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ABSTRACT 
The thesis entitled “preparation and characterization of zinc tungstate and composite as anode 

material for lithium-ion battery” cover the preparation, characterization and electrochemical 

analysis as anode material for Lithium-ion battery (LIB) of zinc tungstate and their composites 

(ZnWO4/SnO2, ZnWO4/GeO2 and ZnWO4/SiO2) via solvothermal and microwave method. 

The structural, elemental and morphological properties of the prepared samples are 

characterized using x-ray diffraction (XRD), scanning electron microscopy (SEM), energy-

dispersive X-ray spectroscopy (EDAX), high-resolution transmission electron microscopy 

(HR-TEM), Brunauer-Emmett-Teller (BET) measurements, Raman spectroscopy and X-ray 

photoelectron spectroscopy (XPS) techniques.  

Prepared ZnWO4 and ZnWO4@r-GO nanocomposite delivered initial discharge capacity of 

746 and 1158 mAh g-1 respectively at current density of 100 mA g-1 and potential window 0.02 

- 3 V versus Li/Li+ at room temperature. Further, ZnWO4/SnO2 and ZnWO4/GeO2 are tested 

as anode material for LIB. Increasing percentage of SnO2 increases the specific capacity of the 

ZnWO4/SnO2 composite and GO further boosts the specific capacity of the composite. The 

capacity of the first discharge curve of ZWSN-5, ZWSN-10 and ZWSN-10/GO nanocomposite 

is noticed as 882, 1316 and 1486 mAh g-1 respectively. While in the case of ZnWO4/GeO2, the 

initial discharge capacity of ZWGE5, ZWGE10 and ZWGEC nanocomposites were 761, 825, 

and 930 mAh g−1, respectively. Further, CNT boosts the performance of the ZnWO4/GeO2 

composite.  

ZnWO4/SiO2 is prepared via microwave method and used as an anode material for LIB. The 

initial charge discharge capacity of the ZWSO5 nanocomposites is 570 and 314 mAh g-1 

respectively at 10 mA g-1.  The discharge capacity of the ZW, ZWSO1, ZWSO2, ZWSO3 and 

ZWSO4 are 145, 265, 278, 363 and 453 mAh g−1 respectively. The increasing amount of SiO2 

in the ZnWO4/SiO2 composite increases the overall performance of the ZnWO4/SiO2 

composite. 

Keywords: Zinc tungstate; hybrid metal oxides; anode material; lithium ion battery; 

electrochemical studies;    
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CHAPTER 1 

INTRODUCTION 

This chapter includes the introduction to the energy storage systems along with types of energy 

storage systems. And also, contains the fundamentals of nanotechnology, which includes metal 

oxides and metal tungstates nanomaterials. It also covers the literature survey followed by the 

scope and objectives of the present thesis.  

1.1 ENERGY STORAGE SYSTEMS    

The production and storage of energy are very important in the current fast growing, digitized 

and miniaturized world. Currently, we depend on the fossil fuels for the production of energy 

which, increase the green-house effect produced by the emission of carbon dioxide (CO2). 

Increasing world population demands the higher energy which will increase the CO2 

concentration resulting in the climate warming [1-4]. Thus, we must develop the ways of using 

of renewable energies like wind, biomass, solar and geothermal for the energy production [5-

9]. It is very important to consider how produced energy can be used more efficiently and find 

reliable conversion also storage of energy with widely applicable and low cost. For this, we 

need efficient thermo-electrical and photovoltaic systems which convert heat and light into 

electricity, respectively. To minimize the joule effect, we required electronic conductors like 

superconductors. Finally, energy storage systems like batteries/supercapacitors to store energy 

in chemical forms and convert it back to electricity[10,11].  

Energy storage systems store energy in different forms such as kinetic, electromagnetic, 

thermal, electrochemical, pressure, chemical and potential[12,13]. Using output and energy 

density, the performance of energy storage devices can be defined. Energy storage devices can 

be differentiated on the basis of charge-discharge efficiency, energy density, eco-friendliness 

of the devices and life span. To assess the battery efficiency, charge-discharge efficiency plays 

a major role.  The amount of energy that can be stored in a single system per unit volume or 

per unit weight is known as energy density. Further, life span and eco-friendliness are the 

important performance elements of energy storage devices[14,15]. In electrochemical energy 

storage system (EES) is used to store electricity under a chemical form. This storage system 

benefits from the fact that both electrical and chemical energy share the same carrier, the 
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electron[16,17]. EES can be attained by the use of electrochemical cells. Basically, any 

electrochemical cell contains the movements of an electric current from an electronically 

conducting medium to an ionically conducting medium and back to the electronic medium. So, 

it consists of two electronic-ionic interfaces at the two electrodes separated by an ionic 

medium. At the interface, chemical reaction will take place during the passage of direct current 

from electronic to ionic medium. Chemical reduction reaction will take place at cathode 

because electrons will enter the cell from the electrode. And also, at anode oxidation reaction 

will take place due to electrodes at which electrons liberate the cell [18]. This conversion of 

chemical energy to electrical or vice versa can be done by the electrochemical devices like fuel 

cells, supercapacitors and batteries[18,19].  

1.1.1 Fuel Cell:  

Fuel cell is an electrochemical cell that converts the chemical energy into electricity through a 

pair of redox reaction. A fuel cell consists of anode and cathode surrounded by the electrolyte. 

In the fuel cell, fuels are conveyed to the anode and oxygen or air (oxidant) to the cathode. 

