A),  (2.10) 

where Cp is the capacitance of the specimen, d the thickness of the pellet, A 

the cross-sectional area and ε0 the permittivity of free space (8.85 x 10-12 

Fm-1). 

For a better understanding of the dielectric behaviour of the samples, the 

complex impedance spectroscopic technique is employed. In complex 

impedance diagrams (Nyquist plot), the imaginary part of the impedance 

Zꞌꞌ(ω) is plotted against the real part of impedance Zꞌ(ω). The grain and 

grain boundary contributions to the overall impedance can be resolved by 

fitting the experimental response to that of an equivalent circuit. In the 

present study, the fitting is done with the help of EIS spectrum analyser. 

The AC conductivity of samples is investigated to analyze their conduction 

mechanism.  The AC conductivity is calculated using the formula,  

  σac = εꞌε0ω tanδ,  (2.11)   

where εꞌ is the real part of complex permittivity, ε0 is the permittivity of free 

space, ω is the angular frequency and tanδ is the loss tangent of system.  

 In general, the electrical conductivity depends on the number of free charge 

carriers available and their mobility. The real part of AC conductivity σ 

consists of two parts, 

                   𝛔𝛔 =  𝛔𝛔(𝐓𝐓) + 𝛔𝛔(𝛚𝛚,𝐓𝐓),             (2.12) 

The first term is the frequency-independent DC conductivity, which is due 

to band conduction. The second term is the AC conductivity due to hopping 

of charge carriers. This term is a frequency-dependent term [14]. The 
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variation of AC conductivity can be described by the universal Jonscher's 

power law [15]. 

                            𝝈𝝈(𝝎𝝎,𝑻𝑻) =  𝝈𝝈𝒂𝒂𝒄𝒄 = 𝑨𝑨𝝎𝝎𝒔𝒔,           (2.13) 

where ω is the angular frequency of the applied field, and  A and n are 

constants which depend on both the temperature and composition. The 

constant s is the frequency exponent which varies between zero and unity.  

 In the present work, the dielectric and impedance spectra are 

measured in the frequency range of 50 Hz- 5 MHz at room temperature by 

using Wayne Kerr H- 6500B model impedance analyser.    
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Chapter - 3 

EFFECT OF CALCINATION TEMPERATURE ON 

THE PROPERTIES OF NANOPHASE NiWO4  
 

3.1 Introduction   

The important steps to obtain nanophase nickel tungstate with 

desired applications are the synthesis of nanoparticles with suitable size and 

morphology, and explore its unique properties. This chapter describes the 

synthesis and characterization of nickel tungstate nanoparticles.  The effect 

of calcination temperature on the structural, vibrational, optical, magnetic 

and electrical properties of NiWO4 nanoparticles is also discussed.  

3.2 Synthesis of nickel tungstate nanoparticles 

Method of direct precipitation is used to synthesize NiWO4 

nanoparticles. This is a simple, easy to handle and more economical 

synthesis route. All chemicals used for the synthesis of NiWO4 are of 

analytical grade and are used without further purification. The specific 

chemicals used are nickel (II) nitrate hexahydrate, Ni(NO3)2.6H2O (98%, 

Merck) and sodium tungstate, Na2WO4.2H2O (98%, Merck). Distilled water 

is used in all the synthesis procedures. 

  In a typical synthesis, 0.1 M solutions of Ni(NO3)2.6H2O (Sol A) 

and Na2WO4.2H2O (Sol B) are made by dissolving 2.91 g of nickel nitrate 

and 3.29 g of sodium tungstate in 100 ml of distilled water separately. Sol B 

is added to sol A and stirred using a magnetic stirrer. After completing the 

precipitation, the above solution is washed several times with distilled 

water. The washing process helps to eliminate unreacted nitrate and sodium 
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ions from the obtained product. The precipitate obtained is dried at 800C for 

15 h. The dried powder sample is calcined at three different temperatures 

namely 500, 600 and 7000C for 3 h to get three different samples to study 

the effect of calcination temperature. The samples obtained after calcination 

at 500, 600 and 7000C are designated as S1, S2 and S3, respectively. The 

colour of the nanocrystalline nickel tungstate powder changed from light 

ochre to dark ochre as the temperature is increased from 500 to 7000C. A 

schematic representation of the synthesis of nanocrystalline NiWO4 is 

shown in Fig.3.1. 

 

Fig. 3.1 The scheme of preparation of nanophase nickel tungstate using 

direct precipitation method. 

3.3 Results and discussion 

3.3.1 Thermal analysis 

 Selection of suitable calcination temperatures is determined from 

the thermal analysis of nickel tungstate powder. The thermal stability and 

decomposition of the synthesized NiWO4 are studied using 



 Effect of Calcination Temperature on the properties of Nanophase NiWO4 

Studies on the Properties of Nanostructured Nickel Tungstate     .    37   . 

thermogravimetric, derivative thermogravimetric and differential thermal 

analysis using Perkin Elmer STA 6000. TGA/DTG/DTA graphs for nickel 

tungstate nanoparticles prepared under optimum conditions (before 

calcination) are shown in Fig.3.2. The sample shows a weight loss of 10% 

in the temperature range of 50-2000C due to dehydration of surface 

absorbed moisture and gases. This loss of weight is confirmed from the 

DTG curve as a broad peak observed from the ambient temperature to 

3000C. A weak endothermic peak is also observed in the same region of the 

DTA curve. In the TG curve, the dehydration process continues with a 

small weight loss of 4% in between 200-4400C. This loss in weight may be 

attributed to the releasing of the trapped water in the crystalline structure of 

the sample. The profile reaches a plateau above 4400C. The nickel tungstate 

nanoparticles are thermally stable, and there is no weight loss above 4400C.  

Based on the results, the calcination temperatures are chosen as 500, 600 

and 7000C.  

 

Fig. 3.2 TGA/DTG/DTA curves of NiWO4 nanoparticles. 
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3.3.2 Analysis of structural properties 

 The structural analyses of the synthesized nanocrystalline NiWO4 

are carried out by following the procedure described in section 2.3.2 and the 

effect of calcination temperature is also studied. 

3.3.2.1 Powder XRD analysis 

 Crystalline structure, phase purity and average crystallite size of 

NiWO4 nanoparticles are determined using XRD patterns. Fig. 3.3 shows 

the X-ray diffractograms of the NiWO4 samples calcined at 500 (S1), 600 

(S2) and 7000C (S3) taken by a Bruker AXS D8 Advance X-ray 

diffractometer with Cu-Kα radiation (λ = 1.5406 Å). From the Fig.3.3, it is 

evident that as calcination temperature rises, intensities of diffraction peaks 

raise and become sharper, indicating an increase of crystalline nature. 

Along with that, there is a decrease in full width at half maximum.  The 

XRD patterns obtained agree well with the JCPDS file No. 72-0480.  The 

same crystalline structure is observed for the samples S1, S2 and S3. The 

XRD patterns of the NiWO4 samples S1, S2 and S3 correspond to 

wolframite monoclinic structure with P2/c space group.  In this structure, 

oxygen atoms are hexagonally close-packed and the metal ions occupy a 

quarter of all the octahedral sites [1, 2]. The lattice parameters are 

determined using the formula given in section2.3.2.1 and their values are 

compared with the JCPDS values and are presented in Table 3.1. 

 The average crystallite sizes of NiWO4 nanoparticles calcined at 

different temperatures are calculated from XRD patterns using the Scherrer 

equation. Average crystallite sizes estimated for samples S1, S2 and S3 are 

14.74, 25.13 and 28.10 nm, respectively. From these values, it can be 

concluded that crystallite size increases with the increase in calcination 

temperature.  
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Fig. 3.3 X-ray diffraction patterns of NiWO4 samples calcined at different 

temperatures. 

 

Table 3.1 Lattice parameters of NiWO4 samples calcined at different 

temperatures. 

Lattice 
parameter 

Sample (S1) 
Sample 

(S2) 
Sample (S3) 

JCPDS 
values 

a  (Å) 4.655±0.093 4.582±0.091 4.592±0.091 4.599 

b  (Å) 5.439±0.108 5.612±0.112 5.667±0.113 5.660 

c  (Å) 4.986±0.9972 4.900±0.98 4.907±0.09814 4.906 

β 91.943 89.920 89.864 90.030 
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  Williamson–Hall analysis as described in section2.3.2.1 is carried 

out to calculate the contributions of size and micro-strain to XRD line 

broadening. The particle size and micro-strain ‘ε’ on peak broadening of 

nanocrystalline NiWO4 are estimated for different calcination temperatures 

using W–H plots. The W-H plots of samples S1, S2 and S3 are shown in 

Fig. 3.4. Geometric parameters of NiWO4 nanoparticles are presented in 

Table 3.2. 

Table 3.2 Geometrical properties of NiWO4 samples. 

Sample 

Average 
crystallite  size 

(Scherrer 
equation) 

(nm) 

Unit cell 
volume 

 
(10-30 m3) 

W-H Method 

Crystallite 
size 

(nm) 

Micro-strain 
 

(*10-3) 

S1 14.74±0.29 126.18 15.88±0.31 2.63±0.05 

S2 25.13±0.75 125.99 24.30±0.24 0.68±0.01 

S3 28.10±0.56 126.69 30.27±0.60 0.47±0.01 

 

 It can be seen from Table 3.2 that the crystallite sizes estimated 

from the Scherrer equation and W–H analysis for all the samples are nearly 

in agreement. Crystallite size increases with an increase in calcination 

temperature. It can also be seen that the micro-strain for NiWO4 calcined at 

5000C is high, which decreases with the increase in calcination temperature. 

Micro-strain in crystals may be due to the structural imperfections and 

surface effects [2, 3]. In the case of calcined samples S2 and S3, the 

decrease in micro-strain may be due to the removal of defects like 

dislocations, edges or cuts during the calcination process [3]. So from this 

analysis, it can be concluded that the increase of calcination temperature 

leads to the reduction in the micro-strain.  
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Fig. 3.4 W-H plots of NiWO4 samples 

 

3.3.2.2 TEM analysis  

 Transmission electron microscopy images of NiWO4 samples are 

taken by a JEOL/JEM 2100 (Source: LaB6 and voltage: 200 kV). TEM 

bright field images of NiWO4 samples (S1, S2 and S3 ) are shown in 

Fig.3.5.  The bright field images of NiWO4 samples show that nanoparticles 

formed are not having an exact spherical shape. Moreover, they are found 

to be agglomerated. From Fig. 3.5, it is evident that the particle size 

increases with the increase in calcination temperature. The particle size 

distribution obtained from TEM images is presented in Fig.3.6. The particle 

size ranges from 8 to 20 nm for S1, 16-30 nm for S2 and 24-38 nm for S3. 

The average particle size for samples S1, S2 and S3 are 14.84, 28.05 and 

32.31 nm respectively. Fig. 3.7 shows the HRTEM images of all the 

samples. From the figure, it can be seen that all the samples show lattice 

fringes formed due to the crystal planes formed in the particles. The SAED 
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patterns of nanocrystalline NiWO4 samples are presented in Fig. 3.8.  In the 

figure, all samples show bright spots that confirm the crystalline nature of 

the samples. The crystal planes which show high-intensity peaks in the 

XRD can be indexed from the SAED pattern. The calculated inter-planar 

spacing(dhkl) values from SAED patterns are compared with the XRD 

results to index the planes.  The comparison of dhkl values with XRD values 

for different planes of NiWO4 samples are presented in Table 3.3. 

Table 3.3 Inter-planar spacing (dhkl) and the corresponding planes of 

samples S1, S2 and S3. 

S1 S2 S3 

Plane 
Measured 
fromSAED 

d (A0) 

Measured 
from 
XRD 
d (A0) 

Plane 
Measured 
fromSAED 

d (A0) 

Measured 
from 
XRD       
d (A0) 

Plane 
Measured 
fromSAED 

d (A0) 

Measured 
from 
XRD        
d (A0) 

(010) 5.543 5.587 (010) 5.409 5.611 (010) 5.395 5.654 

(100) 4.401 4.533 (111) 2.886 2.875 (110) 3.388 3.567 

(011) 3.448 3.537 (112) 1.994 2.018 (111) 2.882 2.886 

(002) 2.591 2.447 (130) 1.723 1.742 (002) 2.386 2.454 

(112) 2.046 2.017 (311) 1.345 1.416 (211) 1.914 1.955 

(130) 1.695 1.740 
   

(220) 1.809 1.785 

(302) 1.268 1.298 
   

(311) 1.391 1.418 
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Fig.3.5 TEM  bright-field images of NiWO4 samples. 

 

Fig.3.6 Size distribution graphs of NiWO4 samples. 
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Fig.3.7 HRTEM images of NiWO4 samples. 

 

 

Fig.3.8 SAED patterns of  NiWO4 samples. 
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3.3.2.3 FE-SEM and EDS analysis 

 The surface morphology of the nickel tungstate nanoparticles is 

studied with the help of field emission scanning electron microscopy. The 

micrographs of the samples are taken using the instrument FEI (Model- 

Nova Nano SEM 450) operating at 15 kV. Fig. 3.9 shows the FE-SEM 

images of the NiWO4 samples with a magnification of 150000. From the 

figure, it can be seen that spherical nanoparticles combined to form clusters 

which result in coral-like structures. As the calcination temperature 

increases, the spherical nanoparticles are changing their shapes to cube-like 

structures [2].  

 

Fig. 3.9  FESEM images of NiWO4 samples at different calcination 

temperatures. 

 The energy-dispersive X-ray spectroscopy is used to analyse the 

chemical composition of the as-prepared samples. This is done with the 

help of BRUKER EDS detector (Model- XFlash 6/10). The EDS image of 
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the NiWO4 sample calcined at 5000C is shown in Fig. 3.10. The image 

confirms the presence of Ni, W and O in the correct stoichiometric ratio. 

Also, no impurities are observed in the synthesized NiWO4 samples. Table 

3.4 gives the EDS data for all the three samples S1, S2 and S3. For the 

sample S1, Ni and W are in the correct stoichiometry with a negligible 

oxygen deficiency. For sample S2 the same behaviour is observed with a 

slight increase in oxygen deficiency. For S3, Ni and W are in high 

percentage with comparatively large oxygen deficiency.  From EDS 

analysis, it can be found that calcination introduces slight variation in 

atomic percentages. Mainly, oxygen deficiency is found to be increasing 

with the increase in calcination temperature. 

Table. 3.4 EDS data of NiWO4 samples S1, S2 and S3. 

Sample Elements 
Atomic 
number 

Series Wt. % At.% 

 
S1 

W 74 L- Series 58.91 15.64 

O 8 K- Series 22.62 69.00 

Ni 28 K- Series 18.47 15.36 

 
S2 

W 74 L- Series 58.9 15.74 

O 8 K- Series 22.31 68.53 

Ni 28 K- Series 18.79 15.73 

 
S3 

W 74 L- Series 59.88 16.96 

O 8 K- Series 20.04 65.23 

Ni 28 K- Series 20.08 17.81 
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Fig. 3.10  EDS image of the NiWO4 sample calcined at 5000C. 

3.3.2.4 FT-IR analysis 

 FT-IR spectra of the samples S1, S2 and S3 are recorded by FT-IR 

spectrophotometer (Thermo Nicolet, Avatar 370) in the range 3750 to 450 

cm-1. Fig.3.11 shows FT-IR spectra of NiWO4 samples calcined at different 

temperatures. The wide peaks at about 3414 cm-1 confirm the presence of 

moisture. The main absorption bands of wolframite type structure appear in 

the range of 450-1000 cm-1. In comparison with previous investigations [4], 

these peaks are attributed to the vibration bands of the NiWO4. Fig. 3.12 

represents the FT-IR spectra of S1, S2 and S3 in the range 300 – 1200 cm-1.  

The bands at 944 and 997 cm-1 correspond to the stretching modes of the 

W=O terminal bond present in each octahedron of WO3 [2,5]. The bands at 

869 and 806 cm-1 arise from vibrations of the WO2 present in the W2O8 

groups. The absorption band at 622 cm-1 is typical of a two-oxygen bridge 

(W2O2) and corresponds to the asymmetric stretching of the same units 

[2,6-9]. The observed absorption below 500 cm-1 corresponds to the 

asymmetric stretching vibrations of the NiO6 polyhedra [2,10, 11]. On an 
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increase in calcination temperature, noticeable changes are observed in the 

positions of vibration bands of NiWO4 samples. The vibration bands shift 

slightly due to lattice expansion and anharmonic effects that reflect the 

rigidity of the tungstate lattice. From the Fig.3.12, it can be seen that for the 

samples S2 and S3, the bands at 997 and 944 cm-1 are disappeared. This 

may be due to the absence of the stretching of the W-O bond with an 

increase in calcination temperature. An additional band at 690 cm-1 for S2 

and  S3 are formed. This may be due to distortions induced in some W=O 

terminal bonds with the increase in temperature. In Table 3.5, IR active 

modes obtained for the NiWO4 samples are compared with the literature 

values [12]. To summarize, synthesized nanocrystalline NiWO4 has 

wolframite structure with the characteristics bonds and changes are 

observed in the positions of vibration bands with the increase in calcination 

temperature.                                                                                                                                                 

Table 3.5 Comparison of IR- active modes of NiWO4  

with the literature values. 

Literature value 

[12](cm-1) 

Present work (cm-1) 

S1 S2 S3 

432 455 456 458 

494 --- --- --- 

523 527 529 527 

533 --- --- --- 

--- 623 621 615 

681 677 690 690 

--- 806 819 822 

877 869 869 874 

961 944 --- --- 

--- 997 --- --- 
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Fig. 3.11 FT-IR spectra of NiWO4 samples calcined at different 

temperatures. 

 

Fig. 3.12 FT-IR spectra of NiWO4 samples for the range of 300-1200 cm-1. 
 

3.3.2.5 Raman analysis 

 Raman spectroscopy is used to probe short-range ordering in the 

samples. The Raman spectra of samples are taken by Alpha 300 RA AFM & 

RAMAN. Raman spectra of NiWO4 are sensitive mainly to the tungsten 

sublattice since the nickel environment shows relatively weak Raman 
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activity. As NiWO4 belongs to the monoclinic, P2/c wolframite structure, it 

would be expected to give six internal stretching modes caused by each of 

the six W-O bonds in the WO6 octahedrons. From the site- group method 

[2,13], it is possible to obtain the following distributions for the Raman 

first-order modes; Г = 8Ag+10Bg. So there are 18 Raman active modes for 

NiWO4. Fig.3.13 shows the Raman spectra of NiWO4 nanoparticles 

obtained after calcination at different temperatures.  

 Table 3.6 compares the phonon active modes of NiWO4 with the 

literature values [12]. From Fig.3.13 and Table 3.6, it can be seen that 

Raman spectra of NiWO4 samples at room temperature consisting of 14 

Raman active modes in the range of 45-1200 cm-1. The spectra obtained 

agree with the literature values with a slight difference in the band 

frequency.  

 

Fig.3.13 Raman spectra of NiWO4 nanoparticles calcined at  

different temperatures. 
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Table. 3.6 Raman active modes of NiWO4 samples. 

ν 

(cm-1) [12] 
Phonon 

symmetry 
S1 

(cm-1) 

S2 
(cm-1) 

S3 
(cm-1) 

97 Bg 91.4 94.7 91.6 

149 Ag 139.3 144.4 139.7 

174 Bg 163.8 169.1 163 

197 Bg ---- ---- ---- 

210 Bg 207.7 215.2 205.9 

223 Ag ---- ---- ---- 

287 Ag 276.2 281.2 296.1 

307 Ag 298.7 303.3 ---- 

326 Bg ---- ---- ---- 

363 Ag 353.4 359.7 349.1 

380 Bg ---- ---- ---- 

418 Ag 412.3 416.1 411.5 

512 Bg ---- 506.6 ---- 

549 Ag 533.1 543.8 531.1 

675 Bg 686.6 ---- ---- 

697 Ag 717.4 693.4 685.7 

775 Bg 783 773.2 781.8 

893 Ag 883.8 889.2 880.9 

 

 The most intense band observed at 884 cm-1 is assigned to the Ag 

mode. In the case of a regular octahedron, the symmetric stretch is expected 

to have the maximum frequency. So this band originates from the 
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symmetric stretching of shortest terminal W-O bond [2, 14]. The bands at 

783 and 717 cm-1 are attributed by Bg and Ag modes, respectively. They are 

due to the asymmetric stretching of the W-O bonds. The bands at 412, 353 

and 207.7 cm-1 are assigned to 2Ag+Bg modes, originate from the bending 

modes of the regular octahedron [2,15]. Other bands are contributed by 

asymmetric stretching vibration modes of longer W–O bond, symmetric 

stretching vibrations of longer W–O bond, deformation vibration of short 

W–O bonds, and inter-chain deformation modes and lattice modes [2,16, 

17].  It can also be seen that Raman peaks shift slightly as calcination 

temperature is increased, which may be due to particle size elevation. 

3.3.3 Analysis of optical properties 

   UV-VIS-NIR spectroscopic studies and photoluminescence studies of 

NiWO4  nanoparticles calcined at different temperatures are presented here. 

The analyses are carried out by following the procedure as given in section 

2.3.3. 

3.3.3.1  UV-VIS-NIR analysis  

 To characterize the absorption properties, absorption spectra of the 

NiWO4 samples are obtained using a double-beam UV–Visible 

spectrophotometer (Cary 5000 model) with a scan rate of 600 nm/min. The 

spectra are recorded in the wavelength range 224–1976 nm.  Fig.3.14 shows 

the optical absorbance spectra of NiWO4 samples calcined at different 

temperatures. It shows that NiWO4 nanoparticles have good light 

absorption properties in the ultraviolet, visible and infrared wavelengths. 

These spectra have main absorption peak in the region 270-315 nm (4.58- 

3.93 eV). This absorption peak may be attributed to the charge transfer 

transition in the WO6 matrix. In metal tungstates, the ultraviolet absorption 

is attributed to the excitation in O and W within the WO6 matrix [2,18]. The 

two peaks in the visible region around 450 nm (2.75 eV) and 740 nm (1.68 
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eV) are due to the forbidden electronic transition from 3A2g to 1Eg and the 

electronic transition from 3A2g to 1T2g, respectively [2,19]. The band around 

825 nm (1.50 eV) can be assigned to the 3T1 to 1T2 transition in Ni2+O4. So 

this band represents the presence of Ni2+O4 arising from Frenkel defects 

which are present in the sample by the dislocation of Ni2+ from the 

octahedral to tetrahedral sites. A broad absorption band is observed in the 

IR wavelength range 1300-1600 nm. This IR absorption may be due to the 

presence of Ni3+ present in the sample [19]. From the Fig. 3.14, it can also 

be seen that the absorption peaks are slightly shifted towards higher 

wavelength region upon calcination at a higher temperature. This redshift is 

due to particle size elevation of the samples with the increase in calcination 

temperature [2,20]. 

 

Fig. 3.14 Optical absorbance spectra of NiWO4 samples calcined at 

different temperatures. 

   In metal tungstates, there is a chance of having both direct and indirect 

band transitions [21]. In the case of NiWO4, the valance band is formed by 

hybridized O2p and Ni3d states, and the Ni3d states contribute mainly to the 

upper part of the valance band. The conduction band is formed by the 
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empty W5d states with an admixture of the empty Ni3d states at the bottom 

of the band [12]. Optical absorption below the fundamental absorption edge 

can be explained by the ligand field theory. According to this theory, 

optical transitions occur between crystal- field-split levels of the 3dn ion. 