Under specific catalytic conditions, fuels are oxidized and oxidants are reduced while, through 

the external circuit electrons being transferred from anode to the cathode. The anions and 

cations roam through electrolyte from the cathode to anode and anode to cathode respectively 

[20-23]. The block diagram of fuel cell is shown in the Figure 1.1.  
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Figure 1.1: Schematic representation of Fuel Cell 

Commercial application of fuel cells has some drawbacks to overcome [24-27] 

o Fuel cells are expensive due to platinum based catalyst, mild membrane fabrication 

techniques and coating and plate material of bipolar plates.  

o Low durability of fuel cell 

o Hydrogen safety concerns 

o Delicate thermal and water management 

o Large system size and weight 

Fuel cells provide ultrahigh energy density but are restricted by low power density (slow 

kinetics) and the necessity of expensive precious metal catalysts[28].  

1.1.2 Supercapacitor:  

The supercapacitor is also known as double layer capacitor or ultra-capacitor, which differ 

from the regular capacitor, due to its very high capacitance. A capacitor stores energy by static 

charge as opposed to an electrochemical reaction [29-31]. In super-capacitors, the energy is 

stored as adsorbed ionic species at the interface between the porous carbon electrode and the 
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electrolyte. The ions are quickly delivered to the electrode surface through a liquid electrolyte, 

and the electrons are rapidly transported through the highly conductive carbon electrode to an 

external circuit. As a result, supercapacitors typically exhibit rapid charge or discharge 

behavior with a high power density.   However, the total number of ions that can be stored on 

the surface is limited and thus the overall energy density is low. Supercapacitor can be 

classified into three types according to their charge storage. They are (1) double layer capacitor 

(Electrostatically – Helmholtz layer), (2) Pseudo-capacitors (Electrochemically – 

Faradaically), (3) Hybrid capacitors (Electrostatically and Electrochemically)[32,33]. Block 

diagram of supercapacitor is represented in the Figure 1.2. 

Supercapacitors are mainly used in camera, telecommunications, and electric vehicles. Also, 

supercapacitor used in the transmission line due to deviations in power demand a storage 

device become essential.  Further, it finds application in UPS and hybrid electric vehicles. 

There are few disadvantages of supercapacitor for the commercial application [34-37] 

o Energy density is very low 

o Supercapacitor have high self-discharge rate compared to batteries.  

o For some applications, full energy spectrum cannot be used. 

o Low voltage cells (serial connections are needed for high voltage) 

o Voltage balancing needed. 
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Figure 1.2: Schematic representation of supercapacitor 

 

1.1.3 Batteries:  

Finally and importantly batteries, which can store and deliver electrical energy spawned from 

reversible redox reactions that may transpire in the constituent materials of their electrodes. 

Battery has cathode (positive plate) and an anode (negative plate) which are separated by a 

separator and immersed in an electrolyte that allows the ions to pass between the 

electrodes[38,39]. The block diagram of battery is given in the figure 1.3. Batteries are mainly 

classified into two types. 
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Figure 1.3 Schematic representation of battery 

1.1.3.1 Primary batteries:  

They are single use cell because they cannot be recharged. Once the cell has exhausted the 

energy, then the cell would be discarded. Their chemical reactions are not reversible [40,41]. 

The widely used primary cell is dry cell (zinc-carbon battery). 

1.1.3.2 Secondary battery:  

Secondary batteries are chargeable. Their chemical reactions can be reversed by applying 

electric current to the cell. This cell can be used multiple times by charging repeatedly.  The 

examples for secondary batteries are nickel-cadmium (NiCd), lead acid and lithium ion 

batteries. Among them, Lithium ion batteries are the most popular rechargeable batteries and 

are widely used in the portable electronic devices. In lithium ion battery, lithium ions transmit 

from the anode to the cathode during discharge and reverse back when charged. The lithium 

ion battery consists of three primary functional components; positive (cathode) and negative 

(anode) electrodes and electrolyte. In general, anode of the conventional lithium ion battery is 
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made from carbon. The cathode is normally metal oxides. The electrolyte typically is lithium 

salt in an organic solvent [42-44].      

Lithium ion operation is same as that of the other rechargeable batteries. During discharge, 

electrical charge transmits through an external circuit between the electrodes of battery. To 

balance the charge transfer within the cell, positively charged lithium-ions move through an 

internal electrolyte circuit between the positive and negative electrodes. During re-charge the 

process reverses and lithium-ions move back through the electrolyte [45-47]. The schematic 

of LIB is shown in the Figure 1.4. 

 

Figure 1.4: Schematic representation of lithium ion battery 

The main functional components of lithium ion battery are cathode, electrolyte, separator and 

anode. Electrodes play major role in the overall enactment of a LIB. Typically, mixture of 

organic carbonates such as diethyl carbonate or ethylene carbonate containing complex of 
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lithium ions are used as electrolytes for the lithium ion battery. A prominent selection of 

electrolyte has to contain the following features [48,49]` 

o Chemically compatible with electrodes 

o Stable over the operating potential window 

o Should not allow charge accumulation or polarization  

o Thermally stable 

o Strong ionic conductivity 

o No electric conductivity 

Separator, as the name indicates separates the contact between building blocks (anode and 

cathode) of LIB. Separator promotes the movement of ions from cathode to anode on charge 

and anode to cathode while discharge. Separator plays a role as an isolator with no electrical 

conductivity.  Separator does not involve in the chemical reaction directly, but it is very 

essential element which influences the performance like power density and safety of the LIB. 

The separator should have chemical and thermal stability, mechanical strength and porosity 

for ionic conductivity [50-52].  

To construct a high performance LIB, selection of anode and cathode materials are very 

important. Cathode is a positive or oxidizing electrode and generally one of these three 

materials: Lithium cobalt oxide (layered oxide), lithium ion phosphate (polyanion) or lithium 

manganese oxide (a spinal). To select the cathode material, one should consider the following 

features [53-56] 

o Stable when in contact with electrolyte 

o Efficient oxidizing agent 

o Easy to fabricate 

o Low cost 

Anode is a negative electrode and Graphite is popularly used anode material for the commercial 

LIB with a theoretical capacity of 372 mAh g-1[57].  The increasing demand of 

commercialization of LIBs required anode material with high energy density, high specific 

capacity, decent rate capability, low-cost and environmental-friendliness. Therefore, searching 



9 
 

for new anode material with notable electrochemical performance and high theoretical capacity 

is in demand.  To select the anode material, following features need to be considered [58-63], 

o High theoretical capacity 

o Good electrical conductivity 

o High mechanical stability 

o High structural stability 

During charge/discharge cycles, Li-ion intercalates with the anode and may cause increase in 

the volume and structural deformation of anode material. To prevent this, porous and 

nanomaterial are preferred as anode material for LIB [64-67]. 

1.2 NANOTECHNOLOGY  

Nano-science and Nano-technology are the study and application of extremely small things 

ranging from 1 to 100 nanometers, which are normally labeled as nanomaterials [68-71]. They 

play an important role in fast growing, digitalized and miniaturized world covering all the 

fields like medicine, energy generation, electrical and electronics industries etc. due to their 

unique properties. Today's scientists and engineers are finding a wide variety of ways to 

deliberately prepare materials at the nanoscale and to take advantage of their enhanced 

properties such as higher strength, lighter weight, increased control of light spectrum and 

greater chemical reactivity than their larger-scale counterparts[72,73]. The properties of 

materials can be different at the nanoscale for two main reasons. First, nanomaterials have a 

relatively larger surface area when compared to the same mass of material produced in bulk 

form. This property makes the material chemically more reactive (in some cases materials that 

are inert in their larger form are reactive, when produced in their nanoscale form), and affect 

their strength or electrical properties [74-76]. Second, quantum effects can begin to dominate 

the behavior of matter at the nanoscale - particularly at the lower end - affecting the optical, 

electrical and magnetic behavior of materials. Nanomaterials can be produced in one 

dimension, in two dimensions or in all three dimensions [77,78]. 

The technology for making materials into nano-sized particles has been studied energetically 

in recent years. Nano-technology has been used to remarkably improve the performance of 

nano-sized materials. Nanostructured materials have several applications, one among them is 

https://en.wikipedia.org/wiki/Nanometers
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in the field of electrochemistry. Nano structured electrodes showed improved rate capabilities 

relative to thin-film control electrodes prepared from the same material. Also discharge 

potential of the nanostructured material become higher than the micro structured 

material[79,80].  

In periodic table more than 75% of elements are metallic in nature such as gold, silver, 

platinum, mercury, uranium, aluminum, sodium and calcium. Metals are placed on the left side 

of periodic table. Group 1 to 12 includes alkali metal, alkaline earth metal and transition metals. 

Generally, metals are shiny solids having high melting points and densities. They have 

maximum atomic radius in across the period. Due to this, they have low ionization potential 

and low electronegativity. Due to their malleable and ductile properties, they can be deformed 

without breaking and drawn into wire. Because of low ionization potential, metals can easily 

lose electron and hence are good conductors of heat and electricity. Metals can combine with 

other metal and non-metal to form alloys which are widely used in many industries. Metals 

can form halides, oxide, carbonate, nitride and other compound with suitable reagent. 

 

1.3 METAL OXIDES 

 

The metallic compounds which are formed with metal and oxygen in the form of oxide ion 

(O2-) are called as metal oxide. They are named in two words where first word is the name of 

metal with oxidation number in parenthesis followed by oxide. The formula of metal oxide has 

to be written in two words; first write the symbol of first element with oxidation number then 

write symbol of oxygen ‘O’ with an oxidation number -2[81]. Metallic oxides are basic in 

nature and often exist as solids at room temperature. Generally, metal oxides are insoluble in 

water and produce salts with acids. Metal oxides can be classified into alkali metal oxides, 

alkaline earth metal oxides and transition metal oxides[82]. Metal oxide nanoparticles have 

found several applications due to their high reactivity, high surface area-to-volume ratio and 

good size distribution[83]. Metal oxide nanoparticles can show matchless physical and 

chemical properties than bulk oxides[84].  Over the past decade immense research has been 

focused on the preparation and characterization of the transition metal oxides and hydroxides 

due to their unique and wealthy nature for the electrochemical applications. We know that 

transition metal oxides are generally classified into three categories: (1) Single metal oxides 
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such as NiO, MnO2, MgO2, CuO2, etc. (2) Binary metal oxides such as ZnWO4, CuWO4, CaO–

ZnO, ZnOAl2O3, etc. (3)  Hybrid metal oxide materials such as Ni(OH)2/MnO2, 

NiWO4/Co3O4,etc. Among these categories, Binary metal oxides and Hybrid metal oxides are 

synthesized due to their high electrical conductivity and various oxidization states than single 

metal oxides. The design and synthesis of novel binary transition metal oxides with high 

electron conductivity and good electrochemical performances are still a research hot spot[85]. 

Further, binary metal oxides such as tungstate have drawn wide attention for its excellent 

catalytic and electrochemical characteristics.  