Even though 3d electrons are not completely localized, electron transfer 

between the 3d and ligand orbitals and between neighbouring 3d sites 

occurs to some extent. A cluster NiO6
-10, where Ni atom is octahedrally 

coordinated by O atoms, is considered to explain the energy levels as the 

spectral shape of NiWO4 is similar to that of NiO [22]. To analyse the 

electronic structure of NiWO4, energy levels diagram of NiO6
-10 cluster [23] 

is considered and is shown in Fig.3.15. The figure explains d-d transitions 

taking place along with the charge transfer transitions in NiO6. The dashed 

lines represent those configurations which interact strongly via Ni 3d- O2p 

hybridization.  

 

Fig.3.15 Energy level diagram of NiO6
-10 cluster. 

[3A2g represents the ground state. In d8 configuration  3T2g, 1T1g, 3T1g, 1T2g, 

1E1g, 1A1g represent excited states. P_σ and p_π are having symmetry of 2Eg 

and 2T2g respectively] 
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Fig.3.16 Tauc plots for direct bandgap energy of NiWO4 samples calcined 

at different temperatures. 

 

Fig.3.17 Tauc plots for indirect bandgap energy of NiWO4 samples 

calcined at different temperatures. 
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 From reflectance data, absorption co-efficient ‘α’ is calculated for 

the NiWO4 samples. Both direct and indirect optical bandgap energies of 

samples are measured by Tauc plots [23, 24]. In Tauc plot, (αhν)2 and 

(αhν)1/2 are plotted as a function of photon energy for direct and indirect 

bandgaps respectively. The linear portion of the curves is extrapolated to 

absorption equal to zero to get the bandgap value. The Tauc plot for direct 

and indirect bandgaps of  NiWO4 are shown in Fig.3.16 and Fig.3.17 

respectively. From Fig.3.16 and 3.17, both direct and indirect optical 

bandgap values are estimated for samples S1, S2 and S3, and are tabulated 

in Table 3.7. It can be seen that both direct and indirect bandgap values of 

samples decrease slightly with the increase in calcination temperature. As 

calcination temperature increases, the level of the conduction band may be 

decreased, which in turn results in the reduction of bandgap energy. 

Table 3.7  Direct and indirect optical band gaps of NiWO4 samples. 

Sample 
Direct bandgap 

(eV) 
Indirect 

bandgap (eV) 

S1 3.07 2.80 

S2 3.02 2.78 

S3 3.02 2.78 

 
3.3.3.2 Photoluminescence analysis  

 PL studies provide information relating to different energy states 

available between valance band and conduction band, which are responsible 

for radiative recombination. Fig. 3.18 shows room temperature PL emission 

spectra of the synthesized NiWO4 nanoparticles under different calcination 

temperatures recorded by Horiba fluorescence spectrometer (slit width of 

3.0 nm), using 350 nm excitation wavelength. Using 350 nm excitation, the 

PL emissions for NiWO4 nanoparticles are obtained at a wavelength range 
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of 350-550 nm. This may be due to the presence of states within the 

bandgap of the material that may involve in the emission [24]. As the PL 

emission mainly results from the recombination of photoexcited electrons 

and holes, the emission spectra of the NiWO4 samples show similar peak 

positions with varied PL intensities. Samples S1, S2 and S3 show nearly the 

same peaks. The patterns are similar to other wolframite compounds with 

two major peaks at 412  nm (3.01 ev) and 433 nm (2.86 eV). The observed 

patterns may be originated from the WO6
6- anion along with some defects in 

the crystal structure [2,25]. The emission peak at 412 nm is mainly 

attributed to charge transfer transitions within the WO6 octahedra [24]. The 

emission peaks of 454 nm (2.74 eV) and 481 nm (2.58 eV) are due to the 

transitions 3A2g  to 3T1g and   3A2g to a 1T2g, respectively taking place within 

the NiO6 polyhedra [2,26]. They are the d-d transitions for octahedrally co-

ordinated Ni2+. As NiWO4 is a self-activated luminescent tungstate [27], the 

luminescence origin is intrinsic luminescence. So intrinsic defects, such as 

oxygen vacancies and interstitial atoms may be present in these samples [28].  

 

Fig. 3.18 PL spectra of NiWO4 nanoparticles at different calcination 

temperatures. 
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 Maximum PL emission intensity is obtained for sample S3 and 

minimum for S1. In short, the increase in calcination temperature results in 

an increase in PL emission. This increase in PL intensity may be due to the 

increase in oxygen vacancies caused by the increase in calcination 

temperature. The high PL emission of S3 makes it a suitable candidate for 

luminescence application while the low PL emission of S1 makes it a 

suitable material for photocatalytic applications. 

 The CIE XYZ colour space encompasses all colour sensations that 

are visible to a person with average eyesight. CIE XYZ (Tristimulus values) 

is a device-invariant representation of the colour and it serves as a standard 

reference. Figure 3.19 shows the CIE chromaticity diagram for the samples 

S1, S2 and S3. The x and y chromaticity co-ordinates under the excitation 

of 350 nm are calculated in the CIE XYZ colour space. The CIE 

chromaticity coordinates of the samples S1, S2 and S3 are presented in 

Table 3.8. All three samples show purplish-blue emission. Only slight 

changes for the chromaticity co-ordinates can be found for NiWO4 samples 

with the increase in calcination temperature. In short, the results of the PL 

and CIE chromaticity studies suggest that the NiWO4 nano-phosphors can 

be used to construct near-ultraviolet (NUV) light excited purplish-blue 

light-emitting diodes (LEDs). 

Table 3.8 Chromaticity coordinates of the samples S1, S2 and S3. 

Sample S1 S2 S3 

x 0.1562 0.1527 0.1505 

y 0.0889 0.0879 0.0812 
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Fig. 3.19 CIE chromaticity diagram of NiWO4 samples. 

3.3.4 Analysis of magnetic properties 

 Fig.3.20 shows the VSM magnetic measurements at room 

temperature for the NiWO4 nanoparticles calcined at different temperatures. 

Magnetic measurements of the samples are carried out in a vibrating sample 

magnetometer (Lakeshore VSM 7410) at room temperature in an applied 

magnetic field sweeping between ± 15000 Oe. From Fig.3.20, NiWO4 

shows a paramagnetic behaviour at room temperature. As the calcination 

temperature increases, the curve shows a shift towards the lower magnetic 

moment. The magnetic properties of the calcined samples are presented in 

Table 3.9. 

 From Table 3.9, it can be concluded that magnetic properties vary 

with the calcination temperature. The saturation magnetic field is reduced 

with the increase in calcination temperature or with the increase in particle 

size. The variation of coercivity and retentivity with particle size is shown 
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in Fig. 3.21. The reduction of coercivity and retentivity with the increase in 

particle size can be seen. Also, the reduced remanence slightly decreases 

with the increase in particle size. For the sample calcined at a lower 

temperature (S1), the internal strain is high, this may lead to the presence of 

uniaxial magnetic anisotropy. On increasing the calcination temperature, 

the particle size increases and correspondingly the strain decreases. The 

magnetic anisotropy also decreases and this may result in the lowering of 

coercivity and retentivity [2,29]. 

Table 3.9  Magnetic properties of NiWO4 nanoparticles calcined at 

different temperatures. 

Sample S1 S2 S3 

Coercivity (Oe) 486.42 427.89 362.07 

Retentivity (emu/g) 7.69E-03 6.73E-03 4.25E-03 

Saturation 
magnetization (emu/g) 

1.63E-01 1.49E-01 1.02E-01 

Reduced remanence 4.72E-02 4.52E-02 4.16E-02 

 

 

Fig. 3.20 VSM curves of NiWO4 nanoparticles calcined at different 

temperatures. 
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Fig. 3.21  Variation of coercivity and retentivity with particle size. 

 3.3.5 Analysis of electrical properties 

 Electrical studies are carried out by following the procedure given 

in section 2.3.5. The electrical measurements are performed by making 

cylindrical pellets by applying a pressure of 7 GPa using a hydraulic press.  

The thickness and diameter of the pellets are 1.7 and 13 mm respectively. 

The pellets are then sintered at 5000C for 1.5 h. The silver paste is applied 

to both the faces of the pellets for good electrical contact. The dielectric and 

impedance spectra are measured in the frequency range 50 Hz-5 MHz at 

room temperature by using Wayne Kerr H- 6500B model impedance 

analyser. 

3.3.5.1 Dielectric analysis 

 Fig.3.22 represents the room temperature frequency response of the 

real part of the dielectric constant of NiWO4 samples calcined at 500, 600 

and 7000C. It can be seen from Fig. 3.22 that NiWO4 samples exhibit a 

similar type of response against frequency. At low frequency, the real part 

of dielectric constant (εꞌ) is high for the NiWO4 samples, and it decreases 
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with the increase in frequency. It shows a dispersion behaviour at low 

frequency region 50-1000 Hz. The εꞌ attains a constant value at high 

frequency region.  The values of εꞌ for the three samples at different 

frequencies are listed in Table 3.10. The high value of εꞌ at low frequency 

for the samples may be due to the electrode polarization effect. The 

dispersion behaviour shown by the samples can be explained based on 

space charge polarization. The theoretical basis for this can be given by 

Maxwell–Wagner-type interfacial polarization [30, 31] and Koop’s 

phenomenological theory [32]. Both theories explain the consequences of 

the existence of conducting grains separated by poor conducting grain 

boundaries. The external electric field causes constrained building up of 

charges in the grain boundaries. This process produces large polarization 

and high dielectric constant in the lower-frequency region. But when the 

frequency increases, grains become more effective as the charge carriers 

cannot chase the high frequency AC field. So the polarization decreases and 

correspondingly the value of εꞌ decreases rapidly. 

 

Fig. 3.22 Room temperature frequency response of the real part of dielectric 

constant for NiWO4 sample calcined at different temperatures. 

 



 Effect of Calcination Temperature on the properties of Nanophase NiWO4 

Studies on the Properties of Nanostructured Nickel Tungstate     .    63   . 

 The energy band structure of the material is important to study the 

conduction mechanism. It is well known that in the 3d transition metal 

oxides, the 4s and 4p orbital overlap the 2s and 2p oxygen orbitals. Because 

of the hybridization of the overlapping orbital, a very high energy gap exists 

connecting the filled 2p band associated with the oxygen ions and the 

bottom of the 4s and 4p bands of the transition metal. In nickel tungstate, 

each nickel ion is bonded to six oxygen ions with octahedral coordination. 

Exchange splitting and the resulting octahedral crystal splits the 3d-orbital 

into a lower triplet of t2g symmetry and a higher doublet of eg symmetry. 

Therefore, the valence band will consist of a filled O2-: 2p and Ni2+: 3d8 

[T2g
6 Eg

2 ] bands. The conduction bands are Ni2+: 3d2 [Eg
2] and W6+:5d 

bands [2, 33, 34]. This type of band structure leads to three possible 

electronic conduction mechanisms: (i) excitation of electrons from filled O2-

: 2p band to a conduction band, (ii) hopping conduction of electrons 

between neighbouring metal ions and (iii) excitation of d electrons from the 

filled valence band to empty conduction bands. The possibilities (i) and (iii) 

may be discarded as it needs a high amount of energy. Here in this work 

room temperature studies are considered. So the most probable conduction 

mechanism in the present case may be the hopping of charge carriers.  

 In NiWO4, short-range self- polarization of the lattice occurs at 

lower temperature and it traps holes (cationic impurities) at local ionic sites. 

Hole transport occurs by electron exchange from Ni2+ to adjacent Ni3+. It 

also occurs due to the hygroscopic nature of the compound and possible 

transition metal impurities. Therefore the material is a p-type conductor 

below 660 K [33, 35]. In NiWO4, surface defects may lead to the existence 

of Ni3+ ions.  Permanent defects are metal vacancies. A nickel cation 

vacancy produces two acceptor states (holes): Ni3+- VM- – Ni3+, where VM- 

is a cation vacancy. A Ni3+ ion thus introduced into the crystal jumps from 

one Ni2+ site to another. Hence, high conductivity is shown by NiWO4 at 
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room temperature. As NiWO4 contains narrow 3d bands when the carriers 

hop between Ni2+ and Ni3+, local polarization takes place and this is 

adequate to trap them at one lattice site and leads to the formation of small 

polarons.   

 From Table 3.10 it can be analysed that calcination temperature has 

a significant effect on the dielectric properties of NiWO4 samples. When 

the calcination temperature of the sample is increased from 500 to 6000C, 

there is a reduction in the parameter. But when the calcination temperature 

is increased to 7000C, the dielectric constant attains high value in all the 

frequency regions as compared to S1 and S2. From the dielectric analysis it 

can be inferred that by changing the calcination temperature, the real part of 

the dielectric constant of NiWO4 can be varied. 

 

Fig. 3.23 Room temperature frequency response of dissipation factor for 

NiWO4 nanoparticles calcined at different temperatures. 
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Table 3.10 Real part of dielectric constant at different frequencies of 

NiWO4 samples. 

Sample εꞌ at 50 Hz εꞌ at 1000 Hz εꞌ at 105 Hz 

S1 1682 54 10 

S2 310 22 6 

S3 96727 1814 30 

 

 Fig. 3.23 shows the room temperature frequency response of the 

dissipation factor of NiWO4 samples calcined at 500, 600 and 7000C. For 

sample S1, there is a peak in the low frequency region. But this peak shifts 

to a high frequency region by increasing the calcination temperature. The 

peak in the tanδ curve implies the relaxation process taking place in the 

samples.  For the samples S2 and S3, the loss is small as compared with the 

sample S1. At high frequencies, all the curves approach zero.  

3.3.5.2  Impedance analysis 

 

Fig. 3.24 Room temperature Nyquist plots of NiWO4 samples calcined at 

500, 600 and 7000C. 
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 Nyquist curves are drawn to understand the type of conduction 

taking place in NiWO4 samples. The electrical properties of polycrystalline 

materials have contributions from grains, grain boundaries and specimen 

electrode interfaces.  At low frequencies, the effects of grain boundaries and 

electrode polarization are dominated. However, at high frequencies, the 

effect of grains dominates. Both of these contributions can be represented 

by an equivalent circuit containing parallel R-C elements connected in 

series [36].   Fig. 3.24 represents the Nyquist plots of the NiWO4 samples 

calcined at 500, 600 and 7000C. All the samples show two overlapping 

semi-circular arcs with their centres lie below the real axis and a line 

making 450 with the real axis in the low frequency region. All the samples 

show non- Debye type relaxation process as the centre of the arcs lies below 

the real axis. The NiWO4 sample calcined at 6000C (S2) shows high 

impedance at room temperature with a small electrode polarization effect. 

Sample S3 shows the least impedance. But it has a significant electrode 

polarization effect. This may be the reason for the high value of εꞌ for S3 in 

the low frequency region.  

 An equivalent circuit based on impedance spectroscopy gives an 

idea of the physical process happening inside the sample. The fitted Nyquist 

plots and corresponding equivalent circuits are shown in Fig. 3. 25. The 

contribution of grain and grain boundaries are represented by parallel RC 

circuits [36]. To describe the non-Debye behaviour, a suitable approach 

[37] of replacing the specific capacitance C by a constant phase element 

(CPE) is used. The impedance of CPE is given by ZCPE= 1/(CPE(jω)β), 

where 0≤β≤1. For the NiWO4 samples, another CPE element is used in 

series with the parallel R-C elements to represent the electrode polarization 

effect. The values of the parameters R, C and β for grain and grain 

boundaries, and CPE value are presented in Table 3.11. 
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Table 3. 11 Equivalent circuit parameters for NiWO4 samples. 

Circuit 
parameters 

S1 S2 S3 

CPEelectrode (F) 0.008 11.5x10-6 0.0022 

βelectrode 0.5 0.415 0.57 

Rg (Ω) 200 150000 800 

CPEg (F) 10x 10-10 2x10-4 27x10-10 

βg 0.85 0.33 0.89 

Rgb (Ω) 42000 2331000 9000 

CPEgb (F) 25x 10-9 3x10-7 1x10-9 

βgb 0.91 0.775 0.94 

  

 

Fig. 3.25 Room temperature Nyquist plots and the corresponding equivalent 

circuit of  NiWO4 samples. 

3.3.5.3  AC conductivity 

 The AC conductivity (σac ) of NiWO4 samples calcined at different 

temperatures is investigated to analyze their conduction mechanism.  
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Variations of AC conductivity as a function of frequency for the NiWO4 

samples at room temperature are shown in Fig. 3. 26. 

 For sample S1, conductivity is found to be constant from 100 to 104 

Hz and the value is around 8x10-5 S/m. A slight increase in conductivity 

occurs with the increase in frequency and reaches a value of 1.52x10-4 S/m 

at 1 MHz. A sharp increase in conductivity can be seen after 1 MHz, and 

AC conductivity attains a maximum value of 4.52x10-4 S/m at 5 MHz. The 

σac curve of the pure sample shows a frequency-independent region 

followed by a region where σac increases with the frequency. The increasing 

tendency of σac with an increase in frequency may be due to the moving of 

cations between adjacent sites, and the occurrence of space charges [38]. 

This represents that the conductivity follows Jonscher’s power law, given as 

σac = σdc +Aωs, 0<s<1, where σdc is the frequency-independent DC 

conductivity. According to Jonscher [39], the frequency-dependent 

conductivity occurs as a result of the relaxation mechanism of charge 

carriers that are moving. The hopping of charge carrier from one to a new 

site can be considered as the dislocation of the charge carriers between two 

potential minima.  

 Sample S2 shows similar behaviour as S1. AC conductivity shows 

a linear relationship with frequency in the low frequency region. It shows a 

slight increase in conductivity from 1.33x10-5 to 3.35x10-5 S/m with an 

increase of frequency from 50 to 106 Hz. For this region, the AC 

conductivity shows nearly frequency-independent behaviour. This is the DC 

conductivity in the sample. An increase in conductivity is observed after 

this, and the AC conductivity attains a maximum value 1.64x10-4 S/m at 5 

MHz. The increase in conductivity by S2 at high frequency may be due to 

the hopping of charge carriers. The conductivity shown by the sample S2 is 

less than that of S1. This is the expected result from the impedance analysis. 
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 The sample S3 shows slightly different behaviour in conductivity. 

For the low frequency region, conductivity increases with the increase in 

frequency up to 1000 Hz. The conductivity changes from 6.94x10-4 S/m to 

1.05x10-3 S/m in this range.  This may be due to the influence of electrode 

polarization effect. After that, it attains a frequency-independent region till 

106 Hz.  A rapid increase in conductivity is observed at higher frequency 

regime. For the sample S3 conductivity attains a maximum value of  

2.3x10-3 S/m. Among all the samples, S3 shows high conductivity and low 

impedance. The increase in conductivity of all samples at high frequency 

can be explained by the rise in the charge hopping between Ni2+ to Ni3+. 

The hopping rate goes up with the increase in the frequency of the applied 

field and hence, the conductivity enhances. In short, it can be said that by 

changing the calcination temperature, the electrical properties of NiWO4 

can be varied.   

 

Fig. 3. 26 Variation of AC conductivity with frequency for NiWO4 samples 

at room temperature. 
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3.4 Conclusion 

• Nanocrystalline NiWO4 samples are successfully prepared by direct 

chemical precipitation route and the effect of calcination temperature 

on the structural, optical and magnetic properties of as-synthesized 

samples are studied. 

• NiWO4 samples are found to be thermally stable above 4400C.  

• Synthesized NiWO4 nanoparticles have wolframite monoclinic 

structure with a space group P2/c.  

• The average crystallite sizes of the samples are found to be increased 

with the increase in calcination temperature by thermally promoted 

crystalline growth. 

•  FT-IR and Raman spectra confirm the presence of characteristics 

bonds of NiWO4. 

• NiWO4 nanoparticles have both direct and indirect bandgap due to its 

complex electronic structure. The direct and indirect bandgap energies 

of the NiWO4 samples are found to be decreasing with the increase in 

calcination temperature.  

•  In the UV-VIS-NIR spectrum, a wide absorption peak is observed in 

the infrared region in addition to the UV and visible absorption.  

• The PL emission spectra and CIE chromaticity diagram show 

purplish-blue emission for NiWO4. Nanocrystalline NiWO4 can be 

used for making near-ultraviolet (NUV) light excited purplish-blue 

light-emitting diodes.  

• The NiWO4 sample calcined at 5000C (S1) can be used for 

photocatalytic application as the PL intensity is low for this sample. 

• NiWO4 nanoparticles calcined at different temperatures possess 

paramagnetic behaviour at room temperature. 

• The dielectric properties and AC conductivity show a significant 

dependence on the calcination temperature.  
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• Nyquist plot studies and equivalent circuit analyses give the idea that 

the conduction mechanism is not changed much with the change in 

calcination temperature. 
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Chapter - 4 

EFFECT OF COBALT DOPING ON THE 

PROPERTIES OF NiWO4 NANOPARTICLES  
 

4.1 Introduction 

 NiWO4 has gained significant importance due to its wide 

applications in various fields of industries such as catalyst, humidity 

sensors, microwave devices, and optic fibres[1-4]. Properties of NiWO4 can 

be modified by different means such as doping and composite 

formation.  Cobalt (Co) is considered as one of the most effective doping 

species due to its abundant electronic states and also it appears to suit well 

for tailoring the electronic structure [5, 6]. Many works have been reported 

based on cobalt doping in NiWO4 matrix involving different synthesis 

routes and exploring the electrochemical and photocatalytic properties [7-

9]. As cobalt is a magnetically active transition metal, it is suitable to use 

this dopant to vary the magnetic functionality existing in a semiconductor, 

and cobalt plays this role effectively in many cases [10-13].  

 In this chapter, the effect of Co doping on structural, optical, 

magnetic and electrical parameters of NiWO4 is discussed by varying the 

molar concentration of Co from 0.01 to 0.05.  

4.2 Synthesis of Co-doped NiWO4 Nanoparticles 

 The direct chemical precipitation method is used for the synthesis 

of nanocrystalline Co-doped NiWO4 samples. Cobalt at 0.01, 0.03 and 0.05 

molar concentrations are used for making the samples. Initially, two 

reactant solutions A and B are prepared in 100 ml distilled water at 0.1 M 
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concentration. Solution A is made with Ni(NO3)2.6H2O (98%, Merck) and 

Co(NO3)2.6H2O (98%, Merck)  in a suitable molar ratio. Solution B is 

prepared using Na2WO4.2H2O (98%, Merck).  Solution B is added slowly 

to solution A under constant stirring.  After completing the precipitation, 

samples are thoroughly washed several times with distilled water and 

ethanol to remove unreacted ions and hydroxides. The precipitate is then 

dried at 800C for 15 h using a hot air oven. The dried powders are calcined 

at 5000C for 3 h to get the Co-doped NiWO4 samples.  The pure and 1, 3 

and 5 molar percentages doped samples are named as S1, Co1, Co3 and 

Co5 respectively [14]. The synthesis of the pure sample S1 is described in 

section 3.2.   

4.3 Results and discussion 

4.3.1 Thermal analysis 

 To study the thermal stability of cobalt doped NiWO4 samples, 

thermal analysis is carried out using Perkin Elmer STA 6000. The TGA and 

DTG curves of 1% cobalt doped NiWO4 are presented in Fig. 4.1. The TGA 

curve shows three weight loss steps. 7% of the weight is lost within 2000C. 