Metal tungstate nanostructures with diverse morphologies have received significant research 

interest in the past years due to their technologically important applications[86]. Metal 

tungstates with the formula of M(WOx) where M is a bivalent cation, have attracted much 

attention due to their structure. Based on the nature and ionic radii of the metal ions, the MWO4 

type compounds possess a wide range of structure types, namely scheelite, zircon, monazite, 

anhydrite, baryite, wolframite and various silica analog structure types including a wide variety 

of related structures[87]. The tungstate usually crystallizes in the tetragonal scheelite structure 

or in the monoclinic wolframite structure. 

 

Figure 1.5 Structure of Metal Tungstates 

Tungstates of larger cations (rA> 0.90 Å) crystallize in the scheelite type crystal structure (M 

= Ba, Ca, Eu, Pb, Sr), whereas tungstates of smaller cations (rA< 0.90 Å) crystallize in the 

wolframite structure (M = Co, Cd, Fe, Mg, Ni, Zn).  Every Tungsten atom is surrounded by 

four oxygen atoms in the scheelite structure while in the wolframite structure six oxygen atoms 

surround every Tungsten atom[88]. Nanostructures of metal tungstates in different crystal 

structures including nanorods, nanoparticles, hollow clusters and others can be prepared by 

physical and chemical methods. Members of oxy-salts of tungsten, such as FeWO4, ZnWO4, 

MnWO4, CoWO4, NiWO4, and CdWO4 are widely used for electrochemical applications. 
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Among them, ZnWO4 is also suitable for ion intercalation. However, ZnWO4  anode materials 

have some disadvantages like, pulverization of electrodes, capacity fading during cycling, poor 

electrical conductivity and intense volume changes leading to poor rate capability. Therefore, 

to improve the properties of anode material, researchers have focused on hybrid metal oxide. 

Some examples showing electrochemical performance of metal oxides as anode material for 

LIB is listed in the Table 1.1.  

Table 1.1 Few metal oxide-based anode material for LIB from literature.  

Author and Year Results Reference 

Jun Chen et al. 2005 The α‐Fe2O3 nanotubes are prepared by a templating 

method. The electrochemical reaction of the α‐Fe2O3 

nanotubes is evaluated. The discharge capacity of 

the α‐Fe2O3 nanotubes is 1415, 1115, and 890 mAh 

g-1 for 1st, 10th and 20th cycles respectively.  

[89] 

Hasigaowa Guan et 

al. 2012 

The CoO octahedral nanocages are prepared via 

simple solution method and tested as anode material 

for LIB. The first discharge capacity of the CoO 

octahedral nanocages is 1263.2 mAh g-1. CoO 

octahedral nanocages shows good cycling 

performance, enhanced lithium storage capacity and 

good rate capability.  

[90] 

Jia Hong Pan et al. 

2013 

Flowerlike Hierarchical NiO Microspheres 

synthesized via chemical solution method. The NiO 

Microspheres delivers 1295 mAh g-1 high initial 

capacity. Hierarchical NiO Microspheres shows 

high charge discharge capacity and stability than 

nanoflakes.  

[91] 

Zachary Favors et 

al. 2014 

SiO2 nanotubes are prepared via two step hard-

template method. SiO2 nanotubes are used as anode 

material for lithium ion battery and studied the 

electrochemical property of the SiO2 nanotubes. 

[92] 
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SiO2 nanotubes reveal stable reversible capacity of 

1266 mAhg−1 after 100 cycles with insignificant 

capacity fading.  

Yuxin     Tang     et 

al. 2014 

Bending TiO2–based nanotubes are prepared via 

stirring hydrothermal process. Prepared elongated 

TiO2 bending nanotube is used as anode for LIB. 

Initial charge discharge capacity of the TiO2 

nanotube is 368 and 279 mAh g−1 at C/4 current 

density (1 c = 335 mA g-1).  

[93] 

Hang Su et al. 2015 Hierarchical Mn2O3 hollow microspheres 

synthesized via solvent-thermal method. The first 

discharge and charge capacity of hierarchical Mn2O3 

hollow microspheres is 1210 mAh g−1 and 760 mAh 

g−1 respectively.  

[94] 

Xin-Yao Yu et al. 

2015 

Rutile TiO2 submicroboxes are synthesized using a 

templating method. Rutile TiO2 submicroboxes 

exhibits 225 mAh g-1 discharge capacity and 213 

mAh g-1 charge capacity in the second cycle. The 

Rutile TiO2 submicroboxes have improved lithium 

storage property and stable capacity retention.     

[95] 

Wenhui Zhang et 

al. 2016 

Prepared ZnO nanocrystals via thermal 

decomposition method. Compared the performance 

of commercial available ZnO nanoparticles and 

prepared ZnO nanocrystals. Prepared ZnO 

nanocrystals exhibits initial charge/discharge 

capacity of 709/1563 mAh g−1 which is higher than 

commercial available ZnO nanoparticles. Prepared 

ZnO nanocrystals showed higher lithium storage 

capacity than commercial available ZnO 

nanoparticles.  

[96] 



14 
 

Guo-An Li et al. 

2016 

GeO2 nanoparticles are prepared via optimized sol–

gel process. GeO2 nanoparticles produces 982 mAh 

g-1 in 2nd cycle and for 50th cycles it shows 856 mAh 

g-1 with 87% capacity retention.  

[97] 

Mojtaba Sadati 

Faramarzi et al. 