Corresponding to this weight loss a broad peak is observed in the DTG 

curve. This is due to the dehydration of surface absorbed water content.  In 

between 200 to 3000C, 2% of the weight is lost. From 300 to 4500C,  4% of 

the weight is lost. DTG curve shows two peaks corresponding to these 

weight losses. These peaks can be attributed to the elimination of trapped 

water content within the crystal. From 4500C onwards both the curves show 

a steady nature. So it can be inferred that above 4500C the sample is 

thermally stable. So for the Co-doped NiWO4 samples calcination 

temperature is chosen to be 5000C. 
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Fig. 4.1 TGA/DTG curves of Co-doped NiWO4 nanoparticles. 

4.3.2 Analysis of structural properties 

 The structural analyses of synthesized Co-doped NiWO4 are carried 

out by following the procedure described in section 2.3.2 and the effect of 

doping on the structural properties of NiWO4 is analysed.  

4.3.2.1 Powder XRD analysis 

 X-ray diffractograms of pure and Co-doped NiWO4 samples are 

taken by a Bruker AXS D8 Advance X-ray diffractometer with Cu-Kα 

radiation (λ = 1.5406Å).   Fig 4.2 shows the X-ray diffraction patterns of 

pristine and doped samples. All diffraction peaks can be indexed with the 

monoclinic type structure with space group 2P/c, which is consistent with 

JCPDS file no.72-0480.  Doping of cobalt does not modify the diffraction 

profile of NiWO4. CoWO4 possess the same crystal structure as NiWO4. 

The difference between the ionic radii of Ni2+ (0.069 nm) and Co2+ (0.065 

nm) species are less than 15% and the electronegativity of Ni (1.91) atom is 

close to that of Co (1.88) atom. These factors may lead Co atoms to get 

easily incorporated into NiWO4 lattice [15]. There are no secondary phases 

found (metallic cobalt, cobalt oxide or clusters) under the detection limit of 
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XRD equipment. This may be due to the good dispersion of the cobalt ion 

in the crystal lattice of NiWO4 or due to the lower loading of dopant ions 

prevent observing signals referable to other crystalline phases. The 

diffraction patterns of pure and Co-doped samples display that the intensity 

of diffraction peaks decreases with the increase in the concentration of 

Co2+. The lattice parameters are determined using the formula explained in 

section 2.3.2.1 and their values are presented in Table 4.1.   

 
Fig.4.2 X-ray diffractograms of pure and Co2+ doped NiWO4 samples. 

Table 4.1 Lattice and geometrical parameters of pure and  

Co2+ doped NiWO4 samples. 

Sample 

Lattice parameters Geometrical parameters 

a b C β 

Unit 
cell 

volume       
(x10-30 

m3) 

Average 
crystallite 

size 
(Scherrer 
formula) 

(nm) 

Average 
crystallite 
size (W-H 
formula) 

(nm) 

Micro- 
strain           
( x10-3) 

S1 4.655±0.093 5.439±0.108 4.986±0.099 91.94 126.18 14.74±0.29 15.88±0.31 2.63±0.05 

Co1 4.594±0.091 5.663±0.113 4.917±0.098 89.98 127.92 13.19±0.26 13.86±0.27 1.28±0.02 

Co3 4.598±0.091 5.674±0.113 4.921±0.098 89.99 128.38 11.14±0.22 11.63±0.23 1.0±0.01 

Co5 4.598±0.091 5.674±0.114 4.919±0.098 89.97 128.33 11.20±0.22 11.24±0.22 0.69±0.01 
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 It can be seen from Table 4.1 that the lattice parameters a, c and β 

of doped samples show a slight decrease in value when compared with the 

pure sample. However, a slight increment is observed for b. This variation 

in lattice parameters with cobalt doping concentration is due to the slight 

difference in ionic radius of Co with the host ion in the lattice [14,16].  

 The average crystallite sizes of pure and Co2+ doped NiWO4 

nanoparticles are calculated from XRD patterns using Scherrer equation 

explained in section 2.3.2.1. The average crystallite sizes of pure and doped 

samples are also presented in Table 4.1. It shows that the average crystallite 

size of NiWO4 is changed when doped with Co2+, and it decreases with the 

increase in Co concentration. The reduction in crystallite size is mainly due 

to the distortion in the host lattice caused by the introduction of Co ions, 

due to which the nucleation and growth rate of NiWO4 nanoparticles 

decreases [14,17].    

 Average crystallite size and micro-strain ‘ε’ of pure and Co-doped 

NiWO4 are calculated using Williamson- Hall analysis described in section 

2.3.2.1. The effect of doping on these parameters is analysed. Fig.4.3 

represents the W-H Plot of pure and doped samples of NiWO4. The average 

crystallite sizes and micro-strains of pure and doped NiWO4 samples are 

also presented in Table 4.1. From Table 4.1, it can be seen that the average 

crystallite sizes estimated from the Scherrer equation and W-H analysis for 

all the samples are in agreement with each other. Variation of average 

crystallite size and micro-strain calculated from W-H analysis are presented 

in Fig.4.4. It can be seen that the micro-strain of the doped samples 

decreases with the increase in Co concentration. The dopant Co is having 

almost the same ionic radius as Ni with a little bit smaller size than Ni. 

Hence, Co can replace Ni well and strain may get reduced [18]. From XRD 

analysis, one can conclude that by increasing the dopant ion (Co2+) 

concentration, the average crystallite size and the micro-strain of the 
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NiWO4 sample can be reduced without changing its basic monoclinic 

crystal structure even though there is a slight change in lattice parameters.  

 

Fig. 4.3 W-H Plots of pure and doped NiWO4 samples. 

 
Fig. 4.4 Variation of average crystallite size and micro-strain of NiWO4 

with molar Co2+ concentration. 
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4.3.2.2 TEM analysis 

 TEM analysis of the pure and doped NiWO4 samples is done with 

the help of JEOL/JEM 2100 (Source: LaB6 and voltage: 200 kV). Fig. 4.5 

represents the TEM bright-field images of pure and Co-doped NiWO4 

samples. From the figure, it is evident that particle size decreases with an 

increase in Co concentration. The average particle size is calculated with 

the help of a histogram. Fig. 4.6 shows the histogram of particle size of 

NiWO4 samples. The particle size ranges from 8 to 20 nm for S1, 8 to 18 

nm for Co1, 9 to 15 nm for Co3 and 6 to 16 nm for Co5.  The average 

particle size for samples S1, Co1, Co3 and Co5 are found to be 14.84, 

13.36,  13.24 and 11.18 nm respectively.  

 

Fig. 4.5 Bright-field images of pure and Co-doped NiWO4 samples. 
   

 Fig.4.7 shows the HR-TEM images of pure and Co-doped NiWO4 

samples. It illustrates the polycrystalline nature of the pure and doped 

samples. Selected area electron diffraction images of pristine and Co-doped 

NiWO4  samples are shown in Fig 4.8. It also confirms the polycrystalline 

nature of the samples. Crystalline planes that show high-intensity peaks in 

XRD can be indexed from the SAED images by calculating inter-planar 
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spacing (dhkl) values from the images. The dhkl values of the planes are 

calculated and crystal planes are identified by comparing them with the 

XRD values, and these values are tabulated in Table 4.2.  

 

Fig. 4.6 Size distribution graphs of pure and Co-doped NiWO4 samples. 
 

 

Fig. 4.7 HR-TEM images of pure and Co-doped NiWO4 samples. 
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Table 4.2 Inter-planar spacing (dhkl) and the corresponding planes of pure 

and Co-doped NiWO4 samples. 

Sample Plane 
Measured from 

SAED 
d (A0) 

Measured from 
XRD 
d (A0) 

S1 

(010) 5.543 5.587 

(100) 4.401 4.533 

(011) 3.448 3.537 

(002) 2.591 2.447 

(112) 2.046 2.017 

(130) 1.695 1.740 

(302) 1.268 1.298 

Co1 

(100) 4.228 4.289 

(110) 3.345 3.447 

(111) 2.823 2.888 

Co3 

(110) 3.350 3.432 

(111) 2.832 2.890 

(002) 2.502 2.460 

(211) 1.961 1.956 

(202) 1.657 1.680 

Co 5 

(110) 3.384 3.564 

(111) 2.849 2.889 

(002) 2.535 2.460 

(112) 1.987 2.031 

(202) 1.657 1.679 
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Fig. 4.8 SAED images of pure and Co-doped NiWO4 samples. 
 

4.3.2.3 FE-SEM and  EDS analysis 

 The surface morphology of the pure and cobalt doped NiWO4 

samples are analysed using an FE-SEM instrument ∑IGMA TM operating at 

5 kV. Fig. 4. 9 represents the FE-SEM images of pure and Co-doped 

NiWO4 samples. From the figure, it can be inferred that there is no 

noticeable change in the surface morphology of the doped sample as 

compared with the pure sample. 

 Fig. 4.10 represents the EDS image of 1 molar % Co-doped NiWO4 

sample. The EDS data for the samples S1 and cobalt doped NiWO4 samples 

Co1, Co 3 and Co 5 are presented in Table 4.3. From the image and data, it 

is evident that Co is successfully incorporated into NiWO4. From the EDS 

data, Co-doped samples are found to be oxygen-deficient as compared to 

the stoichiometry of pure sample.  For doped samples, tungsten and nickel 
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are in the correct proportion. But the atomic percentage of oxygen varies 

significantly. This oxygen deficiency may lead to the formation of 

recombination centres or trapping centres [14].   

 

Fig. 4.9 FE-SEM images of pure and doped NiWO4 samples. 

 

Fig. 4.10 EDS image of 1 molar % Co-doped NiWO4 sample. 
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Table 4.3 EDS data for pure and Co-doped NiWO4 samples. 

Sample Elements 
Atomic 
number 

Series Wt. % At.% 

 
S1 

W 74 L- Series 58.91 15.64 

O 8 K- Series 22.62 69.00 

Ni 28 K- Series 18.47 15.36 

 
Co 1 

W 74 L- Series 61 17.96 

O 8 K- Series 18.72 63.34 

Ni 28 K- Series 19.98 18.42 

Co 27 K- series 0.3 0.28 

 
Co 3 

W 74 L- Series 59.3 16.81 

O 8 K- Series 19.87 64.7 

Ni 28 K- Series 19.93 17.69 

Co 27 K- Series 0.9 0.8 

Co 5 

W 74 L- Series 63.34 20.51 

O 8 K- Series 15.62 58.15 

Ni 28 K- Series 19.74 20.02 

Co 27 K- Series 1.3 1.31 

 

4.3.2.4 FT-IR analysis 

 FT-IR spectra of pure and Co-doped NiWO4 samples are recorded 

by FT-IR spectrophotometer (Thermo Nicolet, Avatar 370) in the range 

1200 to 400 cm-1. Fig. 4.11 shows the FT-IR spectra of pure and Co-doped 

NiWO4 nanoparticles. In Table 4.4, IR active modes obtained for the pure 
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and Co-doped NiWO4 samples are compared with the literature values of 

NiWO4 [19] and their band assignments [20-24] are also given. For the pure 

sample, there are broad intense bands. But the absorption band intensity 

decreases with an increase in dopant concentration. Moreover, no 

characteristic peaks correspond to Co-O are not seen in the FT-IR spectra of 

doped samples with the increment in dopant concentration, which shows 

that cobalt is well occupied in the host lattice without forming any oxides or 

hydroxides [14].      

Table 4.4 IR active modes of pure and Co-doped NiWO4 samples. 

Literature 
value [19] 

(cm-1) 

Present work (cm-1) 
Band assignment 

[20-24] 
S1 Co1 Co3 Co5 

432 455 456 455 450 
Deformation modes of W-O bonds in 
[WO6]6- or deformation of W-O-W 

bridges 

494 --- --- --- --- 
 
 

523 527 527 530 527 
Asymmetric stretching vibrations of 

[WO6]6- 

533 --- --- --- --- 
 
 

--- --- 614 618 --- 
Asymmetric stretching  of W-O-W 

bridging bonds 

--- 623 --- --- --- 
Asymmetric stretching  of W-O-W 

bridging bonds 

681 677 685 691 --- Stretching vibrations of W-O-W bonds 

--- 806 818 815 --- 
Vibrations of the WO2 entity present in 

the W2O8 

877 869 868 868 
868 

(low) 
W-O stretching mode in WO4 

tetrahedron 

961 944 --- 
945 

(low) 
942 

(low) 
Streching mode of W-O terminal bond 

--- 
 

997 996 995 
1001 
(low) 

Metal ligand vibrations 
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Fig.4.11 FT-IR spectra of pristine and Co-doped NiWO4 nanoparticles. 

4.3.2.5 Raman analysis 

 The Raman spectra of pure and Co-doped NiWO4 samples are 

taken by Alpha 300 RA AFM & RAMAN. The origin of Raman spectra of 

metal tungstates is explained in section 3.3.2.5. Fig. 4.12 shows the Raman 

spectra of pure and Co-doped NiWO4 nanoparticles. Out of 18 Raman 

modes that previous literature reports [19, 24], 12 modes are present in all 

the samples. There are certain modes with very low intensity which are 

difficult to see in the figure due to the high intensity of other peaks.  Table 

4.5 represents the phonon active Raman modes of pristine and doped 

NiWO4 along with the literature values of NiWO4 [19].  The most intense 

band observed at 879-884 cm-1 is assigned to the Ag mode due to the 

symmetric stretch of the shortest terminal W-O bond [14, 25]. The bands at 

783 and 716 cm-1 are attributed by Bg and Ag modes respectively, which are 

due to the asymmetric stretching of the W-O bonds. The bands at 413, 353 

and 209 cm-1 are assigned to 2Ag+ Bg modes, originate from the bending 
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modes of the regular octahedron [14, 26]. Other vibrational modes are 

contributed by asymmetric and symmetric stretching vibrations of longer 

W–O bonds along with the deformation vibration modes [27, 28].  Fig. 4.12 

shows that an increase in dopant concentration leads to variation in line 

width of the main intense peak. It can also be seen that intense Ag  Raman 

mode shift towards the lower wavenumber side as the Co concentration is 

increased, which may be due to particle size variation introduced by the 

variation of Co concentration. Raman scattering is very sensitive to changes 

in the force constant resulting from slight distortion of the structure, leading 

to a significant change in the Raman spectra which cannot be shown by 

XRD spectra. Here the shift in peaks can be attributed to the slight 

structural disorders in the doped samples due to Co loading. From this 

observation, it can be concluded that the introduction of Co2+ into the lattice 

leads to the observed changes in the line width and position of the Raman 

peaks.      

 

Fig. 4.12 Raman spectra of pure and Co-doped NiWO4 samples. 
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Table 4.5  Raman active modes of pure and Co-doped NiWO4 samples. 

ν 
(cm-1) 
[19] 

Phonon 
symmetry 

S1 
(cm-1) 

Co 1 

(cm-1) 
Co 3 

(cm-1) 
Co 5 

(cm-1) 

97 Bg 91.4 91.3 91.3 91.3 

149 Ag 139.3 140.7 140.7 140.7 

174 Bg 163.8 162.2 162.9 164.3 

197 Bg ---- ---- ---- ---- 

210 Bg 207.7 205.1 207.4 207.4 

223 Ag ---- ---- ---- ---- 

287 Ag 276.2 ---- ---- ---- 

307 Ag 298.7 295.4 295.42 297.42 

326 Bg ---- ---- ---- ---- 

363 Ag 353.4 349.1 353.4 349.1 

380 Bg ---- ---- ---- ---- 

418 Ag 412.3 411.3 413.5 413.5 

512 Bg ---- ---- ---- ---- 

549 Ag 533.1 529.7 531.7 531.7 

675 Bg 686.6 688.7 688.7 690.7 

697 Ag 717.4 726.1 ---- 727.3 

----  ---- 750.9 752.2 747.8 

----  ---- 769.4 761.3 761.1 

775 Bg 783 782.7 780.9 778.6 

----  ---- 801.4 799.9 791.7 

893 Ag 883.8 879.8 882 884 

 

4.3.3Analysis of optical properties 

 This section deals with the  UV-VIS-NIR spectroscopic and 

photoluminescence studies of pristine and cobalt doped (1, 3 and 5 molar% 

) NiWO4  nanoparticles. The analyses are carried out by following the 

procedure as given in section 2.3.3. 
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4.3.3.1 UV-VIS-NIR analysis 

 A double-beam UV–Visible spectrophotometer (Cary 5000 model) 

is used to study the absorption properties of pure and Co-doped NiWO4 

samples. Absorption spectra of the samples are recorded in the wavelength 

range 224–1976 nm. Fig.4.13 shows the UV-Vis- NIR absorbance spectra 

of pure and Co-doped NiWO4 samples. All the samples show an intense 

absorption peak in the ultraviolet region. The maximum absorption peak for 

the pure sample is observed at 271 nm (4.58 eV) [14]. From Fig.4.13, the 

doped NiWO4 samples show the maximum absorption band at 282 nm 

(4.39 eV). Along with that, an additional band at 353 nm (3.51 eV) is 

observed for all the doped samples. Thus, the absorption band is broad in 

the UV regime for the Co2+ doped NiWO4 samples [14]. The charge 

transfer within the WO6 matrix is the main reason for ultraviolet absorption 

[29].  The two peaks in the visible region around 445 nm (2.78 eV) and 740 

nm (1.68 eV) are seen for both pure and doped samples. These bands are 

due to the electronic transition from 3A2g to 1Eg and 3A2g to 1T2g, 

respectively in the Ni2+ O6 matrix [14,30].  

 An additional band is also seen around 592 nm (2.09 eV) for the 

Co-doped samples. This is due to the d-d transition from 4A2 to 4T1(p) 

levels of the Co2+ ions [14,31]. It is found that the intensity of the band 

increases with the increase in cobalt concentration. A band around 823 nm 

(1.50 eV) can be seen in a pure NiWO4 sample and can be assigned to the 

3T1 to 1T2 transition in Ni2+O4. So this band represents the presence of 

Ni2+O4 arising from Frenkel defects in the pure sample with dislocation of 

Ni2+ from the octahedral to tetrahedral sites [14,30].  For the Co-doped 

samples, a few more peaks are present in this range. These absorption bands 

occur when Ni2+ is situated in a co-ordination environment of low 

symmetry [32]. Fascinatingly, a broad absorption band in the infrared 

wavelength ranging from 1300-1600 nm is also seen for all the samples.  



Chapter – 4   

Studies on the Properties of Nanostructured Nickel Tungstate     .    92   . 

From Fig.4.13, it can be seen that absorption in the IR region decreases 

with the increase in Co2+ concentration for the doped NiWO4 samples.  

 

Fig.4.13 Absorbance spectra of pure and Co-doped NiWO4 samples. 

 From reflectance data, absorption co-efficient ‘α’ is calculated for 

the pure and Co-doped NiWO4 samples. Both direct and indirect optical 

bandgap energies of pure and doped samples are measured by plotting 

(αhν)2 and (αhν)1/2 as a function of photon energy respectively, and 

extrapolating the linear portion of the curves to absorption equal to zero. 

The Tauc plot for direct and indirect bandgaps of pure and Co-doped 

NiWO4 is shown in Fig.4.14. and Fig.4.15 respectively. The optical energy 

gap values calculated for the samples are tabulated in Table 4.6.  
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Fig.4. 14 Tauc plot of pure and Co-doped NiWO4 samples for direct 
bandgap estimation. 

 

 

Fig.4. 15 Tauc plot of pure and Co-doped NiWO4 samples for indirect 
bandgap estimation. 
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Table 4.6 Direct and indirect optical bandgap values of pure and  

doped samples 

Sample 
Direct bandgap 

(eV) 
Indirect bandgap 

(eV) 

S1 3.07 2.80 

Co 1 3.19 2.78 

Co 3 3.18 2.79 

Co 5 3.11 2.60 

 

 From Table 4.6, it can be seen that the direct bandgap is increased 

for doped samples. The quantum size confinement effect is highly 

pronounced only when the crystallite size of nanocrystalline semiconductor 

is comparable to its Bohr exciton radius. But, the crystallite sizes of Co-

doped NiWO4, calculated from XRD and TEM are far beyond the quantum 

confinement regime. The widening of the direct bandgap in Co-doped 

NiWO4 samples can be explained based on Burstein–Moss shift [14,33,34]. 

In degenerate p-type semiconductors, Fermi level occupies its position 

within the valence band, and the position varies with the concentration of 

holes.  Thus, the optical bandgap values calculated from UV absorbance are 

related to the excitation of the electrons from the Fermi level in the valance 

band to the conduction band, whereas the actual bandgap of the material is 

related to the excitation of the electrons from the top of the valence band to 

the bottom of the conduction band. Thus, the optical bandgap widening in 

Co-doped NiWO4 samples with cobalt doping is attributed to the Burstein–

Moss effect. When Co is doped into NiWO4, the free charge concentration 

gets increased. This in turn results shifting of Fermi level within the valence 

band. Due to the inclusion of holes or a vacant energy state, the electrons in 
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the valence band make a transition to occupy the available states. This 

transition and the periodic addition of holes make the Fermi level to shift 

further below the valence band and thus widen the bandgap [14]. In short, 

the optical bandgap can be tuned by doping with a suitable molar 

percentage of cobalt ions into the NiWO4 matrix.    

4.3.3.2 Photoluminescence analysis 

 To analyse the photoluminescence properties of pristine and Co-

doped NiWO4 samples, photoluminescence spectra of the samples are taken 

with the help of Horiba fluorescence spectrometer (slit width of 3.0 nm), 

with an excitation wavelength of 350 nm. Fig.4.16 shows room temperature 

PL emission spectra of the pure and doped NiWO4 nanoparticles at an 

excitation wavelength of 350 nm (3.54 eV). Broad emission in the spectral 

range from 300 to 600 nm is observed for the pure and doped samples, 

which indicate the presence of several recombination sites and defects [14].  

As the PL emission mainly results from the recombination of photoexcited 

electrons and holes, the PL spectra of the Co-doped samples show variation  

in PL intensities compared to pure sample. But for doped samples, some 

additional peaks are formed due to the transitions related to cobalt. The 

results show that the intensity of PL emission depends on the doping 

concentration of Co. For a 1 molar % Co-doped sample, the PL intensity is 

decreased largely. However, the PL intensity for the 3 molar % Co-doped 

sample increases greatly. As increasing the dopant concentration to 5 molar 

%, PL intensity is decreased slightly. For the excitation wavelength of 350 

nm, two main emission peaks around 412-413 and 433-435 nm are 

observed, which are similar to other wolframite compounds. Low-intensity 

shoulder peaks can also be observed in the PL spectra (Fig.4. 17). The 

observed patterns can originate from the WO6
6- anion along with some 

defects in the crystal structure [14, 35].  
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Fig. 4.16  PL spectra of pure and doped NiWO4 samples. 

 
Fig.4. 17 Deconvoluted PL spectra of pure and doped NiWO4 samples. 
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 The emission bands of pure and Co-doped NiWO4 samples present 

energies ranging between 2.27 and 3.31 eV. The PL spectrum of pure 

NiWO4 can be decomposed into four Gaussian components of energies G1, 

G2, G3 and G4. The resulting Gaussian fit is reasonably good. The multi-

Gaussian decomposition analyses for pure and doped samples are shown in 

Fig.4.17. The four deconvoluted bands of the pure sample are having 

energies 3.01 eV ( G1), 2.86 eV (G2), 2.73 eV (G3) and  2.58 eV (G4).  G1 

is the near band edge transition. G1 and G2 are due to the transitions within 

the WO6 complex.  G3 and G4 are due to the transitions 3A2g  to 3T1g and   

3A2g to a 1T2g  respectively taking place within the NiO6 polyhedra [14, 36]. 