2018 

SnO2 nanoribbons (NRs) are synthesized on catalyst 

free-SS substrate via vapor-solid (VS) growth 

approach. SnO2 nanoribbons shows high initial 

discharge/charge capacity of 1818/929 mAh g−1 at 

300 mA g−1 current density.  

[98] 

Lifeng Zhang et al. 

2018 

The MnO2 is prepared via sol-gel method. Prepared 

MnO2 is used as anode material for LIB. The MnO2 

exhibits high capacity of 1000 mAh g−1, high 

columbic efficiency of 94.5% and 464 mAh g−1 at 

2000 mA g−1 good rate capability.    

[99] 

 

1.4 CARBON BASED NANOCOMPOSITES 

Carbon nanotubes, fullerenes, graphene, graphene oxide (GO) and mesoporous carbon 

structures constitute a new class of carbon nanomaterials (CNM) with properties that differ 

significantly from other forms of carbon such as graphite and diamond. Conventional carbon 

nanotubes are made of seamless cylinders of hexagonal carbon networks and are synthesized 

as single-wall (SWCNT) or multiwall carbon nanotubes (MWCNT). Stacked-cup carbon 

nanotubes (SCCNTs) consisting of truncated conical graphene layers represent a new type of 

nanotubes. 

Carbon nanomaterials generally have high aspect ratio, tensile strength, low mass density, high 

electric and thermal conductivity, a large surface area and a versatile electronic behavior 

including high electron conductivity and facilitate the  fast electron transfer[100,101]. In metal 

oxide-CNM nanocomposites, the carbon material either acts as a functional component or a 

substance for immobilization of other components[102]. In the case of graphene composites, 

graphene facilitates the mechanical strength, charge transfer and redox reaction, because of its 

large surface area and conductive structure[103-105]. In the case of carbon nanotube 
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composites, interaction between CNT and attached nanoparticles contributes to the unique 

physical and chemical properties. Carbon nano material-metal oxide nanocomposite can be 

tailored to exhibit electrical, magnetic and optical properties of guest metal oxide 

nanoparticles, along with the functional properties of carbon nano structure [106-108]. The 

electrochemical properties of these materials facilitate modulation of their charge transfer 

properties and aid in the design of catalyst for electrochemical, water splitting, electrodes of 

supercapacitors and LIB [109-114]. Application of metal tungstates as negative electrodes in 

lithium-ion batteries are still hindered by two major problems: the high initial irreversible 

capacity and severe volume expansion during the alloying and de-alloying process of Li–Zn, 

which leads to poor cycling performance. Hence, finding solution to the problems of poor 

electronic conduction and volume changes has been a key issue for the research and 

development of tungstate anode materials [115,116]. Considerable efforts have been devoted 

to overcome these problems, including the preparation of nano-architectured materials, core–

shell structured materials and transition metal oxide/CNM composites, in which the inactive 

phase serves as a buffer and partly alleviates mechanical stress caused by the volume change 

of the active phase. Few examples of metal oxide/CNM composites used as anode for LIB 

listed in the Table 1.2.  

Table 1.2 Carbon based composite with metal oxide as anode material for LIB from 

literature.  

Author and Year Results Reference 

Wei‐Ming Zhang et 

al. 2008 

Carbon‐coated Fe3O4 nanospindles are 

prepared via hydrothermal treatment method. 

Prepared Fe3O4–C composite is compared 

with commercial Fe3O4 particles and pure a-

Fe2O3 spindle. The first specific charge 

capacity of Fe3O4–C composite is 749 mAh 

g−1. The Fe3O4–C composite shows better 

performance than commercial Fe3O4 

particles and pure a-Fe2O3 spindle.  

[117] 
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Yi Zhang et al. 

2013 

Graphene/α-MnO2 nanocomposites (GMC) 

are prepared via hydrothermal method and 

used as anode material for LIB. The GMC 

produces reversible specific capacity of 998 

mAh g−1 at 60 mA g−1 current density after 30 

cycles, and produces rate capabilities of 590 

mAh g−1 at 12 A g-1 current density.  

[118] 

Huawei Song et al. 

2014 

The SnO2/MWCNTs hybrid are prepared via 

hydrothermal treatment method and used as 

anode for LIB. SnO2/MWCNTs hybrid 

delivered 800 mAh g−1 reversible capacity.  

The SnO2/MWCNTs composite exhibits long 

lifespan more than 1000 cycles.  

[119] 

Yanhong Zhao et 

al. 2014 

The Graphene/ZnO composite with different 

contents of ZnO is prepared using liquid 

phase route. The Graphene/ZnO composite 

delivers specific capacity of 

1155.27 mAh g−1 at 100 mA g−1.  

[120] 

Ali Jahel et al. 2014 A nano-GeO2/mesoporous carbon 

(GeO2/MC) composite material is prepared 

by a soft templating method.  The GeO2/MC 

composite delivers 1380 and 492 mAh g−1 

discharge and charge capacity for initial 

cycle. The GeO2/MC composite retains 93% 

of its initial capacity after 380 cycles.  

[121] 

 

 

Yufan Ma et al. 

2015 

NiO/carbon shell/SWCNT composites 

prepared by heat treating the SWCNT 

samples synthesized by arc discharge 

method. The sample delivers 1168.2 and 

527.3 mAh g−1 initial discharge and charge 

capacity respectively.  

[122] 
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Wenying Li et al. 

2015 

The SnO2-RGO composite is synthesized 

using one-pot route. Prepared SnO2-RGO 

composite used as an anode material for LIB. 

SnO2-SRGO composite delivers 1673 mAh 

g−1 and 955 mAh g−1 initial discharge and 

charge capacity respectively which is higher 

than pure SnO2. 