They are the d-d transitions for octahedrally co-ordinated Ni2+. Co-doped 

NiWO4 samples also show these four bands with slight variations in energy, 

along with that an additional band G0 is formed. The band G0 can be due to 

the transition of Co and it could be the emission corresponding to the 

absorbance at 353 nm that is already discussed in section 4.3.2.1. The 

presence of G0 influences the bandgap of the doped samples. It can also be 

noted that the near band edge transition in Co2+ doped NiWO4 samples are 

shifted, which is due to the formation of the additional band. 1 molar % Co-

doped sample Co1 shows some changes in the emission spectrum. In the 

case of Co1 emission band, G4 is absent instead of that an additional band 

2.27 eV (G5) is formed which is due to the spin- forbidden transitions from 

T1g to 1Ag within WO6 unit [14, 37].   

 To analyse the effect of dopant concentration on PL emission, the 

variation of different peak energies concerning the dopant concentration is 

considered.  G0 component is only for the doped samples, and with the 

increase in dopant concentration the component is shifted to lower energy. 

The components G1 and G2 that arises from the tungstate group do not 

show much variation in energy with the increase in Co concentration. The 

components related to the NiO6 group, G3 and G4 show variations in 
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energies with the increase in dopant concentration as the dopant Co affect 

the Ni2+ ions and that may lead to the change in transitions in the NiO6 

cluster. Emission spectra of doped samples show some variations when 

compared with the pure sample,  and the variation is more for sample Co1 

as the emission intensity is low for Co1 and all the transitions are equally 

significant in Co1 [14]. 

 Fig.4.18 shows the CIE chromaticity diagram for the pure and Co-

doped NiWO4 samples. The chromaticity coordinates (x and y) are 

estimated from the CIE XYZ colour space with an excitation wavelength of 

350 nm. The CIE coordinates of the pure and Co-doped NiWO4 samples are 

presented in Table 4.7. Pure sample S1 shows purplish-blue emission.  The 

colour of emission of sample Co1 is blue. The samples Co3 and Co5 show 

purplish-blue emission similar to S1. Co1 and Co3 show much variation in 

coordinates of emission, and photo emissions of both the samples come 

inside the phosphor triangle [14].  In short, the results of PL emission 

spectra and CIE chromaticity diagram indicate that the intensity and colour 

of emission of doped NiWO4 samples can be tuned by varying the dopant 

(Co2+) concentration. All these make pure and Co-doped NiWO4 phosphor 

materials suitable for the applications such as emissive displays, fluorescent 

lamps and light-emitting diodes.  

Table 4.7 CIE co-ordinates for pristine and Co-doped NiWO4 samples. 

Sample S1 Co1 Co3 Co5 

x 0.1562 0.2213 0.195 0.1645 

y 0.0889 0.2094 0.1317 0.0978 
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Fig. 4.18 CIE chromaticity diagram of pure and Co-doped NiWO4 samples. 

4.3.4 Analysis of magnetic properties  

 The VSM measurements at room temperature for the pure and Co-

doped NiWO4 nanoparticles are carried out in a vibrating sample 

magnetometer (Lakeshore VSM 7410) in an applied magnetic field 

sweeping between ± 15000 Oe. Fig. 4.19 represents the VSM curves of the 

pure and Co-doped NiWO4 nanoparticles. The pure sample shows 

paramagnetic behaviour at room temperature [24]. The magnetic behaviour 

of pure NiWO4 is discussed in detail in section 3.3.4. By doping with 

cobalt, there is no significant deviation from the magnetic nature of NiWO4. 

All the doped samples also show paramagnetic nature. From the magnetic 

studies, it can be concluded that doping by a magnetically active material 

like Cobalt does not affect the magnetic nature of the  NiWO4 sample.  
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Fig. 4.19 VSM curves of pristine and Co-doped NiWO4 nanoparticles. 

4.3.5 Analysis of electrical properties 

 Electrical studies are carried out by following the procedure given 

in section 2.3.5. The electrical measurements are performed by making 

cylindrical pellets of pure and doped samples. Pellets are made by applying 

a pressure of 7 GPa using a hydraulic press.  The thickness and diameter of 

the pellets are 1.7 and 13 mm respectively. The pellets are then sintered at 

5000C for 1.5 h. The silver paste is applied to both the faces of the pellets 

for good electrical contact. The dielectric and impedance spectra are 

measured in the frequency range of 50 Hz-5 MHz at room temperature by 

using Wayne Kerr H- 6500B model impedance analyser.    

4.3.5.1  Dielectric analysis 

 Fig.4.20 represents the frequency response of the real part of the 

dielectric constant of pure and Co-doped NiWO4 samples at room 

temperature. From Fig.4.20 it can be seen that the Co-doped samples show 

a very high value of the real part of dielectric constant (εꞌ)  when compared 

to the pure sample. Both pure and Co-doped samples show similar 
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behaviour regarding the variation of the real part of dielectric constant (εꞌ) 

with frequency. At low frequency, εꞌ is high for the pure and doped NiWO4 

samples. It shows a dispersion at the lower frequency region 50-1000 Hz. 

The dispersion behaviour shown by the samples can be explained based on 

space charge polarization. Maxwell–Wagner-type interfacial polarization 

[38, 39] and Koop’s phenomenological theory [40] explains the situation.  

The value of εꞌ decreases with the increase in frequency and becomes 

constant at the high frequency region. The values of εꞌ for pure and Co-

doped NiWO4 samples at selected frequencies are presented in Table 4.8.  

 

Fig. 4.20 Room temperature frequency response of the real part of dielectric 

constant for pure and Co-doped NiWO4 sample. 

Table 4.8 Real part of dielectric constant at different frequencies for pure 

and Co-doped NiWO4 samples. 

Sample εꞌ at 50 Hz εꞌ at 1000 Hz εꞌ at 105 Hz 

S1 1682 54 10 

Co1 105135 6333 67 

Co3 311989 22177 100 

Co5 175681 19874 101 
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 From Table 4.8, the Co-doped NiWO4 samples have a very high 

value of εꞌ in the low frequency region as compared to the pure sample. An 

increase in permittivity with cobalt doping may be due to the increase in the 

number of dipoles. This increase in the number of dipoles may happen due 

to many reasons. One possibility is due to the increase in ionic polarization 

because of the change in electronegativity of   Ni (1.91) and Co (1.88). 

Since the dopant Co is less electronegative than Ni, makes the ionic bonds 

weaker. This increases the ionic polarization and hence increases the 

dielectric constant [41]. It can also be stated that a decrease in particle size 

leads to an increase in dielectric constant [41]. Here doped samples have a 

particle size less than the pure sample. So it may also lead to the high εꞌ of 

doped samples in the low frequency region. Another possibility is the 

presence of oxygen ion vacancies which are equivalent to the positive 

charges giving dipole moments. These dipoles will rotate and give a 

resultant dipole moment in the direction of the applied field [42]. This is 

called the rotation direction polarization. For the Co-doped samples, oxygen 

deficiency increases with doping percentage, which is confirmed from the 

EDS analysis. This oxygen vacancy may cause rotation direction 

polarization. So the high value of εꞌ of doped samples in the low frequency 

region may be due to the rotation direction polarization along with the 

space charge polarization. For the high dopant concentration (5 molar% of 

Co), the dielectric constant decreases. This may be because of the high 

density of defects introduced in the sample [41].  

 Fig.4.21 shows the frequency response of loss tangent of pure and 

Co-doped NiWO4 samples at room temperature. For pure sample, there is a 

peak in the low frequency region, but this peak shift to the high frequency 

region for doped NiWO4 samples. The peak in the tanδ curve implies the 

relaxation process taking place in the samples. Peaking behaviour occurs 

when the hopping frequency of the ions is equal to the frequency of the 
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applied field.  For the doped samples, the loss is small as compared with the 

pure sample. At high frequencies both the curves approach zero. From the 

dielectric analysis it can be inferred that by doping with Co, the dielectric 

constant of NiWO4 can be increased along with a decrease in loss.  Hence, 

the Co-doped NiWO4  nanomaterial can be used in electronic applications. 

 

Fig. 4.21 Room temperature frequency response of dissipation  

factor for pure and Co-doped NiWO4. 

4.3.5.2  Impedance analysis 

 To analyse the conduction mechanism in the pure and Co-doped 

NiWO4 samples, Nyquist curves are drawn. The electrical properties of 

polycrystalline material have contributions from grains, grain boundaries 

and specimen electrode interfaces. Fig. 4.22  represents the Nyquist plots of 

the pure and Co-doped NiWO4 samples. All the samples show a non- 

Debye type relaxation process as the centre of the arcs lies below the real 

axis. The pure NiWO4 sample shows high impedance at room temperature 

with a very small electrode polarization effect. At the same time, Co-doped 

NiWO4 samples show small values of real and imaginary parts of complex 
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impedance with a relatively high electrode polarization effect, which might 

be due to the additional charge carriers formed by the addition of the dopant 

Co.  

 An equivalent circuit based on impedance spectroscopy gives an 

idea of the physical process happening inside the sample. The fitted Nyquist 

plots and corresponding equivalent circuits are shown in Fig. 4. 23. For the 

pure sample, two RC circuits connected in series along with a CPE element 

in series to represent the conduction process. In two RC circuits, one 

represents the grain and the other represents the grain boundary 

contribution. In the RC circuits, capacitance is replaced by CPE which 

represents the non- Debye behaviour shown by the sample. For the Co-

doped samples in addition to the two RC elements, another element having 

a Warburg component with a parallel CPE is used. This additional CPE- W 

component represents the electrode polarization effect taking place at a 

lower frequency. Hence, the change in the equivalent circuit for the Co-

doped NiWO4 sample indicates the change in the conduction mechanism. 

The values of the parameters R, C and β for grain and grain boundaries, and 

CPE value are presented in Table 4.9.  

 

Fig. 4.22 Room temperature Nyquist plots of pristine and  

Co-doped NiWO4 samples 
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Table 4. 9 Equivalent circuit parameters for pure and  
doped NiWO4 samples. 

Circuit 
parameters 

S1 Co1 Co3 Co5 

CPEelectrode 
(F) 

0.008 2x10-3 1x10-3 2.1x10-3 

βelectrode 0.5 0.59 0.66 0.8 

W1 (Ωs-1/2) - 1000 300 300 

Rg (Ω) 200 5700 1500 2000 

CPEg (F) 10x 10-10 4x10-8 5x10-8 5x10-8 

βg 0.85 0.69 0.68 0.68 

Rgb (Ω) 42000 10000 5500 5400 

CPEgb (F) 25x 10-9 2x 10-3 2x10-3 2x10-3 

βgb 0.91 0.6 0.68 0.73 
 

 
Fig. 4.23 Room temperature Nyquist plots and the corresponding equivalent 

circuit (inset) of pure and Co-doped NiWO4 samples. 
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4.3.5.3  AC conductivity 

 The AC conductivity of pure and Co-doped NiWO4 samples are 

investigated to analyze their conduction mechanism. Variations of AC 

conductivity as a function of frequency for pure and doped NiWO4 samples 

are shown in Fig. 4. 24. 

  The pure sample shows a frequency-independent region followed by a 

region where σac increases with the frequency. The conductivity of the pure 

sample follows Jonscher’s power law. In the pure sample, an increase in 

conductivity occurs with the increase in frequency at the high frequency 

region. This may be due to the hopping of charge carrier from one site to a 

new site. A detailed explanation of the conductivity of the pure sample is 

given in section 3.3.5.3. 

 For the Co-doped samples, AC conductivity shows a linear 

relationship with frequency in the low frequency region. This linear 

behaviour of the frequency against the AC conductivity in the low 

frequency region indicates the presence of conductivity influenced by the 

electrode polarization effect. It is found that conductivity is increased with 

Co doping. There may be two possibilities for the increase in conductivity. 

When Co ions are substituted in NiWO4 lattice, more carriers are available 

in grains and they get sufficient energy at relevant frequencies. This may 

increase conductivity. Another possibility is that increase in dopant 

concentration increases the oxygen vacancies. This increases the 

conductivity of doped samples. But for the sample Co5, the conductivity 

decreases due to a high density of defects. The presence of Co2+ may 

introduce the defect ions in the system. Sintering and cooling process 

results in the diffusion process. Due to this diffusion, these defects tend to 

segregate at the grain boundaries. Substitution of Ni ions with Co ions can 

take place up to a certain limit. Thus by increasing dopant concentration 
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beyond that, the defect ions will act as a barrier to the flow of charge 

carriers [41]. This will reduce the conductivity. This may be the reason for 

the reduction in conductivity of Co5. In short, it can be said that by 

introducing a dopant like Co2+ into the lattice of NiWO4, the conduction 

mechanism of  NiWO4 can be changed and thereby improving its 

conductivity. Furthermore, the improved conductivity of Co-doped NiWO4 

makes it a potential candidate in microelectronic devices.  

 

Fig. 4. 24 Variation of AC conductivity with frequency for pure and Co-

doped NiWO4 samples at room temperature. 

4.4 Conclusion 

• The Co-doped NiWO4 nanoparticles are synthesized successfully 

using the direct chemical precipitation route.  

• From XRD studies, it is found that all the doped samples have the 

same wolframite structure as pure NiWO4. 

• By increasing the dopant ion (Co2+) concentration, the average 

crystallite size and the micro-strain of the NiWO4 sample can be 

reduced. 
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•  The TEM analysis revealed that the particle size decreases with an 

increase in Co2+ concentration. All the samples show a polycrystalline 

nature. The SAED patterns confirmed the presence of different crystal 

planes. 

• FTIR and Raman studies confirmed the successful incorporation of 

cobalt ion (Co2+) in the NiWO4 lattice. All the characteristic 

vibrational modes of the pure sample are also seen in doped samples.’ 

•   From UV-VIS-NIR analysis it can be inferred that the optical 

bandgap of the NiWO4 sample can be tuned for potential applications 

by suitably varying the dopant ion concentration. 

•  By varying the dopant concentration, PL emission peaks and their 

intensities can be varied significantly. Correspondingly colour of 

emission changes for the doped NiWO4 samples. The systematic 

analyses of the PL properties of Co-doped NiWO4 reveal that these 

materials can be suitable for applications such as emissive displays, 

fluorescent lamps and light-emitting diodes. 

• The paramagnetic nature of pure sample cannot be changed 

significantly by doping with a magnetically active  Co element.  

• The dielectric constant, loss and AC conductivity of NiWO4 can be 

modified according to variations in Co concentration. So the electrical 

properties of NiWO4 can be tuned by Co doping. 
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Chapter - 5 

INFLUENCE OF Bi3+ DOPING ON THE 

PROPERTIES OF NiWO4 NANOCRYSTALS  
 

5.1 Introduction 

 Modification of structural matrix by dopants is an effective method 

to achieve changes in the structural, optical and electrical properties of 

semiconductor materials. Luminescence materials free of rare-earth ion 

doping are currently an active research area for its potential applications in 

photo-electronic fields, especially due to the lower cost of raw materials 

compared to that of rare earth elements. Recently, semimetal bismuth has 

attracted much attention because of its unique properties [1-3].  Bi3+ ion 

exhibits outstanding optical properties in inorganic solid-state crystal 

lattices,  and such properties are attributed to their intrinsic multiple energy 

levels [4-7]. It is also found that Bi nanoparticles exhibit plasmonic 

properties akin to noble metal nanoparticles [8]. This makes Bi as a 

promising candidate in many fields such as sensors, fluorescence, surface-

enhanced spectroscopy and photocatalysis [9-11].  

 This chapter deals with the influence of Bi3+ doping on the 

structural, optical and electrical properties of NiWO4 nanoparticles. 

Variation of doping percentage affects the properties of the pure sample, 

which modifies their luminescence emission and electrical properties.  

5.2 Synthesis of Bi-doped NiWO4 nanoparticles 

 The reagents used for the synthesis of Bi-doped NiWO4 include 

nickel (II) nitrate hexahydrate [Ni(NO3)2.6H2O] (98%, Merck), sodium 
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tungstate [Na2WO4.2H2O] (98%, Merck) and bismuth (III) nitrate 

pentahydrate[Bi(NO3)3.5H2O] (98%, Merck). The reagents are used without 

further purification.  Nanocrystalline NiWO4 samples doped with Bi3+  at 

various molar percentages (0, 1, 3 and 5%) are synthesized using direct 

chemical precipitation method. Two reactant solutions of 0.1 M 

concentration are prepared. Solution A contains Ni(NO3)2.6 H2O and Bi 

(NO3)3.5H2O in a suitable molar ratio in 100 ml distilled water. Solution B 

is made of Na2WO4.2H2O in 100 ml distilled water. Solution A is kept in a 

magnetic stirrer setup and solution B is added slowly to solution A. 

Precipitate is formed under constant stirring. After completing the 

precipitation, samples are carefully washed several times with distilled 

water and ethanol to remove unreacted ions. The obtained precipitate is 

dried at 800C for 15 h. The dried powders are calcined at 5000C for 3 h to 

get the Bi-doped NiWO4 samples. The samples with 0, 1, 3 and 5% of Bi 

doping are named as S1, B1, B3 and B5 respectively. Synthesis procedures 

of the pure sample (S1) is described in section 3.2.   

5.3 Results and discussion 

5.3.1 Thermal analysis  

 To analyse the thermal stability of the Bi-doped NiWO4 samples, 

thermal analysis is carried out with the help of Perkin Elmer STA 6000. 

TGA and DTG curves of the 1% bismuth-doped NiWO4 are presented in 

Fig.5.1. The TGA curve shows three weight loss steps. When the 

temperature is varied from room temperature to 2000C,  7% of the weight is 

lost. This may be due to the dehydration of surface absorbed moisture and 

gases. In 200 – 3000C temperature range, there is a weight loss of 3% is 

observed. From 300 to  4000C there is a weight loss of 2%. These two 

changes are due to the removal of the water trapped in the crystalline 

structure of the sample. Corresponding to these three weight-loss steps, 
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three peaks are there in the DTG curve. Above  4000C both the graphs 

attain stability. From this analysis, it is found that Bi-doped NiWO4  

samples are thermally stable above 4500C. So the calcination temperature 

for this Bi-doped NiWO4  samples is chosen to be 5000C. 

 

Fig. 5.1 TGA/DTG curves of Bi-doped NiWO4 nanoparticles. 

5.3.2 Analysis of structural properties 

 The structural analyses of synthesized Bi-doped NiWO4 are carried 

out by following the procedure described in section 2.3.2. The effect of 

doping on the structural properties of pure NiWO4 is analysed by 

considering the variations in structural properties of the pure sample with 

the different doping concentrations. 

5.3.2.1 Powder XRD analysis 

 The XRD patterns of pure and Bi-doped nanophase NiWO4 are 

determined using  Bruker AXS D8 Advance X-ray diffractometer with Cu-

Kα radiation (λ = 1.5406Å).  Fig.5.2 shows the X-ray diffractograms of 

pristine and doped samples. XRD patterns reveal that all samples have the 

monoclinic phase with space group 2P/c, which is in good agreement with 
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JCPDS file no. 72-0480. Variation in diffraction peak intensities by doping 

concentration can be observed in Fig.5.2. The diffraction intensities of B1 

and B3 are large compared to pure sample S1. This is because the dopant 

used here is Bi3+, which is a larger ion compared to Ni2+. Substitution with a 

larger ion would imply more scattering centres, which would result increase 

in intensity. For the 5% doped sample (B5), the diffraction intensities are 

reduced and some peaks [(010), (112), (211) and (113)] are of very low 

intensities compared to S1. This may be due to the increased dopant 

concentration which restricts the crystalline growth [12]. 

 It can be seen from Fig.5.2 that the diffraction peaks of the doped 

samples show a slight shift towards the lower angle side. Since the dopant 

Bi3+ is a larger ion, there is a chance of an increase in inter-planar spacing 

(dhkl). This may result in the shifting of XRD peaks to smaller angles. 

Correspondingly, a small increase in dhkl values is also observed for the 

doped samples [12]. The shift in peak position and change in dhkl values of 

the main peak (111) are presented in Table 5.1. The lattice parameters are 

determined using the formula explained in section 2.3.2.1 and their values 

are presented in Table 5.2.   

 
Fig. 5.2 X-ray diffractograms of pure and Bi-doped NiWO4 samples. 
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Table 5.1 Peak position and dhkl  values of pure and Bi-doped NiWO4 

samples. 

Sample Peak position of (111) planes (2θ) d spacing of (111) 
planes (A0) 

S1 31.17 2.867 

B1 30.93 2.888 

B3 30.92 2.889 

B5 30.88 2.893 

 

Table 5.2 Lattice and geometrical parameters of pure and  

Bi-doped NiWO4 samples 

Sample 

Lattice parameters Geometrical parameters 

a b 
 
c 
 

β 

Unitcell 
volume       
(x10-30 

m3) 

Average 
crystallite 

size(Scherrer 
formula) 

(nm) 

Average 
crystallite 

size  
(W-H 

formula) 
(nm) 

Micro- 
strain           
( x10-3) 

S1 4.655±0.093 5.439±0.108 4.986±0.099 91.943 126.18 14.74±0.29 15.88±0.31 2.63±0.05 

B1 4.591±0.091 5.665±0.113 4.915±0.098 89.932 127.82 15.56±0.31 15.42±0.30 1.21±0.02 

B3 4.599±0.091 5.647±0.112 4.929±0.098 90.181 128.03 13.28±0.26 13.37±0.26 0.63±0.01 

B5 4.711±0.094 5.473±0.109 5.064±0.101 92.883 130.4 10.71±0.21 11.73±0.23 0.99±0.02 

 

 The average crystallite sizes of pure and Bi3+ doped NiWO4 

nanoparticles are calculated from XRD data using the Scherrer equation as 

explained in section 2.3.2.1, and their results are presented in Table 5.2. It 

shows that the average crystallite size is increased for 1 molar % doped 

sample and decreased for higher molar % (3 and 5) of  Bi. For a small 

dopant percentage, the dopant gets into the lattice and leads to an increase 

in crystallite size. But when dopant concentration is increased further, the 

decrease in the size is observed. The reason for the decrease in size is that 
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the dopant ions constrained further growth of nanoparticles because of the 

relatively large size of Bi3+ (1.03 A0) compared to Ni2+ (0.69 A0) [12,13].  

. Crystallite size and micro-strain ‘ε’  are estimated using the W-H equation 

as explained in section 2.3.2.1. Fig. 5.3 shows the W-H plots of pure and 

Bi-doped NiWO4 nanoparticles. Average crystallite sizes and micro-strains 

of pure and doped NiWO4 samples obtained by the W-H method are also 

presented in Table 5.2. From table 5.2, it can be seen that the average 

crystallite sizes estimated from the Scherrer equation and W-H analysis for 

all the samples are in agreement with each other. It is found that the micro-

strain of the Bi-doped samples is decreased as compared to pure NiWO4. 

Fig. 5.4 illustrates the variation in crystallite size and microstrain with 

varying dopant concentration.  From XRD analysis, it is concluded that 

using a heavier dopant ion (Bi3+) vary the average crystallite size and 

reduce the micro-strain in NiWO4 samples. In short, structural parameters 

can be modified by varying the dopant ( Bi3+) concentration.  

 

Fig.5.3 WH-  plots of pure and Bi-doped NiWO4 samples. 
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Fig. 5.4 Variation of average crystallite size and micro-strain with Bi3+ 

concentration. 

5.3.2.2 TEM analysis 

 TEM analysis of the pure and Bi-doped samples is done with the 

help of JEOL/JEM 2100 (Source: LaB6 and voltage: 200 kV). Fig.5.5 

represents the TEM bright-field images of pure and Bi-doped NiWO4 

samples. From this figure, it is evident that particle size is varied with the 

increase in Bi concentration. The particle size is calculated from bright-field 

images using Image J software. The average particle size of pristine and Bi-

doped samples is calculated by drawing histograms (Fig. 5.6). The particle 

size ranges from 8 to 20 nm for S1, 14 to 22 for B1, 8 to 22 for B3 and 8 to 

16 for B5. The average particle size is found to be 14.84, 16.95, 14.11 and 

11.09 nm for samples S1, B1, B3 and B5 respectively [12]. Fig.5.7, which 

is the HR-TEM images of pure and Bi-doped samples illustrates the 

polycrystalline nature of the samples. Selected area electron diffraction 

images of pristine and Bi-doped NiWO4 samples are shown in Fig 5.8. The 

SAED patterns of pure and doped NiWO4 samples show bright spots that 

also confirm the polycrystalline nature of the samples. Different diffraction 

planes can be identified from these images [12]. The inter-planar spacing 

(dhkl) of planes are calculated from SAED images and corresponding planes 

are identified using the XRD results.These planes are tabulated in Table5.3.  
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Table 5.3 Inter-planar spacing (dhkl) and the corresponding planes of pure 

and Bi-doped NiWO4 samples. 

Sample Plane 
Measured from 
SAED  d (A0) 

Measured from 
XRD d (A0) 

S1 

(010) 5.543 5.587 

(100) 4.401 4.533 

(011) 3.448 3.537 

(002) 2.591 2.447 

(112) 2.046 2.017 

(130) 1.695 1.740 

(302) 1.268 1.298 

B1 

(010) 5.565 5.665 

(100) 4.305 4.321 

(110) 3.422 3.434 

(111) 2.994 3.004 

(112) 2.021 2.025 

(211) 1.973 1.978 

B3 

(100) 4.337 4.337 

(110) 3.445 3.457 

(002) 2.543 2.554 

(210) 2.079 2.078 

(122) 1.686 1.698 

B5 

(100) 4.394 4.421 

(110) 3.447 3.449 

(211) 1,974 1.973 

(131) 1.657 1.680 

 



 Influence of  Bi3+ Doping on the Properties of NiWO4 Nanocrystals  

Studies on the Properties of Nanostructured Nickel Tungstate     .    121   . 

 
  

Fig. 5.5  Bright-field images of pure and Bi-doped NiWO4 samples.  

 

 

Fig. 5.6 The particle size distribution of pure and Bi-doped NiWO4 samples. 
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Fig. 5.7 HRTEM image of pure and doped NiWO4 samples. 

 

 

Fig. 5.8 SAED images of pure and Bi-doped NiWO4 samples. 
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5.3.2.3 FESEM and  EDS analysis 

 

Fig. 5.9 FE-SEM images of pure and doped NiWO4 samples. 

 

Fig. 5.10 EDS image of Bi-doped NiWO4 sample B1.  
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 Surface morphology of pure and Bi-doped samples are analysed 

using FE-SEM analysis. It is done with the help of the instrument ∑IGMA 
TM operating at 5 k V.  Fig. 5.9 shows the FE-SEM images of pure and 

doped samples. From the figure, it can be seen that all samples show similar 

kind of structure with variation in size [12]. All the samples show 

agglomeration. Particles are agglomerated to form coral-like structures.   

 Table 5.4  EDS data of pure and  Bi-doped NiWO4 samples. 

Sample Elements 
Atomic 
number 

Series Wt% At. % 

B0 

W 74 L- Series 58.91 15.64 

O 8 K- Series 22.62 69 

Ni 28 K- Series 18.47 15.36 

B1 

O 8 K series 21.65 67.72 

Ni 28 K series 18.93 16.14 

W 74 L series 58.14 15.83 

Bi 83 M series 1.29 0.31 

B3 

O 8 K series 20.08 66.26 

Ni 28 K series 17.77 15.97 

W 74 L series 59.83 17.18 

Bi 83 M series 2.32 0.59 

B5 

O 8 K series 21.07 68.37 

Ni 28 K series 15.83 13.99 

W 74 L series 58.04 16.39 

Bi 83 M series 5.06 1.26 

 

 To analyse the elements present and their relative presence in the 

compound of the pure and doped NiWO4 samples, EDS measurement is 

performed. Fig. 5.10 shows the EDS images of Bi-doped sample B1. The 

EDS data of pure and Bi-doped NiWO4 samples are presented in Table 5.4. 

Table 5.4 confirms the presence of Ni, W, O and Bi in the doped sample. 
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Elements are found to be in stochiometry. It also confirms the purity of the 

pure and doped samples, since other impurity elements are absent in the 

samples [12]. 

5.3.2.4 FT-IR analysis 

 FT-IR spectra of pure and Bi-doped NiWO4 nanoparticles are 

recorded using FTIR spectrophotometer (Thermo Nicolet, Avatar 370) in 

the range of 400-1200 cm-1. Fig. 5.11 shows the FT-IR spectra of pure and 

Bi3+ doped NiWO4 samples. The different modes of vibrations and 

corresponding band assignments of the pure sample are described in section 

3.3.2.4. As compared to the pure sample, the doped samples show an 

additional peak at 691-694 cm-1. This may be owing to the distortion in 

W=O induced by the presence of Bi3+ ion. The different modes of 

vibrations of pure and doped samples are compared with literature values 

[15], and are tabulated in Table 5.5. 

 

Fig. 5.11 FT-IR spectra of pure and Bi-doped NiWO4 samples. 
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Table 5.5 IR active modes of pure and Bi-doped NiWO4 samples. 

Literature 
value 

(cm-1) [15] 

Present work (cm-1) Band assignment 

[14-17] S1 B1 B3 B5 

432 455 460 462 459 

Deformation modes 
of W-O bonds in 

[WO6]6- or 
deformation of W-O-

W bridges 

494 --- --- --- ---  

523 527 --- --- --- 
Asymmetric 

stretching vibrations 
of [WO6]6- 

533 --- 535 534 531 
Asymmetric 

stretching vibrations 
of [WO6]6- 

--- 623 634 630 618 
Asymmetric 

stretching  of  W-O-
W bridging bonds 

681 677 694 686 687 
Stretching vibrations 

of W-O-W bonds 

--- 806 822 818 791 
Vibrations of the 

WO2 entity present in 
the W2O8 

877 869 868 868 
866 

(low) 
W-O stretching mode 
in WO4 tetrahedron 

961 944 --- --- 
936 

(low) 
Streching mode of 
W-O terminal bond 

--- 

 
997 996 995 996 

Metal ligand 
vibrations 
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5.3.2.5 Raman analysis 

 The Raman spectra of pure and Bi-doped samples are taken by 

Alpha 300 RA AFM & RAMAN.  Raman spectra are mainly due to the WO6 

unit, as the NiO6 shows relatively weak Raman activity. Fig. 5.12 shows the 

Raman spectra of pure and Bi3+-doped NiWO4 nanoparticles. The intense 

band is seen around 883-890 cm-1  in the samples, and it is Ag mode 

vibration due to the symmetric stretching of shortest terminal W-O bond 

within WO6 unit [14]. The maximum frequency maybe for the symmetric 

stretch in a regular octahedron. So this band can be assigned to the 

symmetric stretching [14,18]. The bands at 775-790 cm-1 (Bg) and 689-717 

cm-1(Ag) are assigned to the asymmetric stretching of the W-O bonds. The 

bands at 411- 416 and  353-362  are assigned to Ag modes, originate from 

the bending modes of the regular octahedron [14, 19]. Other bands are due 

to the asymmetric and symmetric stretching vibrations of longer W–O 

bond. Deformation vibrations of inter-chain and short W–O bonds are also 

responsible for other bands [14, 20, 21]. 

 

Fig. 5.12 Raman spectra of pure and Bi-doped NiWO4 samples. 
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 By doping with Bi3+, all the modes of pure sample get shifted to the 

high wavenumber side, which confirms the effect of dopant in the NiWO4 

lattice. Since there is no additional mode formation in the  Raman spectra of 

the doped samples, it can be assumed that doping does not change the basic 

wolframite crystal structure of the pure sample. But only slight distortions 

in bonds are produced.  

Table 5.6  Raman active modes of pure and Bi-doped NiWO4 samples. 

ν 
(cm-1) 
[15] 

Phonon 
symmetry 

S1 

(cm-1) 

B1 

(cm-1) 
B3 

(cm-1) 
B5 

(cm-1) 

97 Bg 91.4 95.5 93.5 93.5 

149 Ag 139.3 144.9 144.9 144.9 

174 Bg 163.8 170.8 ---- 170.8 

197 Bg ---- ---- ---- ---- 

210 Bg 207.7 ---- ---- ---- 

223 Ag ---- 220.2 213.7 215.9 

287 Ag 276.2 282.4 278.1 278.1 

307 Ag 298.7 303.9 303.9 299.7 

326 Bg ---- ---- ---- ---- 

363 Ag 353.4 361.9 357.6 357.6 

380 Bg ---- ---- ---- ---- 

418 Ag 412.3 415.8 413.5 411 

512 Bg ---- 508.1 503.8 508 

549 Ag 533.1 546.7 540.2 542 

675 Bg 686.6 669.1 663.6 ---- 

697 Ag 717.4 694 689.6 690 

775 Bg 783 776.7 785 791 

893 Ag 883.8 890.53 888 886 
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5.3.3 Analysis of optical properties 

 This section deals with the  UV-VIS-NIR spectroscopic and 

photoluminescence studies of pure NiWO4  sample and its doped forms. It 

also includes a comparative study of the optical properties of pristine and 

Bi-doped NiWO4 samples. The analyses are carried out by following the 

procedure as given in section 2.3.3. 

5.3.3.1 UV-VIS-NIR analysis 

 UV-VIS-NIR spectra of pure and doped samples of NiWO4 are 

taken with the help of a double-beam UV–Visible spectrophotometer (Cary 

5000 model) to study their absorption properties. Fig.5.13 shows the 

absorption spectra of pristine and Bi-doped samples. Fig.5.13 (a) shows the 

absorbance spectrum in full wavelength range and Fig.5.13 (b) shows the 

enlarged version for 200-400 nm wavelength range.  All the samples show a 

broad and high-intensity peak in the UV range. The maximum absorption 

peak for the pure sample is at 273 nm (4.54 eV). From Fig. 5.13, it can be 

seen that the doped NiWO4 samples show the maximum absorption band 

around 273-299 nm (4.54- 4.14 eV). An additional band at 353 nm (3.51 

eV) is observed for all the doped samples. This makes the absorption band 

as a broad one in the UV region for doped samples. The intense ultraviolet 

absorption is attributed to the excitation in O and W within the WO6 matrix 

[12, 22].  The two peaks in the visible region around 454 nm (2.73 eV) and 

740 nm (1.68 eV) are seen for both pure and doped samples. These bands 

are due to the electronic transition from 3A2g to 1Eg and 3A2g to 1T2g, 

respectively in Ni2+O6 matrix. A band around 823 nm (1.50 eV) can be seen 

in pure NiWO4 sample and can be assigned to the 3T1 to 1T2 transition in 

Ni2+O4. So this band represents the presence of Ni2+O4 arising from Frenkel 

defects which are present in the pure sample with dislocation of Ni2+ from 

the octahedral to tetrahedral sites [12, 22].  For doped samples, a few more 
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peaks are present in this range. These absorption bands occur when Ni2+ is 

situated in a co-ordination environment of low symmetry [12, 23]. All the 

samples show a broad absorption in the IR range, the absorption decreases 

with the doping in this range.   So from this absorption spectra analysis, it 

can be concluded that the absorption property can be tuned by Bi3+ doping.  

 

Fig. 5.13  Absorption spectra of pure and Bi-doped NiWO4 samples for (a) 

the full range of wavelength and (b) enlarged curve of absorbance for 200-

600 nm range. 

 In nickel tungstates, there is a chance of having both direct and 

indirect band transitions due to its electronic structure and d-d transitions 

taking place within the d levels [12, 23]. From reflectance data, absorption 

co-efficient ‘α’ is calculated for all the samples. Both direct and indirect 

optical band gap energies of pure and doped samples are measured by 

plotting (αhν)2 and (αhν)1/2 as a function of photon energy respectively. The 

energy gap is found by extrapolating the linear portion of the curves to 

absorption equal to zero. The Tauc plot for direct and indirect bandgaps of 

pure and Bi-doped NiWO4 is shown in Fig.5.14  and Fig.5.15 respectively. 

The values of direct and indirect bandgap values are tabulated in Table 5.7. 

 In the case of NiWO4, the valance band is formed by hybridized 

O2p and Ni3d states, and the Ni3d states contribute mainly to the upper part of 
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the valance band. The conduction band is formed by the empty W5d states 

with an admixture of the empty Ni3d states at the bottom of the band [12, 

22]. By doping with Bi, which has 6s 6p valance orbital, there are chances 

for modification of both valance band and conduction band. The 6s orbital 

of Bi may hybridize with 2p of O to modify the valance band [12, 24] and 

6p orbital of Bi also may take part in hybridization to modify the 

conduction band [12, 25]. When doped with Bi, these changes in the 

valance band and conduction band may cause variation in the energy gap of 

the doped NiWO4 samples.  

 

 

Fig. 5.14 Tauc plots for pure and Bi-doped NiWO4 samples for direct 

bandgap.  
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Fig. 5.15 Tauc plots for pure and Bi-doped NiWO4 samples for indirect 

bandgap. 

 

Table 5.7 Direct and indirect optical bandgaps of  

pure and doped NiWO4 samples. 

Sample 
Direct  

bandgap (eV) 
Indirect  

Bandgap (eV) 

S1 3.07 2.80 

B1 3.22 2.77 

B3 3.18 2.65 

B5 3.11 2.58 
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5.3.3.2 Photoluminescence analysis 

 PL studies provide information relating to different energy states 

available, which are responsible for radiative recombination. To analyse the 

photoluminescence properties of pristine and Bi-doped NiWO4 samples, 

photoluminescence spectra of these samples are taken with the help of 

Horiba fluorescence spectrometer (slit width of 3.0 nm), with an excitation 

wavelength of 350 nm. The PL spectra of pure and  Bi3+ doped NiWO4 

samples at room temperature for an excitation wavelength of 350 nm are 

shown in Fig.5.16.  Broad emission in the spectral range from 400 to 500 

nm is observed for pure and doped samples. For the excitation wavelength 

of 350 nm, two main emission peaks around 411-413 and 431-439 nm are 

observed, which are similar to other wolframite compounds [12]. Shoulder 

peaks of low intensities are also observed in the PL spectra. The observed 

patterns can originate from the WO6
6- anion along with some defects in the 

crystal structure [12, 26, 27]. Doped samples show some additional peaks, 

and variation in intensity compared to the pure sample.  The deconvoluted 

PL emission spectra of pure and doped samples are shown in Fig.5.17.  The 

peaks at 450, 453, 454, 477 and 481 nm are related to the intensive 

transition from the ground state 3A2g to the excited state 3T1 of Ni2+ (3d8) 

ions in distorted octahedral coordination [12, 28, 29]. The luminescence 

properties of Bi-doped samples depend on the local structure. By 

introducing Bi3+ into the NiWO4 lattice, it may enter into the octahedral 

void (as an interstitial ion) or locate at the site of octahedral symmetry 

(substituting for the Ni2+). In this system, the radius of Bi3+ (1.02 A°)  is 

much larger than that of Ni2+ (0.69 A°) and the majority of the Bi3+ ions 

occupy the octahedral voids. In the first case, Bi3+ can be considered to be 

‘isolated’ and serves as an intrinsic luminescent centre in the NiWO4 lattice 

[12, 30]. The emission peaks at 423, 426, 428, 458 and 439 nm are the 

additional peaks found in the doped NiWO4 samples. They are attributed to 
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the transition from the excited states of Bi3+ (triplet states 3P0, 3P1, 3P2 and 

singlet state 1P1) to the ground state 1S0 [12, 30]. The PL spectrum of 5% 

Bi-doped NiWO4 sample (B5)  shows a new peak of small intensity centred 

on 605 nm (Fig. 5.17). This broadband is mainly ascribed to the 3P1 → 1S0 

transition of Bi3+ ions [12, 31]. This modification in PL spectra is due to the 

presence of Bi3+ ions in higher concentration.  

 

Fig. 5. 16  PL spectra of NiWO4 samples for an excitation  

wavelength of 350 nm. 

 From Fig.5.16, the PL intensity varies with varying dopant 

concentration. The sample B1 (1% Bi3+ doped) shows high PL intensity 

which makes it suitable for luminescence applications. Quenching of PL 

intensity is observed to be a result of an increase in the concentration of 

dopant ions. Sample B5 shows very low PL intensity. This 5% Bi-doped 

NiWO4 sample (B5) can be a  suitable candidate for photocatalysis. PL 

spectral analysis suggests that emission spectra could be tuned by varying 

the dopant concentration. In short, lower and higher Bi concentrations give 

luminescence and photocatalytic applications, respectively.  
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Fig. 5.17 Deconvoluted PL spectrum of pure and Bi-doped NiWO4samples 

for an excitation wavelength of 350 nm.   

 Fig. 5.18 shows the CIE chromaticity diagram for the NiWO4 

samples S1, B1, B3 and B5. The x and y chromaticity coordinates are 

calculated in the CIE XYZ colour space with an excitation wavelength of 

350 nm. The CIE coordinates of the pure and doped samples are presented 

in Table 5.8. Pure sample S1 shows purplish-blue emission.  But, samples 

B1 and B3 show a deep blue emission. The colour of emission changes to 

purple-blue for sample B5 and its CIE co-ordinates come inside the 

phosphor triangle. It indicates that the colour of emission of samples can be 

tuned by varying the concentration of dopant ions.  
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Table 5.8 CIE co-ordinates for pure and Bi-doped NiWO4 samples. 

Sample S1 B1 B3 B5 

X 0.1562 0.1511 0.1534 0.1898 

Y 0.0889 0.091 0.0806 0.1292 

 

 

Fig. 5. 18  CIE chromaticity diagram of pristine and  

Bi-doped NiWO4 samples. 

5.3.4 Analysis of magnetic properties 

 The magnetic measurements at room temperature for the pure and 

Bi-doped NiWO4 nanoparticles are carried out using a vibrating sample 

magnetometer (Lakeshore VSM 7410) in an applied magnetic field 

sweeping between ± 15000 Oe. Fig. 5.19 represents the VSM curves of the 
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pure and Bi-doped NiWO4 nanoparticles. The pure sample shows 

paramagnetic behaviour at room temperature [14]. The magnetic behaviour 

of pure NiWO4 is discussed in section 3.3.4. By doping with bismuth, there 

is no significant deviation from the magnetic nature of NiWO4. All the 

doped samples show paramagnetic nature as the pure sample. But, a slight 

shift in the curve is observed. From the magnetic studies, it can be 

concluded that bismuth doping does not affect the paramagnetic nature of 

the  NiWO4 sample.  

 

Fig. 5. 19 VSM curves of pure and Bi-doped NiWO4. 

5.3.5 Analysis of electrical properties 

 Electrical studies are carried out by following the procedure given 

in Chapter 2, Section 2.3.5. The electrical measurements are performed by 

making cylindrical pellets by applying a pressure of 7 GPa using a 

hydraulic press.  The thickness and diameter of the pellets are 1.7 and 13 

mm respectively. The pellets are then sintered at 5000C for 1.5 h. The silver 
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paste is applied to both the faces of the pellets for good electrical contact. 

The dielectric and impedance spectra are measured in the frequency range 

of 50 Hz- 5 MHz at room temperature by using Wayne Kerr H- 6500B 

model impedance analyser.    

5.3.5.1  Dielectric analysis 

 Fig.5.20 represents the frequency response of the real part of the 

dielectric constant of pure and Bi-doped NiWO4 at room temperature. It can 

be seen from Fig.5.20 that both pure and Bi-doped NiWO4 samples exhibit 

a similar type of response against frequency. At low frequency, the real part 

of dielectric constant (εꞌ) is high for the NiWO4 samples, and it decreases 

with the increase in frequency. But, the value of εꞌ becomes constant at high 

frequency.  It shows a dispersion at lower frequency region 50-1000 Hz and 

reaches a constant value at high frequency region, which is listed in Table 

5.9. The pure sample shows a constant value 10 at 0.1 MHz frequency 

which is almost equal to the theoretical value [32]. The doped samples B1, 

B3 and B5 attain the values  53, 52 and 50 respectively at 0.1 MHz. The 

very high value of εꞌ at low frequency for the samples may be due to the 

electrode polarization effect. The dispersion behaviour shown by the 

samples can be explained based on space charge polarization, which is a 

consequence of the presence of conducting grains which are detached by 

poor conducting grain boundaries. The external electric field causes 

restricted building up of charges in the grain boundaries. This process 

produces large polarization and high dielectric constant in the lower-

frequency region. This is described by Maxwell–Wagner-type interfacial 

polarization [33, 34] in conformity with Koop’s phenomenological theory 

[35]. The grains become more effectual in the high frequency region as the 

charge carriers cannot chase the high frequency AC field. So the value of εꞌ 

decreases rapidly when the frequency rises.  



 Influence of  Bi3+ Doping on the Properties of NiWO4 Nanocrystals  

Studies on the Properties of Nanostructured Nickel Tungstate     .    139   . 

 

Fig. 5.20 Room temperature frequency response of the real part of dielectric 

constant for pure and Bi-doped NiWO4 sample. 

 

Table 5.9 Real part of dielectric constant at different frequencies for pure 

and Bi-doped NiWO4 samples. 

Sample εꞌ at 50 Hz 
εꞌ at 1000 

Hz 
εꞌ at 105 Hz 

S1 1682 54 10 

B1 222136 9768 53 

B3 40490 2757 52 

B5 67610 1157 50 

 

 From Table 5.9, the Bi-doped NiWO4 samples have a very high 

value of εꞌ in the low frequency region as compared to the pure sample. 

When an element of 3+ oxidation state is introduced into the lattice of Ni2+, 

more cation vacancies are generated to compensate for charge neutrality 

[36]. In the doped sample, the Bi3+ create an additional vacancy which may 

lead to an increase of charge carrier hopping in doped samples. For the 
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doped sample B1, it is found to have high electrode polarization and 

accumulation of charge carriers at the boundaries which lead to the high 

value of εꞌ. But when the doping concentration is increased, a slight 

decrease in the εꞌ is observed.  In the low frequency region, an increase in 

the accumulation of charge carriers takes place at the grain boundaries, 

which results in a high value of εꞌ. 

 Fig. 5.21 shows the frequency response of loss tangent of pure and 

Bi-doped NiWO4 samples at room temperature. For the pure sample, there 

is a peak in the low frequency region, but this peak shift to high frequency 

region for the doped NiWO4. The peak in the tanδ curve implies the 

relaxation process taking place in the samples.  For the doped samples, the 

loss is small as compared with the pure sample. At high frequencies both 

the curves approach to zero. From the dielectric analysis it can be inferred 

that by doping with Bi, the dielectric constant of NiWO4 can be increased 

along with a decrease in loss.  Hence, the Bi-doped NiWO4  nanomaterial 

can be used in high frequency electronics applications. 