[123] 

Xia He et al. 2017 Multichannel carbon fiber with amorphous 

GeO2 (GeO2/MCNF) are fabricated via 

electro-spinning method. The GeO2/MCNF 

produces initial specific discharge and charge 

capacity of 1101.6 and 718 mAh g−1 

respectively.  

[124] 

Ling-hongYin et al. 

2017 

The SiO2@carbon-graphene (SiO2@C-G) 

hybrids are prepared via ultrasonic-assisted 

hydrothermal method. SiO2@C-G delivers 

the specific discharge capacity of 906 mAh 

g-1 for first cycle. Graphene plays an 

important role to construct SiO2@C-G, 

which improves the cyclic performance and 

structural stability of the composite.  

[125] 

Min Su Jo et al. 

2019 

Prepared Coral-Like Yolk–Shell-Structured 

Nickel Oxide/Carbon Composite 

Microspheres using spray pyrolysis. The 

discharge capacity of the CYS-NiO/C is 1124 

mAh g−1 and charge capacity is 778 mAh g−1. 

The CYS-NiO/C microsphere exhibits good 

electrochemical property for Li+ storage, due 

to their high electrical conductivity and high 

structural stability.  

[126] 
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Moumita Rana et 

al. 2019 

Synthesized hybrid MnO2@CNT fabric and 

used as anode material for LIB. Initial 

specific capacity of MnO2@CNTF hybrid is 

2175  mAh g-1 at 25 mA g-1 current density.  

[127] 

 

1.5 LITERATURE ON METAL TUNGSTATE AND ELECTROCHEMICAL 

APPLICATION 

The physical parameters (pH, temperature, concentration of the precursor solution and 

pressure) and preparation method influence the size, structure and performance of the 

nanoparticles. Zinc tungstate and compounds are used in a verity of fields like electrochemical 

energy storage, electronic and optical, humidity sensors, photoluminescence and scintillator 

materials. Among them electrodes for supercapacitor, water splitting and anode for LIB are the 

current interests of research. Few examples for preparation and high performance 

electrochemical applications of Zinc tungstates are listed below in the Table 1.3. 

Table 1.3 electrochemical applications as anode material of zinc tungstate 

Author and 

Year 

Preparation method  Results Reference 

Chen et al. 2003 Synthesized metal tungstates in 

ethylene glycol (EG, 

bp=198 °C) with the reaction of 

MCl2·nH2O (M=Ca, Sr, Ba, Cd, 

Zn, Pb) and Na2WO4 powders 

in an autoclave at 180 °C under 

self-generated pressure. 

The solvent ethylene glycol 

played a key role and the 

reaction temperature also 

affected the crystallization 

and purity of the final 

products. The simplicity of the 

process and high yield made it 

suitable for industrial 

application. 

[128] 

Parhi et al. 2008 Synthesized a wolframite and 

scheelite structured tungstates 

by novel solid state metathetic 

They prepared well crystalline 

phases of scheelite type 

tungstates, MWO4 (M = Ca, 

[129] 
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approach (SSM) (ACl2 

+Na2WO4→AWO4 + 2NaCl, 

A= Ca, Sr, Ba, Zn, Mn, Ni) 

assisted by microwave energy. 

Sr, Ba) have been synthesized 

where the characteristics of 

SSM reaction and the 

formation of high lattice 

energy by-product NaCl 

drives the reaction toward 

completion. Among 

wolframite-type tungstates, 

single-phase ZnWO4 is 

synthesized by SSM reactions 

at ambient conditions and 

MWO4 (M = Ni, Mn) are 

synthesized after subjecting 

the amorphous product to 

moderate temperature of 

heating (around 500 ◦C for 6 

h). 

Montini et al. 

2010 

Tungstates of divalent 

transition metals (MII WO4, M 

= CoII, NiII, CuII, ZnII) are 

prepared by reaction of 

transition metal nitrates with 

sodium tungstate by simple 

precipitation method. The 

precipitates were then calcined 

at 500 ºC. 

ZnWO4 has the largest band 

gap. ZnWO4 presents the 

highest photocatalytic activity 

among the CoWO4, NiWO4 

and CuWO4 in the degradation 

of Methylene Blue (MB) and 

Methyl Orange (MO) due to 

their high band gap. 

[130] 

Hyun-Woo Shim 

et al. 2011 

Wolframite-structure zinc 

tungstate (ZnWO4) was 

synthesized using a facile 

hydrothermal process. 

The initial discharge capacity 

observed was 1140 mAh g-1. 

They mentioned that, ZnWO4 

nanorods exhibits 420 mAh g-

1 reversible specific capacity 

[131] 
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after 150 cycles at a rate of 

C/5. Also mentioned that 

ZnWO4 nanorods sustained 

their 1D nanostructure 

morphologies after 30 cycles.  

Wang Xiao et al 

2013 

Cuboid like ZnWO4 is prepared 

by adding Na2WO4 powders 

into the graphene oxide/Zn 

aqueous solution followed by a 

hydrothermal treatment.  

The discharge capacity of 

566.6 mAh g-1 at 100 mA g-1 

current density is reported for 

ZnWO4/RGO, which is higher 

than that for bare ZnWO4. 

Also, 477.3 mAh g-1 capacity 

is obtained after 40 cycles at a 

current density of 100 mA g-1. 

[132] 

Li‐Li Xing et al. 

2013 

SnO2/ZnWO4 core–shell 

nanorods were prepared by two 

step method. Initially, ZnWO4 

nanorods were synthesized via 

hydrothermal method. Then, 

via chemical method ZnWO4 

nanorods were coated with 

SnO2 nanoparticles.  

A SnO2/ZnWO4 core–shell 

nanorod produces high 

reversible lithium storage 

capacity. The high lithium 

storage is due to the synergetic 

effect between SnO2 and 

ZnWO4 nanostructure. The 

reversible capacity of SnO2 

nanoparticles activates   the 

electrochemical activity of the 

ZnWO4 nanorods.  

[133] 

Bingkun Guan et 

al. 2013 

ZnWO4 nanowall arrays were 

grown on Ni foam via 

hydrothermal treatment and 

used for supercapacitor 

application. 

The ZnWO4 nanowall arrays 

exhibited decent 

electrochemical properties 

with high areal capacitance 

1250 F g-1 at 10 A g-1. The 

ZnWO4 nanowall arrays show 

electrochemical stability and 

[134] 
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rate property upto 100 mA cm 

-2.  

Rao et al. 2014 Prepared a graphene oxide 

(GO) by hummers method. The 

graphene-Zinc tungstate 

(GZW) was prepared by a one-

pot solvothermal method. 

They reported that, GZW 

shows much higher 

photocatalytic activity than 

ZnWO4 for MB degradation 

under UV light. They 

conclude that, the enhanced 

photocatalytic activity was 

induced by the higher 

adsorption activity and higher 

migration efficiency of photo-

induced electrons due to the 

addition of graphene.  

[135] 

Linsen Zhang et 

al 2014 

Sol-gel method was used to 

prepare the ZnWO4/CNTs 

composite.  

ZnWO4/CNTs composite 

exhibits high reversible 

capacity of 466.9 mAh g-1 at 

50 mA g-1. And also shows 

good cycle stability after 50 

cycles and superior rate 

capability.   

[136] 

Sivasankara Rao  

Ede et al. 2015 

ZnWO4 nanoparticles having 

aggregated chain like 

morphology are produced using 

sodium tungstate salt and zinc 

nitrate salt in the presence of 

DNA via microwave irradiation 

for 5 min. 

DNA-ZnWO4 nanoparticles 

show good electrochemical 

property with high specific 

capacitance value ~72 F g-1 at 

5 mVs-1. And also, they 

produce 70% specific 

capacitance after 1000 cycles.  

[137] 

Yang et al. 2016a  synthesized a zinc tungstate- 

carbon nanoparticle with a 

The prepared zinc tungstate 

carbon electrode 

[116] 
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uniform particle size about 

10nm by one step hydrothermal 

reaction using  glucose as the 

carbon source followed by heat 

treatment at 550ºC 

demonstrated a higher initial 

discharge capacity of 990 

mAh g-1 when compared to a 

pure zinc tungstate electrode 

with a current density of 50 

mA g-1. They concluded that, 

the zinc tungstate–carbon 

nanoparticles provided 

significantly improved 

cycling stability compared to 

pure zinc tungstate, this 

implies it is a promising anode 

candidate for lithium-ion 

batteries.  

Yang et al. 2016b Synthesized a new three-

dimensional (3D) nanoporous 

ZnWO4 nanoparticles with 

WCl6 and Zn(NO3)2·6H2O as 

the precursors  by electro-

spinning through a simple and 

facile progress of electro-

spinning. 

The 3D nanoporous ZnWO4 

nanoparticles(3DN ZnWO4) 

were used as the electrode for 

supercapacitor application, 

and the electrochemical 

performance was analyzed, 

indicating the 3DN ZnWO4 

supercapacitor is an ideal 

electrode material with an 

outstanding cycle, high 

specific capacitance and 

excellent rate capacitance, 

especially it can resist a high 

current charge and discharge 

with a little capacitance 

fading(specific capacitance 

decreases only 10% with the 

[138] 
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current density being 

increased from 40 A g−1 to 

100 A g−1). 

Shi Nianxiang et 

al. 2016 

Hydrothermally synthesized 

ZnWO4 hierarchical hexangular 

microstars. Calcinated the 

obtained powder at 500 ºC for 2 

h in Ar atmosphere.  

The ZnWO4 HHMs exhibits 

777 and 585 mAhg-1, 

discharge and charge capacity 

respectively.  Concluded that, 

after calcination, ZnWO4 

HHMs shows good rate 

performance and cyclic 

stability compared to previous 

reports.  

[139] 

Luo et al. 2017 Synthesized hybrid hierarchical 

CO3O4@ZnWO4 core/shell 

nanowire arrays (NWAs) on 

nickel foam through a simple 

two-step hydrothermal method 

followed by the heat treatment. 

Prepared composite was used 

as electrode material for the 

supercapacitor and it shows a 

high areal capacitance 4.08 F 

cm−2 (1020.1 F g-1) at the 

current densities of 2 mA cm-1
 

and excellent cycling stability 

(99.7% of its initial 

capacitance remain after 3000 

cycles). They conclude that, 

the superior electrochemical 

performance is because of its 

unique core/shell 

nanostructures and synergistic 

effects between CO3O4 and 

ZnWO4 materials. The 

prepared CO3@ZnWO4 

hybrid electrode material is 

suitable for supercapacitor 

[140] 
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and other energy storage 

devices. 

Tarugu Anitha et 

al. 2019 

Cauliflower-like ZnWO4@WS2 

composite was prepared on the 

Ni foam surface by two step 

hydrothermal method.  