 

Fig. 5.21 Room temperature frequency response of dissipation factor for 

pure and Bi-doped NiWO4. 
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5.3.5.2  Impedance analysis 

 Nyquist curves are drawn to understand the type of conduction and 

contributors to conduction in materials. The electrical properties of 

polycrystalline material have contributions from grains, grain boundaries 

and specimen electrode interfaces.  At low frequencies the grain boundaries 

are active, and at high frequencies, the grains affect the conductivity. Both 

of these contributions can be represented by an equivalent circuit containing 

parallel R-C elements connected in series [37].   Fig. 5.22  represents the 

Nyquist plots of the pure and Bi-doped NiWO4 samples. All the samples 

show two overlapping semi-circular arcs with their centres lie below the 

real axis and a  line making 450 with the real axis in the low frequency 

region. All the samples show non- Debye type relaxation process as the 

centre of the arcs lies below the real axis. The pure NiWO4 sample shows 

high impedance at room temperature with a very small electrode 

polarization effect. At the same time, Bi-doped NiWO4 samples show small 

values of real and imaginary parts of complex impedance with a relatively 

high electrode polarization effect, which might be due to the additional 

charge carriers formed by the presence of Bi.  

 An equivalent circuit based on impedance spectroscopy gives an 

idea of the physical process happening inside the sample. The fitted Nyquist 

plots and corresponding equivalent circuits are shown in Fig. 5. 23. To 

describe the non-Debye behaviour, a suitable approach [38] of replacing the 

specific capacitance C in the RC circuit with a constant phase element is 

used. For pure sample, another CPE element is used in series with the 

parallel R-C elements to represent the electrode polarization effect. The 

values of the parameters R, C and β for grain and grain boundaries, and 

CPE value are presented in Table 5.10. For the doped sample, in addition to 

the two R-C elements, another element having Warburg component with a 

parallel CPE is used for representing the electrode polarization effect taking 
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place at a lower frequency. Hence, the equivalent circuit becomes 

complicated for the Bi-doped NiWO4 sample, which indicates the change in 

the conduction mechanism.  

 

Fig. 5.22 Room temperature Nyquist plots of pristine and  

Bi-doped samples. 

Table 5. 10 Equivalent circuit parameters for pure and doped samples 

Circuit 
parameters 

S1 B1 B3 B5 

CPEelectrode (F) 0.008 993x10-8 95x10-6 95x10-4 

βelectrode 0.5 0.68 0.85 0.9 

W1 (Ωs-1/2) - 150 400 620 

R (Ω) - 70 70 90 

Rg (Ω) 200 1500 15500 5000 

CPEg (F) 10x 10-10 54x10-5 64x10-7 74x10-6 

βg 0.85 0.99 0.85 0.75 

Rgb (Ω) 42000 2100 12700 10750 

CPEgb (F) 25x 10-9 40x 10-5 97x10-5 110x10-7 

βgb 0.91 0.95 0.72 0.98 
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Fig. 5.23 Room temperature Nyquist plots and the corresponding equivalent 

circuit of pure and Bi-doped NiWO4 samples. 

5.3.4.3  AC conductivity 

 The AC conductivity of pure and Bi-doped NiWO4 samples are 

investigated to analyze their conduction mechanism.  Variations of AC 

conductivity as a function of frequency at room temperature for pure and 

doped NiWO4 samples are shown in Fig. 5. 24. 

  For the pure sample, conductivity is found to be constant from 100 to 

104 Hz and the value is around 8x10-5 S/m. A slight increase in conductivity 

occurs with the increase in frequency and reaches a value of 1.52x10-4 S/m 

at 1 MHz. A sharp increase in conductivity can be seen after 1 MHz, and 

AC conductivity attains a maximum value of 4.52x10-4 S/m at 5 MHz for 

the pure sample. The σac curve of the pure sample shows a frequency-

independent region followed by a region where σac increases with the 

frequency. The increasing tendency of σac with an increase in frequency 
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may be due to the moving of cations between adjacent sites, and the 

occurrence of space charges [39]. This represents that the conductivity 

follows Jonscher’s power law, given as σac = σdc +Aωs, 0< s<1, where σdc is 

the frequency-independent DC conductivity. According to Jonscher [40], 

the frequency-dependent conductivity occurs as a result of the relaxation 

mechanism of charge carriers which are moving. The hopping of charge 

carrier from one to a new site can be considered as the dislocation of the 

charge carriers between two potential minima.  

 For the Bi-doped sample B1, AC conductivity shows a linear 

relationship with frequency in the low frequency region. It increases from 

1.9x10-3 to 2.8x10-3 S/m with an increase of frequency from 100 to 3000 

Hz. This linear behaviour of the frequency against the AC conductivity in 

the low frequency region indicates the presence of conductivity influenced 

by electrode polarization effect.  After that, the curve shows almost constant 

value till 105 Hz. This is the DC conductivity in the sample. A sharp 

increase in conductivity is observed above 105 Hz, and the AC conductivity 

attains a maximum value 5.74x10-3 S/m at 5 MHz.  The doped samples B3 

and B5 also show a linear portion in the low frequency region as DC 

conductivity. The curve shows an increasing nature with the increase in 

frequency. Sample B3 also shows the same kind of behaviour. Up to 1000 

Hz, there is an increase in conductivity with an increase in frequency. From 

1000 Hz to 0.1M Hz, it shows a constant conductivity region called DC 

conductivity. Above 0.1MHz, the conductivity increases with the increase 

in frequency and attains a maximum value of 3.97x 10-3 S/m. Sample B5 

shows almost constant conductivity up to 0.1MHz and after that, the 

conductivity increases with the frequency and attains a maximum value of 

3.3x10-3S/m at 5 MHz. The behaviour against the frequency of pure and 

doped NiWO4 samples at high frequency can be described with the help of 

Maxwell–Wagner theory and Koop’s model [33, 35]. According to this 
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theory, there are two layers in the dielectric structure. Conductive grains, 

which are separated from each other by grain boundaries that are weak in 

conduction. The grain boundaries are active in the low frequency region, 

whereas the grains affect the conductivity at a higher frequency.  The 

increase in conductivity of all samples at high frequency can be explained 

by the rise in the charge hopping between Ni2+ to Ni3+. The hopping rate 

goes up with the increase in the frequency of the applied field and hence, 

the conductivity enhances. In short, it can be said that by introducing a 

dopant like Bi3+ into the lattice of NiWO4, cation vacancies can be created 

and leads to the formation of charge carriers. This changes the conduction 

mechanism of  NiWO4 and thereby improving its conductivity. 

Furthermore, the improved conductivity of Bi-doped NiWO4 makes it a 

potential material in microelectronic devices.  

 

Fig. 5. 24 Variation of AC conductivity with frequency for pure and Bi-

doped NiWO4 samples at room temperature. 
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5.4 Conclusion 

• Bi-doped NiWO4 nanoparticles are synthesized using a simple 

chemical precipitation method. 

• By changing the Bi concentration, the average crystallite size and 

micro-strain of the samples are modified. So the  structural 

parameters are varied by varying the Bi concentration without 

varying the crystal structure of pure NiWO4 sample 

• TEM studies confirmed the particle size variation of Bi-doped 

NiWO4 and the polycrystalline nature of the samples.  

• EDS analysis shows that the doped samples are free from impurity 

elements and all the samples follow the right stoichiometric ratio.  

• FT-IR and Raman spectra confirm the formation of a basic 

wolframite structure of doped samples. 

• UV-VIS-NIR analysis reveals that the optical bandgap slightly 

changes according to the doping concentration.  

• PL analysis revealed the idea that the luminescence properties of the 

NiWO4 sample can be tuned by varying the dopant concentration. 

The dopant Bi also acts as a luminescence centre in doped samples.  

• Magnetic studies of Bi-doped NiWO4 samples gives the idea that 

doping with Bi does not change the magnetic behaviour of NiWO4. 

• Dielectric studies show that the doped samples exhibit a high value 

of dielectric constant with low loss. and conductivity of pure NiWO4 

sample can be varied significantly by doping with bismuth. The 

electrical properties of NiWO4 can be tuned by Bi doping. 

• Doping of Bi in NiWO4 lattice changed the structural, optical and 

electrical properties of NiWO4 significantly. These changes make the 

doped sample applicable in photocatalytic and electrical fields. 
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Chapter - 6 

THERMAL, STRUCTURAL, OPTICAL, MAGNETIC 

AND ELECTRICAL PROPERTIES OF NiWO4/SnPc 

NANOCOMPOSITES  
 

6.1 Introduction 

Nickel tungstate as a p-type transition metal tungstate has some 

appealing properties and can be applied in various fields [1-3]. More 

properties can be explored by modifying and controlling structural and 

optical parameters. For better characterization and to elucidate the possible 

reasons, investigation on the improvisation on properties of NiWO4 

nanoparticles has to be done. Now wide varieties of inorganic/organic 

composites have been made and they find application in different fields [4-

6]. Here inorganic transition metal tungstate (NiWO4) is coupled with an 

organic compound (Tin phthalocyanine) to form a composite so that 

structural and optical properties of NiWO4 can be modified for potential 

applications. 

Tin phthalocyanines (SnPc) are important due to their chemical and 

spectroscopic properties,  and their applications in photocatalysis and the 

biomedical field [7, 8]. In the case of tin phthalocyanine, Sn(II) ions induce 

some strain on the phthalocyanine framework as the ion is large. Due to this 

strain metal ion is slightly displaced leading to the breakage of planar 

symmetry of metal phthalocyanines [MPcs]. This non-planar symmetry 

modifies the crystalline properties of the compound.  
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In this chapter, the synthesis and characterization of nickel 

tungstate/tin phthalocyanine (NiWO4/SnPc) nanocomposites, and the 

modification of structural, optical, magnetic and electrical properties of 

NiWO4 by the formation of NiWO4/SnPc composites are discussed. 

6.2 Synthesis of NiWO4/SnPc nanocomposite 

The composite samples are prepared using a standard solvent 

evaporation method. Prepared NiWO4, tin phthalocyanine [C32H16N8] 

(Sigma Aldrich Chemicals); dimethylformamide[C3H7NO], dimethyl 

sulfoxide[C2H6OS] and ethanol[C2H6O] (Merck, Whitehouse Station, NJ, 

USA) are used for the synthesis of nanocomposite samples. Distilled water 

is used in all the synthesis procedures. 

 

Fig. 6.1 The schematic diagram of the synthesis of NiWO4/ SnPc 

nanocomposite. 

Three composite samples are made by taking three different weight 

percentages of SnPc with NiWO4 sample. Preparation of NiWO4 

nanoparticles calcined at 5000C (S1) is described in section 3.2.  SnPc (1 

wt%) is dissolved in a solvent mixture containing 50% dimethyl sulfoxide, 

30% dimethylformamide, and 20% ethanol. The required amount of 

synthesized NiWO4 (S1) is gradually added to this solution under constant 
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stirring. After attaining homogeneity, the solution is stirred using a 

magnetic stirrer at 60°C. After the complete evaporation of the solvent, the 

composite is dried at 100°C in a hot air oven for 2 h to get composite 

sample C1. A similar procedure is used to get the composite samples C2 

(having 2 wt% SnPc) and C3 (having 3 wt% SnPc) [9].The schematic 

representation of the synthesis of nanocomposite samples is shown in  

Fig. 6.1. 

6.3 Results and discussion 

6.3.1 Thermal analysis 

 A study of the thermal stability of the NiWO4/SnPc nanocomposite 

has done using thermogravimetric analysis, derivative thermogravimetry 

and differential thermal analysis using Perkin Elmer STA 6000. Fig.6.2 

shows the TGA/DTG/DTA graphs of the composite sample. The sample is 

heated from ambient temperature to 8000C. The curve indicates a weight 

loss of 1.5% within the temperature range of 45 to 5450C. Only 0.5% of 

mass loss is seen up to 3700C. The DTG curve shows three major peaks 

within this region, evidently owing to the removal of absorbed water 

content and non vaporized solvents.  From 370 to 5450C, there is a wide 

peak of intense decomposition. Almost 1% of the weight is lost during this 

temperature range. This might be due to the decomposition of the SnPc in 

the nanocomposite. The decomposition of SnPc can be confirmed from the 

DTA graph shown in Fig.6.2. It shows an exothermic peak with ∆H of 

14.51 J/g within this region. This energy corresponds to the energy of the 

decomposition of SnPc [9]. After 5450C the curve is almost stable. From 

the thermal analysis, it can be concluded that nanocomposite samples show 

thermal stability below 5450C. Above this temperature, the phthalocyanine 

in the nanocomposite samples is removed by their decomposition. From the 

thermal analysis, the calcination temperature is chosen to be 1000C. 
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Fig. 6.2 TGA/DTA curves for NiWO4 nanoparticles. 

6.3.2 Analysis of structural properties 

The structural analyses of synthesized NiWO4/SnPc nanocomposite 

samples are carried out by following the procedure described in 

section2.3.2.  

6.3.2.1 Powder XRD analysis 

To study the crystal structure of pure sample (S1) and the changes 

take place in crystal structure by composite formation,  XRD analysis is 

carried out with the help of Bruker AXS D8 Advance X-ray diffractometer 

with Cu-Kα radiation (λ = 1.5406 Å). Fig.6.3 shows the X-ray diffraction 

patterns of pure and composite samples. The XRD pattern of S1 agrees well 

with the JCPDS File No. 72-0480. It corresponds to the wolframite 

monoclinic structure with a space group P2/c.  The same XRD pattern is 

observed for the composite samples also, which means the presence of 

SnPc doesn’t change the crystalline structure of the pure sample (S1). This 

may be due to the low concentration of SnPc in nanocomposite samples. 

But there is a slight change in diffraction angle. The changes in diffraction 
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angle for the composite samples are presented in Table 6.1 along with the 

details of dhkl spacing.  Intensities of diffraction peaks elevate and become 

sharper for C1 (Fig. 6.3), indicating an increase of crystalline nature. The 

reason is that the interaction of SnPc in the lattice may lead to changes in 

the scattering factor of the pure sample. For C2 and C3, there is a decrease 

in intensities compared to C1, and also the width of the obtained XRD peaks 

shows a broadening with an increase in the concentration of SnPc. These 

two observations imply the degradation of crystalline nature. It is probably 

associated with the lattice disorder and strain-induced in the NiWO4 lattice 

due to the presence of a comparatively higher concentration of SnPc [9,10]. 

With the XRD data, lattice parameters of pure and composite samples are 

calculated using the formula given in section 2.3.2.1. The values are 

tabulated in Table 6.2. 

 
Fig.6.3. X-ray diffraction patterns of pure and composite samples. 
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Table 6.1 Changes in diffraction angle for the planes (111). 

Sample 
The peak position of 

(111) plane (2θ) 
d spacing of (111) 

plane (A0) 

S1 30.918 2.889 

C1 30.916 2.890 

C2 31.182 2.866 

C3 31.216 2.863 

 

Table 6.2 Lattice parameters of NiWO4 and NiWO4/SnPc powder samples. 

Lattice 
parameters 

Sample (S1) 
Sample 

(C1) 
Sample 

(C2) 
Sample 

(C3) 
JCPDS 
values 

a  (Å) 4.655±0.093 4.442±0.088 4.536±0.090 4.694±0.093 4.599 

b  (Å) 5.439±0.108 5.481±0.109 5.628±0.112 5.481±0.109 5.660 

c  (Å) 4.986±0.099 5.759±0.115 4.857±0.097 5.052±0.101 4.906 

β 91.943 89.175 88.99 89.298 90.030 

     

The average crystallite size of S1 and composite samples are 

calculated from XRD patterns using the Scherrer equation. Average 

crystallite sizes estimated for samples S1, C1, C2 and C3 are 14.74, 19.16, 

19.09 and 18.72 nm, respectively.  

Williamson–Hall analysis is carried out to calculate the average 

crystallite size and micro-strain. Fig. 6.4 shows the W-H plots of the pure 

and composite samples.  Geometrical parameters of S1 and composite 

samples are presented in Table 6.3.  
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Fig.6.4. W-H Plots for pure and composite samples. 

Table 6.3 Geometrical parameters of pure and composite samples 

Sample 
Average crystallite 

size (Scherrer 
equation) (nm) 

Unit cell 
volume  

(10-30 m3) 

W-H Method 

Average 
crystallite size 

(nm) 

Micro-strain 
(x 10-3) 

S1 14.74±0.29 126. 18 15.80±0.31 2.60±0.05 

C1 19.16±0.38 140.18 20.57±0.41 302.90±6.06 

C2 19.09±0.38 123.98 19.80±0.39 345.20±6.90 

C3 18.72±0.37 129.94 17.33±0.34 375.80±7.51 
 

  It can be seen from Table 6.3 that the average crystallite sizes 

estimated from the Scherrer equation and W–H analysis for all the samples 

are almost in close agreement. The average crystallite size is increased for 

C1. But it is decreased for C2 and C3 samples having a higher concentration 

of SnPc.  Table 6.3  shows that micro-strain values of the composite 

samples are larger than that of the pure sample. The addition of SnPc in S1 
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may cause structural imperfections and surface effects in the sample[9, 11, 

12].  From the XRD analysis, it can be concluded that the geometrical 

parameters of NiWO4 nanoparticles can be modified by the addition of  

SnPc.     

6.3.2.2 TEM analysis   

TEM analysis of pure and nanocomposite samples are carried out 

with the help of JEOL/JEM 2100 (Source: LaB6 and voltage: 200 kV). Fig. 

6.5 shows the bright field images of pure and NiWO4/SnPc nanocomposite 

samples. Particle morphology is not changed significantly with the 

composite formation. But there is a slight change in the particle size of 

composite samples when compared with the pure sample. Image J software 

is used to calculate the particle size, and the average particle size is 

calculated by plotting a histogram shown in Fig. 6.6. The particle size 

ranges from 8 to 20 nm for S1, 12 to 30 for C1 and C2 and 12 to 26 for C3. 

The average particle sizes of samples S1, C1, C2 and C3 are 14.84, 20.62, 

19.92 and 19.29 nm respectively.  HRTEM image of pure and 

nanocomposite samples are shown in Fig. 6.7. From the figure 

polycrystalline nature of the samples can be identified. The selected area 

diffraction pattern of samples S1,  C1, C2 and C3 are shown in Fig.6.8. The 

SAED patterns of samples S1, C1, C2 and C3 show bright spots that 

confirm the crystalline nature of the samples. The crystal planes which 

show high-intensity peaks in the XRD can be indexed from the SAED 

pattern. The calculated inter-planar spacing (dhkl) values from SAED 

patterns are compared with the XRD results to index the planes.  The 

calculated dhkl values and corresponding planes are presented in Table 6.4. 

Variation in dhkl values can be observed for the same (hkl) planes for 

different samples. This change in dhkl spacing is due to the incorporation of 

SnPc into the NiWO4 lattice. This variation in dhkl values and the 

corresponding change in diffraction angles are explained in section 6.3.2.1.   
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Fig. 6.5 Bright-field images of pure and NiWO4/SnPc  
nanocomposite samples. 

 

Fig. 6.6 Size distribution graphs for pure and NiWO4/ SnPc samples. 
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Fig. 6.7 HR-TEM images of pure and NiWO4/SnPc  
nanocomposite samples. 

 

Fig. 6.8 SAED images of pure and NiWO4/SnPc nanocomposite samples. 
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Table 6.4  Inter-planar spacing (dhkl) and the corresponding planes of 

samples S1, C1, C2 and C3. 

Sample Plane 
Measured from 

SAED d (A0) 
Measured from XRD 

d (A0) 

S1 

(010) 5.543 5.587 

(100) 4.401 4.533 

(011) 3.448 3.537 

(002) 2.591 2.447 

(112) 2.046 2.017 

(130) 1.695 1.740 

(302) 1.268 1.298 

C1 

(100) 4.256 4.276 

(110) 3.388 3.567 

(002) 2.541 2.459 

(112) 1.998 2.028 

(202) 1.689 1.678 

C2 

(010) 5.376 5.574 

(100) 4.347 4.531 

(110) 3.404 3.674 

(111) 2.882 2.866 

(002) 2.506 2.442 

(112) 1.995 2.017 

(202) 1.681 1.672 

C3 

(010) 5.516 5.567 

(100) 4.239 4.524 

(110) 3.344 3.525 

(111) 2.907 2.863 

(002) 2.538 2.441 

(211) 1.975 1.950 

(202) 1.642 1.671 
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6.3.2.3 FE-SEM and EDS analysis 

 FE-SEM analysis of pure and NiWO4/SnPc composite samples are 

done with the help of instrument ∑IGMA TM operating at 5 kV.  Fig. 6.9 

shows the FE-SEM images of pure and composite samples. All the samples 

show agglomerated structures. The surface morphology of the pure sample 

is not varied much by the composite formation. But for the composite 

samples, clusters formed due to agglomeration are small in size compared 

to the pure sample.    

 EDS analysis of the samples reveals the chemical stoichiometry of 

the pure and composite samples. Fig. 6. 10 represents the EDS image of 

NiWO4/SnPc nanocomposite sample C1. From the figure, it can be seen 

that element N present in the composite sample cannot be quantified with 

this analysis. The elemental data is presented in Table 6.5.  

 
Fig. 6.9 FE- SEM images of pure and NiWO4/SnPc nanocomposite 

samples. 
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Fig. 6.10 EDS image of NiWO4/ SnPc composite sample C1. 

Table 6.5 EDS data for pure and NiWO4 / SnPc nanocomposite samples. 

Sample Elements 
Atomic 
number 

Series Wt. % At.% 

 
S1 

W 74 L- Series 58.91 15.64 
O 8 K- Series 22.62 69.00 
Ni 28 K- Series 18.47 15.36 

 
C1 

C 6 K series 5.89 21.34 
O 8 K series 18.25 49.67 
Ni 28 K series 21.77 16.15 
Sn 50 L series 0.2 0.07 
W 74 M series 53.89 12.77 

 
C2 

C 6 K series 5.27 20.3 
O 8 K series 16.46 47.56 
Ni 28 K series 23.14 18.22 
Sn 50 L series 0.44 0.17 
W 74 M series 54.69 13.75 

C3 

C 6 K series 7.19 24.3 
O 8 K series 19.55 49.58 
Ni 28 K series 21.01 14.52 
Sn 50 L series 0.61 0.21 
W 74 M series 51.65 11.4 
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6.3.2.4 FT-IR analysis 

The infrared absorption technique is used to identify the presence of 

SnPc in NiWO4/SnPc composites as the IR spectrum is dependent on the 

chemical composition of the material. FT-IR spectra are recorded with the 

help of an FT-IR spectrophotometer (Thermo Nicolet, Avatar 370) in the 

range 4000 to 400 cm-1. Fig.6.11 shows the IR absorption spectra of all the 

samples in which additional modes formed due to SnPc are marked. The 

spectra are nearly the same except some additional bands with much fewer 

intensities are in composite samples. These bands are due to the vibrational 

modes of SnPc components. Low intensities of the characteristic peaks may 

be due to the lower loading of SnPc. Intensities of the bands are found to be 

increasing as the increase in weight % of SnPc in the composite samples.  

 

Fig. 6.11 FT-IR spectra of S1, C1, C2 and C3. 
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Table 6.6 represents a comparison of IR active modes of the 

composite samples with the literature values of SnPc. From the table, it can 

be concluded that out of 25 active modes of tin phthalocyanine, 17 modes 

are present in the composite samples [9]. So the presence of SnPc in the 

composite samples is confirmed.  

Table 6.6. Comparison of IR active modes of composite  

samples with S1 and SnPc. 

S1 

(cm-1) 
C1 

(cm-1) 
C2 

(cm-1) 
C3 

(cm-1) 
SnPc 
(cm-1) 

Band assignment 
[9, 13-19] 

 
3411 3416 3423 ---- 

Hydroxyl stretching vibrations of 
H2O molecules 

 
2920 2921 2921 3020 

Streching of aromatic  
C-H bond 

 
1623 1627 1621 1613 Aromatic C=C vibration 

 
1478 1492 1485 1493 Isoindole stretching 

 
1381 1395 1402 1416 C=N bond vibration 

 
1324 1331 1324 1333 Pyrrole stretching 

 
---- ---- 1273 1285 Pyrrole stretching 

 
1164 ---- ---- 1160 Pyrrole stretching 

 
1107 1119 1113 1119 Benzene stretching 

 
1003 1061 1074 1074 C-H bending 

 
---- ---- ---- 1062 

 
997 997 1003 996 1001 Isoindole deformation 

944 944 945 938 952 Metal ligand vibrations 

 
---- ---- ---- 887 

 
869 864 868 875 872 Vibrations of theWO2 enitity 

806 809 810 810 820 
Vibrations of the WO2 entity 

present in the W2O8 

 
---- ---- ---- 780 

 

 
---- ---- ---- 770 

 

 
---- ---- ---- 745 

 

 
---- ---- ---- 726 

 
677 672 694 694 642 Macro ring breathing 

623 624 630 617 628 
Asymmetric stretching  of two 

Obridge of W2O2 

527 520 527 534 564 
Asymmetric stretching vibrations 

of the NiO6 polyhedra 

 
---- ---- ---- 499 

 

 
---- ---- ---- 489 

 
455 455 462 462 437 

Asymmetric stretching vibrations 
of NiO6 polyhedra. 
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6.3.2.5 Raman analysis 

The Raman spectra of pure and NiWO4 /SnPc samples are taken by 

Alpha 300 RA AFM & RAMAN. Fig. 6.12(a) shows the Raman spectra of 

pure and nanocomposite samples.  The Raman spectra of pure nickel 

tungstates and the details of its vibrational modes are explained in section 

3.3.2.5. There are 18 Raman active modes for the NiWO4 sample, in which 

12 modes are present in the pure sample [20]. SnPc comes under C4ν point 

symmetry and it has 165 normal vibrational modes.  With this  C4ν 

symmetry, 22A1 + 19 A2 + 21 B1 + 21B2 + 41E fundamental modes are 

allowed. From this only 105 modes are Raman active which comes under 

the symmetry species A1, B1, B2 and E [21]. Along with the 12 normal 

modes of vibrations of pure samples, NiWO4/SnPc nanocomposite samples 

have 14 more weak vibrational modes due to the presence of SnPc. The 

modes of SnPc are seen as weak due to the high-intensity modes of the 

NiWO4  in the composite samples as the weight percentage of SnPc is much 

less compared to the tungstate counterpart. Fig. 6.12 (b) shows the enlarged 

portion of Raman spectra in the range 1000-1600 cm-1 with peaks of SnPc 

highlighted.   

SnPc has two characteristic vibrations at 680 and 1330 cm-1 due to 

macrocycle breathing and pyrrole stretching vibrations respectively [21- 

23]. The first one is not observable in the composite sample as it already 

has a peak due to Bg mode vibration of the NiWO4 unit. The second band is 

observed in all composite samples with low intensity. Along with that other 

modes are also seen. The bands at 1005, 1029, 1077,1100, 1184,1309 cm-1 

are due to the C-H bend. The bands 1141, 1152, 1156 cm-1 are formed by 

pyrrole breathing in the SnPc [21-23]. All composite samples show typical 

isoindole ring stretching vibration at 1398, 1402 and  1427 cm-1. The 

Raman bands at 1484, 1488 and 1494 cm-1 are due to the C-N pyrrole 

stretching vibrations [21].  Raman peak at 1553 cm-1 is due to the C- N 
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azagroup stretch. Modes 1612, 1617 and 1629 cm-1 are due to the benzene 

ring stretch [21]. From the Raman analysis, it can be concluded that SnPc is 

incorporated into the NiWO4  lattice and this shows the successful 

formation of NiWO4/ SnPc nanocomposite.   

 

Fig. 6.12(a) Raman spectra of pure and NiWO4/snPc  
nanocomposite samples. 

 

Fig. 6.12 (b) Enlarged Raman spectra in the range  

1000-1600 cm-1 with peaks of SnPc highlighted. 
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6.3.3 Analysis of optical properties 

UV-VIS-NIR absorption and photoluminescence properties of the 

synthesized NiWO4/SnPc nanocomposite are investigated by following the 

procedure as given in section 2.3.3. 

6.3.3.1 UV-VIS-NIR analysis 

Absorption properties of S1 and composite samples C1, C2and C3 

are studied using a double beam UV–Visible spectrophotometer (Cary 5000 

model). Fig.6.13 shows the optical absorbance spectra of all the samples. 

All samples have good light absorption properties in UV, visible and IR 

wavelengths. The main absorption peak of S1 is at 271 nm, and additional 

peaks are observed in the visible region around 445, 740 and 823 nm [9,20]. 

In composite samples, these peaks are slightly shifted to longer wavelength 

due to attachment of SnPc to S1. Along with these peaks, C1, C2 and C3 

show some other peaks due to the presence of SnPc. The spectra of SnPc 

originate from the orbital within the aromatic 18П electron system and from 

overlapping orbital of the central metal atom [24]. These peaks correspond 

to the Q-band transition. The Q band is due to the intramolecular excitations 

[electronic transition a2u(П) —› eg(П*)]. Here the Q band is split into two 

distinct peaks due to the strong interaction between the molecules [25, 26]. 

The two bands at 790 and 843 nm are due to the presence of SnPc. All 

samples show a broad absorption band in the IR wavelength range 1300-

1600 nm. From the spectra, it can be seen that absorbance in the visible 

region increases with the increase in the concentration of SnPc in the 

composite sample. While a decrease of absorbance in the UV and IR 

regions are observed. So the absorbance spectra of S1 can be modified by 

SnPc, in all regions of the spectrum.  The optical bandgap of pure and 

NiWO4/SnPc samples are calculated from Tauc plot.  Fig. 6.14 presents the 

curve, (αhν)2 as a function of photon energy.  The optical bandgap energies 

of all samples are measured by extrapolating the linear portion of the curve 
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to absorption equal to zero. The calculated bandgap values for S1, C1, C2 

and C3 are 3.07, 3.20, 3.19 and 3.19 eV respectively (Table 6.7). With the 

variation in concentration of SnPc in the composite, the energy gap is also 

varied. That is optical bandgap of  NiWO4 can be modified by SnPc [27]. 

Fig 6.15 shows the curves (αhν) 1/2  as a function of hv. The indirect energy 

gaps are also calculated and tabulated in Table 6.7.            

 

Fig. 6.13. Optical absorbance spectra of S1, C1, C2 and C3. 

 
Fig. 6. 14 Tauc plots of pure and NiWO4/SnPc nanocomposite samples for 

direct bandgap estimation. 
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Fig. 6. 15 Tauc plots of pure and NiWO4/SnPc nanocomposite  

samples for indirect bandgap estimation. 

Table 6.7 Direct and indirect optical bandgap values of pure and 

NiWO4/SnPc nanocomposite samples. 

Sample 
Direct bandgap 

(eV) 
Indirect bandgap 

(eV) 

S1 3.07 2.80 

C1 3.20 2.68 

C3 3.19 2.62 

C5 3.19 2.65 

 

6.3.3.2 Photoluminescence analysis 

To analyse the PL properties of pristine and NiWO4/SnPc 

nanocomposite samples, PL spectra of these samples are taken with the help 

of Horiba fluorescence spectrometer (slit width of 3.0 nm), with an 

excitation wavelength of 350 nm. Comparison of luminescence spectra of 

the pure and nanocomposite samples is shown in Fig.6.16. When excited 

with a wavelength of 350 nm at room temperature, all the samples show 

almost the same spectra with different intensities. The main peaks of the 
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pure sample are observed at 412 and 434 nm respectively. In addition to 

that two peaks of low intensities are also observed at 454 and 481 nm. All 

the observed peaks are similar to other wolframite compounds [9, 20]. The 

composite samples show emission peaks with slight variation in 

wavelength. Fig. 6.17 shows the deconvoluted PL spectra of pure and 

composite samples. The sample C1 has emission peaks at 417, 439, 459 and 

526 nm. Sample C2 has emission peaks at 417, 438, 464 and 470 nm. 

Sample C3 shows emission peaks at 417, 439, 465 and 481 nm. The 

variations in PL emission peaks may be due to the involvement of 

additional energy levels present within the bandgap of the composite 

samples [25]. From Fig.6.16, all the nanocomposite samples show low PL 

intensities than S1. Presence of SnPc in composite samples reduces the PL 

intensity. This may be attributed to the strong metal-ligand interaction in tin 

complexes [26]. The PL intensity is very low for C1. The SnPc modifies the 

lifetime of excitations in C1 and make it as a suitable candidate for solar 

cell, and photocatalytic applications. Samples C2 and C3 show a slight 

increase in PL intensity. This may be due to the defects introduced by the 

increase in the concentration of SnPc in C2 and C3, and that can be 

confirmed from the micro-strain values presented in Table 6.3.  

 

Fig. 6. 16  PL spectra of pure and NiWO4/SnPc nanocomposite samples. 
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Fig. 6. 17 Deconvoluted PL spectra of pure and NiWO4/SnPc 

nanocomposite samples. 

Figure 6.18 shows the CIE Chromaticity diagram for the samples S1, 

C1, C2 and C3. The x and y chromaticity coordinates are calculated in the 

CIE XYZ colour space with an excitation wavelength of 350 nm. The CIE 

coordinates of the pure and composite samples are presented in Table 6.8. 

The sample S1 shows purplish-blue emission. The colour of the emission 

changes to white for C1. This is a significant change in the colour of 

emission. Samples C2 and C3 show purplish-blue emission. This data 

indicates that the colour of emission of samples can be tuned by varying the 

concentration of SnPc in the nanocomposite samples. 
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Table 6.8 Chromaticity co-ordinates of pure and composite samples. 

Sample S1 C1 C2 C3 

x 0.1562 0.2564 0.2124 0.1769 

y 0.0889 0.2534 0.1824 0.1406 

 

 

Fig.6.18 CIE chromaticity diagram of S1, C1, C2 and C3. 

6.3.4 Analysis of magnetic properties 

 The magnetic measurements at room temperature for the pure and 

composite NiWO4 nanoparticles are carried out using a vibrating sample 

magnetometer (Lakeshore VSM 7410) in an applied magnetic field 

sweeping between ± 15000 Oe. Fig. 6.19 represents the VSM curves of the 

pure and NiWO4/SnPc nanocomposite nanoparticles. The pure sample 



Chapter – 6   

Studies on the Properties of Nanostructured Nickel Tungstate     .    174   . 

shows paramagnetic behaviour at room temperature [13]. The magnetic 

behaviour of pure NiWO4 is discussed in section 3.3.4. By making the 

composite with SnPc, there is no significant deviation from the magnetic 

nature of NiWO4. All the nanocomposite samples show paramagnetic 

nature as the pure sample. But, a slight shift in the curve is observed. From 

the magnetic studies, it can be concluded that the presence of SnPc does not 

affect the paramagnetic nature of the  NiWO4 sample.  

 

Fig. 6. 19 VSM curves of pure NiWO4 and NiWO4 /SnPc nanocomposites. 

6.3.5 Analysis of electrical properties 

 Electrical studies are carried out by following the procedure given 

in section 2.3.5. The electrical measurements are performed by making 

cylindrical pellets of pure and NiWO4/SnPc nanocomposite samples. Pellets 

are made using a hydraulic press by applying a pressure of 7 GPa.  The 

thickness and diameter of the pellets are 1.7 and 13 mm respectively. The 

pellets are then sintered at 1000C for 1.5 h. Here the comparatively low 

temperature is chosen as the sintering temperature. This is according to the 
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thermal stability of the nanocomposite. When the temperature is increased 

further it may lead to the decomposition of the SnPc part in the 

nanocomposite.  The silver paste is applied to both the faces of the pellets 

for good electrical contact. The dielectric and impedance spectra are 

measured in the frequency range of 50 Hz- 5 MHz at room temperature by 

using Wayne Kerr H- 6500B model impedance analyser.    

6.3.5.1  Dielectric analysis 

 Fig.6.20  represents the frequency response of the real part of the 

dielectric constant of pure NiWO4 and NiWO4/SnPc nanocomposite 

samples at room temperature. From Fig.6.20, it can be seen that the real part 

of dielectric constant (εꞌ)  for the pure sample S1 is reduced significantly 

when the sintering temperature is lowered to 1000C from 5000C. All the 

composite samples show high value of εꞌ when compared to the pure 

sample. Both pure and nanocomposite samples show similar behaviour 

regarding the variation of the real part of dielectric constant (εꞌ) with 

frequency. At low frequency, εꞌ is high for the pure and NiWO4/SnPc 

samples. It shows a dispersion at lower frequency region 50-1000 Hz. The 

dispersion behaviour shown by the samples can be explained based on 

space charge polarization. It can be explained based on Maxwell–Wagner-

type interfacial polarization [30, 31] and Koop’s phenomenological theory 

[32]. The value of εꞌ decreases with the increase in frequency and becomes 

constant at high frequency region. The values of εꞌ for pure and 

nanocomposite NiWO4 samples at selected frequencies are presented in 

Table 6.9.  
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Fig. 6.20 Room temperature frequency response of the real part of dielectric 

constant for pure NiWO4 and NiWO4 /SnPc samples. 

 

Table 6.9 Real part of dielectric constant at different frequencies for pure 

NiWO4 and NiWO4 /SnPc nanocomposite samples. 

Sample εꞌ at 50 Hz εꞌ at 1000 Hz εꞌ at 105 Hz 

S1 391 52 16 

C1 72340 3249 47 

C2 9884 246 19 

C3 19668 607 37 
 

It can be seen from Fig. 6.20 and Table 6.9 that the NiWO4/SnPc 

nanocomposite samples have a very high value of εꞌ in the low frequency 

region as compared to the pure sample. This can be attributed to the 

increase in space charge and dipole orientational polarization by the 

addition of SnPc into the NiWO4 lattice. The delocalized π electron in 

phthalocyanine plays the main role in their conductivity. So the increase in 

the dielectric permittivity of the composite samples may be due to the 

increase in these electrons by the increase in the applied field [33]. When 
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the frequency increases the effect of these polarizations gets reduced. All 

the samples attain a constant value of εꞌ at high frequency.   

Fig.6.21 shows the frequency response of the dissipation factor of 

pure NiWO4 and NiWO4/SnPc nanocomposite samples at room 

temperature. For the pure NiWO4 sample, the loss is maximum at the low 

frequency region. Its value decreases when the frequency is increased. Loss 

approaches zero value at high frequency. The nanocomposite samples show 

a peak in the loss curve.  The peak in the tanδ curve implies the relaxation 

process taking place in the samples. Peaking behaviour occurs when the 

hopping frequency of the ions is equal to the frequency of the applied field. 

The nanocomposite samples show a loss greater than the pure sample. But 

at high frequencies, all the curves approach zero. From the dielectric 

analysis it can be inferred that by the formation of NiWO4/SnPc 

nanocomposite, the dielectric constant of NiWO4 can be increased by 

compromising the loss.   

 

Fig. 6.21 Room temperature frequency response of dissipation factor for 

pure and nanocomposite samples. 
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6.3.5.2  Impedance analysis 

 Nyquist curves are drawn to analyse the conduction mechanism in 

the pure and NiWO4/SnPc samples. The electrical properties of 

polycrystalline material have contributions from grains, grain boundaries 

and specimen electrode interfaces. Fig. 6.22(a)  represents the Nyquist plots 

of the pure and composite samples. To analyse the behaviour of the 

composite samples, Nyquist plots of composite samples are enlarged and 

are presented in Fig. 6.22(b). All the samples show the non-Debye type 

relaxation process as the centre of the arcs lies below the real axis. The pure 

NiWO4 sample shows high impedance at room temperature with a very 

small electrode polarization effect. At the same time, the composite samples 

show small values of real and imaginary parts of complex impedance which 

might be due to the additional charge carriers formed by the addition of the 

SnPc into the NiWO4 lattice.  

 An equivalent circuit based on impedance spectroscopy gives an 

idea of the physical process happening inside the sample. The fitted Nyquist 

plots and corresponding equivalent circuits are shown in Fig. 6. 23. For the 

pure sample, two RC circuits connected in series to represent the 

conduction process. In the two RC circuits, one represents the grain and 

other represents the grain boundary contribution. In the RC circuits, 

capacitance is replaced by CPE which represents the non-Debye behaviour 

shown by the sample. For the nanocomposite samples also two RC 

elements are used to represent the grain and grain boundary contribution. 

Here also capacitance is replaced by CPE element to represent the non-

Debye behaviour.  The values of the parameters R, C and β for grain and 

grain boundaries, and CPE value are presented in Table 6.10.  
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Fig. 6.22 Room temperature Nyquist plots of pristine and  

NiWO4/SnPc nanocomposite samples. 

 

Table 6. 10  Equivalent circuit parameters for pure and  

nanocomposite samples. 

Circuit 
parameters 

S1 C1 C2 C3 

Rg (Ω) 1100000 13000 85000 50000 

CPEg (F) 4x 10-7 1.6x10-6 2x10-6 2x10-6 

βg 0.71 0.70 0.74 0.64 

Rgb (Ω) 1100000 90000 100000 100000 

CPEgb (F) 2.2x 10-5 7.2x 10-4 5x10-4 4x10-4 

βgb 0.54 0.65 0.70 0.71 

 

 
Fig. 6.23 Room temperature Nyquist plots and the corresponding equivalent 

circuit (inset) of pure and nanocomposite samples. 
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6.3.5.3  AC conductivity 

 The AC conductivity of pure and NiWO4/SnPc samples are 

investigated to analyze their conduction mechanism. Variations of AC 

conductivity as a function of frequency at room temperature for pure and 

nanocomposite samples are shown in Fig. 6. 24. 

  The pure sample shows a frequency-independent region followed 

by a region where σac increases with the frequency. The conductivity of the 

pure sample follows Jonscher’s power law. In the case of the pure sample, 

an increase in conductivity occurs with the increase in frequency at the high 

frequency region. This may be due to the hopping of charge carrier from 

one site to a new site. The pure sample sintered at 1000C show less value of 

conductivity compared to the pure sample sintered at 5000C ( section 

3.3.5.3).    

 The nanocomposite samples show high AC conductivity. This may 

be due to the additional charge carriers introduced by the presence of SnPc. 

Sample C1 shows high conductivity. The conductivity of C1 shows a linear 

relationship with frequency in the low frequency region. This linear 

behaviour of the frequency against the AC conductivity in the low 

frequency region indicates the presence of conductivity influenced by the 

electrode polarization effect. But for the sample C2 conductivity decreases. 

This decrease in conductivity is due to a high density of defects. The 

presence of SnPc may introduce the defect ions in the system. This will 

reduce the conductivity. But for the sample C3 conductivity again 

increases. Composite samples also obey Jonscher’s power law of 

conductivity. In short, it can be inferred that by introducing a 

matallothalocyanine into the lattice of NiWO4, its conductivity can be 

improved. Additionally, the improved conductivity of  NiWO4/SnPc 

nanocomposite makes it a potential candidate in microelectronic devices.  
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Fig. 6. 24 Variation of AC conductivity with frequency for pure and 

NiWO4/SnPc nanocomposite samples at room temperature. 

6.4 Conclusion 

• NiWO4/SnPc nanocomposite samples are successfully prepared by 

solvent evaporation method by taking three different weight 

percentages of SnPc with NiWO4.  

• From the thermal analysis, it is found that in between 3700C to 5450C 

decomposition of SnPc takes place. So above 5450C, nanocomposite 

samples are not in the expected form.  

• All the nanocomposite samples are found to have the same crystalline 

structure as the pure sample. The average crystallite sizes of the 

composite samples have values higher than that of the pure sample. 

But by considering the composite samples, there is a decrease in size 

with the increase in the concentration of SnPc in the composite 

samples. 

• From the HRTEM images, it is found that all samples show 

polycrystalline nature and SAED patterns confirm the crystalline 

nature of the samples. 
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•  FT-IR  and Raman analysis confirmed the incorporation of  SnPc in 

the NiWO4 lattice to form NiWO4/SnPc nanocomposite.  

• From the UV-Vis-NIR spectra, it can be observed that absorbance in 

the visible region increases with the increase in the concentration of 

SnPc in the composite samples. Along with that a decrease in 

absorbance in the UV and IR regions. 

•  With the increases in weight% of SnPc in the composite, the energy 

gap is varied. That is the optical bandgap of the pure sample can be 

modified by SnPc.  

• The Colour of emission of the pure sample can be changed from 

purplish-blue to white by 1 weight% of SnPc in the composite 

samples.  

• The magnetic behaviour of NiWO4 does not change much by the 

formation of nanocomposite with SnPc. 

• Due to the presence of additional delocalized π electrons introduced 

by SnPc in the nanocomposite samples, the dielectric constant and 

conductivity are varied.  

• The electrical properties of pure NiWO4 can be modified by making 

nanocomposite with SnPc and that can find applications in electronic 

fields.  
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Chapter - 7 

PHOTOCATALYTIC ACTIVITY OF NiWO4, ITS 

DOPED AND COMPOSITE FORMS  
 

7.1 Introduction 

 Environmental problems caused by the discharge of significant 

quantities of highly harmful and toxic contaminants into environmental 

systems is a consequence of the rapid development of modern industrial 

society and it is acknowledged as a major crisis all over the world [1]. 

There is an increased concern among the populace regarding alarming 

environmental issues and the protection of the environment for sustaining 

life. So the development of photocatalytic semiconductors for organic 

pollutant degradation in wastewater has turned into a demanding research 

area [2].  In particular, it is a great challenge to attain complete degradation 

of environmental contaminants in low-level concentrations in the course of 

conventional treatment processes [3]. Photocatalysis has found potential 

application in the degradation of low-level concentrations of environmental 

contaminants [4]. A low concentration of coloured organic compounds can 

result in the colouration of water in an aquatic system. This is harmful to 

aquatic organisms and plants, as it diminishes photosynthesis and affects 

the ecosystem [5]. Therefore, colour removal and purification of water have 

become an ecological concern and are essential for the sustainability of the 

environment.  

  On this background, the photocatalytic activity of NiWO4 is a topic 

of concern. Literature reports [6-8] the photocatalytic nature of NiWO4 

under UV irradiation for a long time of exposure. Methylene blue 
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(C16H18ClN3S) and rhodamine blue (C28H31ClN2O3) are the two industrial 

dyes used to analyse the photocatalytic activity of the different catalysts. 

These dyes are toxic materials having synthetic origin with a very complex 

molecular structure. As these dyes are important agents in printing and 

textile industries [9] they are released to water bodies as industrial effluents. 

So the removal of these dyes by the photodegradation reaction is important.  

This chapter deals with the study of photocatalytic activity of 

NiWO4 sample and its different modified forms. These structurally and 

optically modified forms of NiWO4 is expected to have improved 

photocatalytic activity. Here photocatalytic activity of pure NiWO4 calcined 

at 5000C (S1), NiWO4 doped with 5%  of Bi3+ ions (B5) and NiWO4/SnPc 

nanocomposite having 1 weight % of SnPc (C1) under UV light are 

discussed.  

7.2 Synthesis of photocatalysts 

 The synthesis methods of the selected photocatalyst are already 

explained in detail in the respective chapters. The synthesis of pure NiWO4 

calcined at 5000C (S1) is explained in section 3.2. Synthesis of NiWO4 

doped with 5%  of Bi3+ ions (B5) is given in section 4.2.  NiWO4/SnPc 

nanocomposite having 1 weight % of SnPc (C1) is synthesized using the 

solvent evaporation method. It is explained in detail in section 6.2. 

7.3 Photodegradation test 

 The photocatalytic activity of the samples is evaluated using two 

representatives of organic pollutant dyes,  Rhodamine blue (RhB) and 

Methylene blue (MB) under UV light irradiation.   

 Typically, 50 mg catalysts are mixed with 100 ml of dye solution 

containing 1 ppm of dye under ultrasonic treatment for 15 min in dark to 

get an adsorption-desorption equilibrium between dyes and the 
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photocatalyst. The mixture is irradiated with UV light (λ > 220 nm) using a 

30 W UV lamp, and aliquots are collected at 15 min intervals followed by 

centrifugation for 10 min. The supernatant solution is analysed using UV- 

Vis spectrometer (Shimadzu 2600 UV- Vis spectrophotometer). 

Wavelengths of 552 and 664 nm are used to analyse the photocatalytic 

degradation of RhB and MB respectively. Percentage degradation of dye is 

calculated using the formula,  

 % degradation = [(A0-At)/A0] X 100,                             (7.1)  

where A0 is the absorbance of dye at the initial stage and At is the 

absorbance of dye at time t. The rates of photocatalytic reactions are 

obtained by drawing ln(C0/Ct) vs. irradiation time graph. Another reaction 

is carried out using all the samples under the same reaction conditions in 

dark. 

 An indirect scavenger method is employed to examine the roles of 

active species such as OH· and O2
-· [10]. For this, isopropyl alcohol (IPA) 

and benzoquinone (BQ) are used as scavengers for OH· and O2
-· 

respectively [10-13]. The absorption spectra of the dye solutions with the 

scavengers are also obtained. From this absorbance data, % of degradation 

of RhB and MB dyes in 90 min is calculated and these results are compared 

with the results obtained without scavenger to understand the role of active 

species in pollutant degradation.  

7.4 Results and discussion 

7.4.1 Photocatalytic activity of NiWO4 sample  

 The photocatalytic activity studies of NiWO4 samples calcined at 

500, 600 and 7000C are carried out using  RhB and MB dyes under UV 

light irradiation. Among these three samples, NiWO4 sample calcined at 

5000C (S1) shows high photocatalytic activity compared to others. In this 
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section photodegradation studies of RhB and MB dyes under UV light 

irradiation with S1 as photocatalyst are discussed. Fig. 7.1 represents the 

absorption spectra of RhB and MB dyes under the effect of catalyst S1. 

From the graph, it is found that absorbance of both dyes decreases with the 

increase in irradiation time. It shows the degradation of dyes by the 

irradiation of UV light with the presence of catalyst S1. The sample which 

is kept under dark conditions shows no dye degradation. 

 

Fig. 7.1 Absorbance spectra of (a) RhB and (b) MB during  

decolourization over catalyst S1. 

 To analyse the kinetics of the photocatalytic reaction, the curve of 

ln(C0/Ct) vs. irradiation time is drawn. By linear fitting the curve and 

finding the slope of the line, the reaction rate constant is calculated for the 

sample. Fig.7.2  represent ln(C0/Ct) vs. irradiation time curves for photo-

degradation of RhB and MB. From the graphs, it can be seen that both dye 

degradation follow pseudo-first-order kinetics. The rate constants for the 

photocatalytic degrading of RhB and MB are 0.0123 and 0.0027  min-1 

respectively.  
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Fig. 7.2 Plot of ln (C0/Ct) vs. irradiation time for degradation of (a) RhB 

and (b) MB for catalyst S1. 

It is interesting to identify the plausible pathway for the degradation 

of organic pollutants in semiconductor photocatalytic degradation. When a  

semiconductor photocatalyst is irradiated by light energy which is equal to 

or greater than the bandgap energies, it excites the electrons from the 

valence band to conduction band. This results in the formation of a positive 

hole in the VB and an electron in CB. The photo-generated positive holes 

react with a surface hydroxyl group (–OH), or an adsorbed water molecule 

to produces hydroxyl (OH.) radical. This OH. is a strong oxidizing agent. 

The electron in the CB reacts with electron acceptors such as O2 adsorbed 

on the surface of the catalyst or dissolved in water to produce superoxide 

radical anion O2
-. [10, 14]. Subsequently, the dyes react with these highly 

potential radicals. These reactions result in the generation of a range of 

intermediates followed by the complete mineralization of the dye. 

 The proposed mechanism of the photocatalytic degradation of RhB 

by S1 can be represented as: 

NiWO4 + hν —› NiWO4·  + e - + h+       (7.2) 

h+ + H2O      —›  OH·        (7.3) 

e - + O2         —› O2
-·         (7.4) 

OH·+ O2
-· + RhB/MB  —› Degradation products    (7.5) 
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 In the case of RhB and MB dye degradations, the efficiency of the 

catalyst S1 is  66% and 54.8 % respectively. 

 Scavenger test is carried for the catalyst S1 to study the active 

species involved in the photodegradation of dyes. The percentage of 

degradation of the dyes with and without scavengers are determined, and 

the results are presented in Fig. 7.3.  

 

Fig. 7. 3 Comparison of percentage of degradation of RhB and MB over 

the surface of the catalyst S1 with and without scavengers.  

 From the graph, it can be found that in the presence of catalyst S1 

the dye solution without the scavenger shows high degradation efficiency. 

In the presence of scavengers (IPA and BQ) the degradation efficiency is 

reduced. It indicates that the addition of IPA and BQ reduced the 

degradation efficiency. Since IPA  and BQ eliminate the active species 

involved in the dye degradation (OH·, O2
-· ), the degradation efficiency will 

be reduced. From the graph,  it can be interpreted that superoxide free 

radicals play a major role in the catalytic action.  
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7.4.2 Photocatalytic activity of Bi-doped NiWO4 samples 

 Photocatalytic activity of Bi3+ doped  NiWO4 samples is analysed 

using RhB and MB under the dark and UV irradiated conditions. The 

NiWO4 sample doped with 5 molar% of Bi3+ (B5) shows high 

photocatalytic activity compared to other doped samples under UV 

irradiation. In this section, the photocatalytic activity of  NiWO4 sample 

doped with 5 molar% of Bi3+ is discussed. Fig 7.4 represents the absorption 

spectra of RhB and MB under the effect of catalyst B5. From the graph, it 

can be seen that both dyes show degradation in the presence of B5 under 

UV irradiation. The sample kept in dark show no degradation. Fig. 7.5 

represents ln(C0/Ct) vs. irradiation time graph. From the slope of the graph 

photodegradation rates are calculated for both the dyes. Degradation of both 

the dyes follow pseudo-first-order kinetics. The rate constants for the 

degradation of  RhB and MB under the effect of catalyst B5 are 0.020 and 

0.0057 min-1 respectively. In the case of RhB and MB dye degradations, the 

efficiency of the catalyst B5 is  86.71% and 75.21 % respectively.  

 

Fig. 7.4 Absorbance spectra of (a) RhB and (b) MB during decolourization 

over catalyst B5. 
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Fig. 7.5  Plot of ln (C0/Ct) vs. irradiation time for degradation of  

(a) RhB and (b) MB for the catalyst B5. 

 In Section 7.3.1, the photocatalytic activity of the sample S1 is 

discussed. Comparing with S1, B5 shows high photocatalytic activity. 

Photocatalytic activity mainly depends on the separation efficiency of 

photogenerated electron and hole. This indicates that the B5 sample holds 

the highest separation efficiency of photo-generated charges during 

photocatalytic decolourization. The separation efficiency of photo-

generated charges increases as Bi content increases [14-16]. In section 

5.3.2, the structural modifications of S1 when doped with Bi3+ are 

discussed. The sample B5 has a lower particle size than S1. So surface area 

of B5 may be increased compared to S1. Since an increase in surface area 

can result in an enhancement of photocatalysis, B5 shows higher 

photocatalytic activity than sample S1. The schematic representation of 

photocatalytic decolourization of RhB is presented in Fig. 7.6. 



 Photocatalytic Activity of NiWO4,  Its Doped and Composite Forms  

Studies on the Properties of Nanostructured Nickel Tungstate     .    193   . 

 

Fig. 7.6 Schematic representation of photocatalytic  

decolourization of RhB. 

 Scavenger test is carried out to analyse the active species involved 

in the photocatalytic degradation of RhB and MB dye.  Photodegradation 

efficiency with and without scavengers over the surface of the catalyst B5 is 

presented in Fig. 7.7. The figure shows that the dye without a scavenger 

showed the greatest degradation. It is found that on the addition of 

scavengers for OH. and O2
-., dye degradation is suppressed. These results 

indicate that OH. and O2
-. species which are formed during UV-light 

irradiation play important roles in dye degradation [14]. As shown in Fig. 

7.7, after adding IPA, degradation is suppressed rapidly both in the case of 

RhB and MB dyes. This indicates that OH. is the main active species in the 

photocatalytic decolouration of dyes. By adding BQ,  the efficiency of 

photocatalytic decolourization of dyes decreases, demonstrating that O2
-.  

plays the second important role in photocatalytic decolourization of the dye 

solutions [14].  
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Fig. 7.7 Comparison of percentage of degradation of RhB and MB over the 

surface of the sample B5 with and without scavengers. 

7.4.3 Photocatalytic activity of NiWO4/SnPc nanocomposite samples 

 Photocatalytic activity of NiWO4/SnPc nanocomposite samples 

namely C1, C2 and C3 are analysed. Among these samples, C1 shows 

improved photocatalytic activity than the pure sample S1. In section 6.3.3 

optical properties of nanocomposite samples are discussed. Studies suggest 

that composite sample C1 can have good photocatalytic activity compared 

to other composite samples.  Fig. 7.8 shows absorbance spectra of aqueous 

RhB dye over the surface of C1 under UV irradiation for 90 min.  

 

Fig. 7.8 Absorbance spectra during RhB decolourization over catalyst C1. 
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 Fig.7.9 represents the graph between ln(C0/ Ct) vs. irradiation time 

for the RhB dye degradation over the surface of catalyst C1. The 

NiWO4/SnPc composite sample show pseudo-first-order reaction kinetics. 

The rate constants for the photocatalytic reactions are found to be 0.0127 

min-1. With C1 as a catalyst, RhB degradation is 70.88% within 90 min of 

UV irradiation. This degradation percentage is high as compared with the 

dye degradation with catalyst  S1.  

 

Fig. 7.9 Plot of ln (C0/Ct) vs. irradiation time for degradation  

of  RhB of catalyst C1. 

 The proposed mechanism of the photocatalytic degradation of RhB 

by NiWO4/SnPc nanocomposite sample can be chemically represented as: 

hν + SnPc —› SnPc*    (7.6)             

SnPc* + O2 —› SnPc + 1O2    (7.7) 

SnPc* + NiWO4 —› SnPc* + NiWO4( e-)   (7.8)     

NiWO4(e-)+ (O2 or 1O2) —› NiWO4 + O2
.-     (7.9) 

O2
-· + H2O —› HO2

· + OH-                      (7.10)  

HO2
·+H2O—›OH·   (7.11) 

OH· + O2
-· + RhB —› Degradation products     (7.12) 

SnPc* + RhB —› Degradation products   (7.13)   
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In Section 7.3.1, the photocatalytic activity of the sample S1 is 

discussed. The photocatalytic activity of S1 can be modified by making 

nanocomposite with SnPc. Improved photocatalytic activity of 

nanocomposite samples is due to the formation of additional free radicals 

due to the presence of SnPc. Moreover, SnPc itself changes to a free radical 

so that degradation of dye can be taken place.  The NiWO4/SnPc 

nanocomposite sample with 1 wt% of SnPc is suggested as a potential 

candidate to remove organic pollutants present in water by room 

temperature photocatalysis. 

To identify the major active species involved in the photo-

degradation reaction of the dye, the scavenger test is conducted. IPA and 

BQ are used to find the role of OH· and O2
-· in the photodegradation of the 

dye. Photodegradation efficiency is calculated with and without scavenger. 

Fig. 7. 10 represents the dye degradation efficiency in 90 min with and 

without scavenger.  The results show that the solution without scavengers 

shows high dye degradation compared to the solutions with scavengers. The 

percentage of dye degradation is less for the solution with BQ. This result 

points to the fact that the primary active species involved in the RhB 

degradation are  O2
-· and OH·.  

 

Fig. 7.10 Comparison of percentage of degradation of RhB over the surface 

of the sample C1 with and without scavengers. 
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7.5 Conclusion 

• Photocatalytic activity of pure NiWO4 (S1), 5% Bi-doped NiWO4 (B5) 

and NiWO4/SnPc (1wt%) nanocomposite (C1) are studied using 

organic pollutant dyes.  

• Sample S1 shows dye degradation efficiency of 66% and 54.8 % for 

RhB and MB dyes respectively. 

• The photocatalytic activity of NiWO4 (S1) is improved by doping it 

with 5 molar % of Bi. The efficiency of the catalyst B5 for the 

degradation of RhB and MB dyes are  86.71 and 75.21 % respectively.  

•  Formation of nanocomposite with SnPc also exhibits improved 

photocatalytic activity, with the degradation of 71%.  

• From scavenger test it is found that OH· and O2
-· are the main active 

species involved in the photo degradation of organic dyes. 
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Chapter - 8 

SUMMARY AND SCOPE FOR THE FUTURE WORK  
 

8.1 Summary of the present work 

The present work describes the synthesis, properties and 

photocatalytic application of nanostructured nickel tungstate. The effect of 

doping by a transition metal and a semimetal on the structural, optical, 

magnetic and electrical properties of nickel tungstate is studied in detail. 

The formation of a nanocomposite structure of nickel tungstate and tin 

phthalocyanine and the modification in the various properties of nickel 

tungstate by composite formation is also studied. In addition, a focus is 

given to the photocatalytic activity of pure nickel tungstate and its doped 

and composite forms. 

Nanocrystalline nickel tungstate particles are successfully 

synthesized by a simple direct chemical precipitation method. The effect of 

calcination temperature on the structural, optical, magnetic and electrical 

properties of the synthesized samples are studied. The average crystallite 

size of the nickel tungstate nanoparticles is found to be increased with an 

increase in calcination temperature. A reduction in the micro-strain is also 

observed with the increase in calcination temperature. The surface 

morphology is also modified with calcination temperature. Spherical shaped 

particles changed their shapes to cube-like shape. FT-IR and Raman spectra 

confirm the presence of characteristic bonds of nickel tungstate. UV-VIS-

NIR analysis revealed the absorption properties of NiWO4 samples. NiWO4 

absorbs all range of wavelengths due to its complex electronic structure. 

Most intense absorption is found in the UV region. Both direct and indirect 
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optical bandgap may be present in NiWO4. The bandgap is found to be 

decreasing with the increase in calcination temperature. The NiWO4 shows 

a purplish-blue emission and calcination temperature affect the intensity of  

PL emission. The sample calcined at lower temperature show less PL 

emission and it can be used for photocatalytic application. The important 

idea regarding the magnetic property of NiWO4 is obtained from VSM 

studies. It is found that nickel tungstate shows paramagnetic behaviour at 

room temperature. Electrical properties of NiWO4 samples show significant 

changes with the change in calcination temperature. While the conduction 

mechanism remains unchanged. AC conductivity is mainly due to the 

polaron hopping mechanism and it obeys Jonscher’s power law. 

Doping of NiWO4 with another transition metal cobalt in different 

doping concentrations leads to the modification of structural, optical, 

magnetic and electrical properties of NiWO4. Cobalt ions are easily 

incorporated into the nickel tungstate lattice and lead to a decrease in the 

average crystallite size of the sample. Along with that reduction in micro-

strain is also observed. The particle size reduction is also evident from the 

TEM images. Surface morphology is found to be almost similar for pure 

and doped samples. FT-IR and Raman spectra confirm the successful 

incorporation of Co ions into the NiWO4 lattice. UV-VIS-NIR absorption 

spectra of Co-doped NiWO4 samples show significant changes. An 

additional peak is formed corresponding to the Co absorption and the 

intensity of this peak increases with the increase in Co concentration. The 

energy gap of the Co-doped NiWO4 varies with the varying molar 

concentration of cobalt. It can be explained based on the Burstein- Moss 

effect. Variation in dopant concentration also affects the PL emission 

intensity. The basic paramagnetic nature of the NiWO4 is not changed by 

the introduction of a magnetically active Co into the NiWO4 lattice. The 

change in the electronegativity of Ni and Co play an important role in the 
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electrical properties of Co-doped nickel tungstate. Along with that oxygen-

deficient nature of the doped samples also play a key role in the 

conductivity of Co-doped NiWO4 sample. Cobalt doping in nickel tungstate 

improved the dielectric constant and conductivity, and reduced the 

dissipation factor of nickel tungstate. So Co-doping helps to tune the 

electrical properties of nickel tungstate. 

Doping with a semimetal Bi3+ which is having a larger radius than 

nickel changed the structural, optical, magnetic and electrical properties of 

nickel tungstate nanoparticles. The average crystallite size increased for 

lower concentration of dopant. For higher doping concentrations,  average 

crystallite size is found to be reduced. TEM analysis of Bi- doped NiWO4 

samples revealed the particle size variation and polycrystalline nature of the 

samples. Similar to pure sample, doped samples also show agglomeration 

and no significant change in morphology is observed for the Bi- doped 

NiWO4 samples from FE-SEM analysis. FT-IR and Raman spectra confirm 

the incorporation of Bi3+ ions into the NiWO4 lattice as there is a slight 

change in the characteristic peaks in the spectra of doped samples. UV-VIS-

NIR spectra of Bi-doped nickel tungstate show additional peaks in the UV 

region corresponding to Bi3+ ions. The change in bandgap is observed with 

variation in Bi concentration. This may be due to the involvement of Bi in 

the formation of the valance band and conduction band. Doping with Bi 

also affects the PL emission of nickel tungstate. For the highest doping 

concentration, an emission peak corresponding to Bi is observed at 605 nm. 

PL analysis indicates that the photoluminescence emission of NiWO4 can 

be tuned by Bi-doping. Magnetic properties of NiWO4 show not much 

variation by Bi- doping. Bi-doped nickel tungstate show improved 

dielectric and conduction properties compared to the pure sample.  This is 

due to the cation vacancy introduced into the NiWO4 lattice by Bi3+ doping. 
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So the introduction of a heavier dopant ion into the NiWO4 lattice changed 

the structural, optical, magnetic and electrical properties of NiWO4. 

 Nickel tungstate is coupled with an organic compound Tin 

phthalocyanine to form a composite so that the structural and optical 

properties of NiWO4 can be modified. The solvent evaporation technique is 

employed for the synthesis of nanocomposite samples. The thermal stability 

of the nanocomposite samples are analysed by thermal analysis. The 

nanocomposite samples are found to be thermally stable below 5450C. The 

average crystallite size of the pure sample is found to be increased by the 

formation of nanocomposite with SnPc. Along with that, there is an 

increase in micro-strain too. The particle size variation is evident from the 

TEM images. The highly agglomerated and cluster forming nature of the 

samples are revealed from FE-SEM analysis. From FT-IR and Raman 

analysis the successful incorporation of SnPc into the NiWO4 lattice is 

identified as the characteristic vibrations of SnPc are seen in both the 

spectra. UV-VIS-NIR analysis reveals the increase in absorption in the 

visible region with an increase in SnPc concentration. Presence SnPc tune 

the PL emission of the nickel tungstate. The nanocomposite sample with 

lowest SnPc concentration shows white emission. SnPc in the 

nanocomposite does not alter the magnetic nature of the nickel tungstate. 

NiWO4/SnPc is found to be thermal stable below 5450C,  sintering  is done 

at low-temperature. The low sintering temperature and the presence of 

delocalized π electrons which is introduced by SnPc, modify the electrical 

properties of nanocomposite samples compared to the pure sample.  

 Photocatalytic activity of NiWO4, its doped and composite forms 

under UV irradiation are also studied. The photocatalytic activity is studied 

using RhB and MB dyes. The highest photocatalytic activity is found for 

the Bi-doped NiWO4 sample. The second-highest efficiency is found for 

NiWO4/SnPc nanocomposite with 1 weight percentage SnPc. Pure NiWO4 
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has the lowest efficiency. So the photocatlytic activity of pure NiWO4 can 

be modified by doping with Bi3+ and forming nanocomposite with SnPc of 

suitable weight percentage. For all the samples, the kinectics of dye 

degradation follow pseudo-first-order kinetics. Scavenger test is conducted 

to identify the reactive species involved in the dye degradation reaction. 

With these informations possible reaction pathways are propossed.  

 In short, the present study comprises the analysis of the properties of 

pure nickel tungstate nano particles,  its doped and composite forms. The 

photocatalytic activity of the samples are also studied.     

8.2 Major findings of the study 

The main outcomes of the present research are listed below.  

• Nanocrystalline NiWO4 samples are successfully synthesized by direct 

chemical precipitation route. 

• The structural, optical, magnetic and electrical properties of 

nanocrystalline nickel tungstate can be modified by changing the 

calcination temperature. 

• Doping with cobalt changes the structural properties of nickel tungstate 

significantly and this results in the modification of optical and electrical 

properties.  

• High values of dielectric constant and  AC conductivity can be 

achieved by doping of  NiWO4 with suitable concentration of cobalt. 

• Bismuth doping in NiWO4 results in structural variations and it also 

leads to the extended absorbance in the UV range.  

• Absorption of NiWO4 in the visible range can be modified by 

incorporating SnPc with it to form a nanocomposite. 

• Photoluminescence properties of NiWO4 can be varied by the formation 

of nanocomposite with SnPc. Sample having 1wt% of SnPc shows 

white emission. 
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• The magnetic property of NiWO4 remains unaltered by doping or 

nanocomposite formation.  

• Photocatalytic properties of NiWO4 can be improved with Bi-doping or 

making nanocomposite with SnPc.  

8.3 Scope for the future work 

 The work presented in this thesis can be extended in quite a few 

directions and are briefly discussed here.              

• Literature reports the sensing applications of nickel tungstate 

nanoparticles. Further  studies are needed for the gas sensing 

applications of NiWO4 samples. 

• Cobalt doped nickel tungstate are reported to have electrochemical 

applications. So the electrochemical properties of Co-doped NiWO4 are 

to be explored. 

• A composite of bismuth tungstate and nickel tungstate are to be made 

so that bandgap of NiWO4 can be tuned to visible range, and hence 

studies based on visible light driven  photocatlytic activity can be done. 

• Literature reports the application of NiWO4 as an electrode material for 

super capacitors. Detailed studies on the electrochemical properties of 

NiWO4 are needed to tune NiWO4 for the fabrication of 

supercapacitors. 

• Dependance of  photocatalytic activity on the pH of the medium can be 

studied.       
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