The cauliflower like 

ZnWO4@WS2 composite 

exhibits an extremely large 

specific capacitance of 1280.7 

F g−1 at 3 A g−1, due to their 

structural stability, electrical 

conductivity and strong 

synergetic effects of ZnWO4 

and WS2.  The authors claim 

that, ZnWO4@WS2 

composite have extremely 

large specific capacitance and 

excellent cyclic stability than 

that of ZnWO4 electrode.  

[141] 

J. Yesuraj et al. 

2019 

ZnWO4 nanomaterials have 

been produced through DNA 

template approach with variable 

hydrothermal reaction time.  

The ZnWO4 nanomaterial 

revealed high specific 

capacitance value of 552 Fg-1 

at 5 mVs-1 and 91% 

capacitance retention after 

2000 cycles at a scan rate of 

100 mVs-1 shows good cyclic 

stability.    

[142] 

   

 1.6 SCOPE AND OBJECTIVES 

Zinc tungstates are very good material for electrochemical application because both Zn and W 

are electrochemically active materials.  Tungstate oxide is a good pseudo capacitive material 

due to its high conductivity and high specific area. Tin oxide and Germanium dioxide are also 

good electrochemical active materials. The composite Tin oxide and Germanium dioxide 
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enhances the electrochemical properties. There are few works regarding hybrid metal oxide 

composite with ZnWO4 for electrochemical applications. The thorough electrochemical 

property of the Tin oxide/Zinc tungstate and Germanium dioxide/Zinc tungstate along with 

carbon nanotubes needs to be studied. This thesis discusses about Zinc tungstate nanomaterial, 

hybrid metal oxide (ZnWO4/SnO2, ZnWO4/GeO2 and ZnWO4/SiO2) and carbon composite as 

anode material for lithium ion battery. 

1.6.1 Objectives 

Proposed objectives are, 

1. Preparation of nanostructured transition metal oxides using hydrothermal or 

solvothermal method. 

2. Preparation of transition metal oxide – CNM composites. 

3. To study the structural, compositional and electrochemical properties of prepared 

composites. 

4. To study the electrochemical applications for energy devices like battery and 

supercapacitor of the prepared composite samples.  
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1.7 OUTLINE OF THE THESIS 

Chapter 1: This chapter gives an introduction to energy storage systems, electrode material, 

zinc tungstate nanomaterial and carbon nanocomposites and their applications. The detailed 

literature review on Zinc tungstate material and their applications in supercapacitor and lithium 

ion batteries are also included in this chapter.  

Chapter 2: In this chapter we included the preparation, experimental and characterization 

procedure. 

Chapter 3: The preparation of zinc tungstate and r-GO composite via solvothermal method 

and application as anode material for lithium ion batteries are discussed in this chapter in detail. 

Chapter 4:  This chapter includes the preparation of ZnWO4/SnO2 nanocomposite and 

ZnWO4/SnO2@r-GO nanocomposite using solvothermal method, their electrochemical 

properties and application in anode material for lithium ion battery discussed. 

Chapter 5: In this chapter, preparation of ZnWO4/GeO2 nanocomposite and ZnWO4/GeO2@ 

CNT nanocomposite via solvothermal method and detailed study of electrochemical property 

of the same are discussed.  

Chapter 6: This chapter contains the preparation and characterization of hybrid metal oxides 

(ZnWO4/SiO2 nanocomposite) using microwave radiation method and their use as anode 

material for lithium ion battery.   

Chapter 7: This chapter covers overall Summary and conclusions along with the future 

directions.  
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CHAPTER 2 

EXPERIMENTAL METHODS AND CHARACTERIZATION   

This chapter contains detail of various experimental techniques used in the present work. A 

brief introduction of the solvothermal method which is used to prepare the zinc tungstate 

nanomaterial and hybrid nanocomposite material is provided. Techniques like X-ray 

diffraction (XRD), Thermogravimetric analysis (TGA), X-ray photo-electron spectroscopy 

(XPS), scanning electron microscopy (SEM), high-resolution transmission electron 

microscopy (HRTEM) and Brunauer-Emmett-Teller (BET) surface area analysis are used for 

material characterization. For electrochemical studies, cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) were used. 

Preparations of electrode materials are also briefly discussed in this chapter. 

Table 2.1 The chemicals used in the present work, along with chemical formula and 

production company  

Chemical Name Chemical formula  Company 

Sodium tungstate dihydrate Na2WO4·2H2O Merck 

Zinc acetate dihydrate Zn(CH3COO)2·2H2O Sigma Aldrich 

Ethylene glycol C2H6O2 Loba 

Tin(IV) chloride 

pentahydrate 

SnCl4.5H2O Sigma Aldrich 

2-propanol (CH3)2CHOH Sigma Aldrich 

Sodium hydroxide NaOH Sigma Aldrich 

Germanium (IV) oxide GeO2 Sigma Aldrich 

Single walled carbon 

nanotube 

SWCNT Sigma Aldrich 
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2.1 PREPARATION METHODS 

In obtaining good quality ZnWO4 and its composite, conditions of the experiment and 

preparation method play an important role. The morphology, structural, chemical and physical 

properties of the ZnWO4 and its composite depends on the preparation methods. By the proper 

selection of preparation method and parameters control, one can obtain the nanoparticles with 

desired properties. In this entire work, we have selected solvothermal method and microwave 

radiation method to prepare the ZnWO4 and its composite due to their ease of synthesis of 

desired morphologies. 

2.1.1 Solvothermal method 

The term “hydrothermal” usually refers to any heterogeneous reactions in the presence of 

aqueous solvents or mineralizers under high pressure-high temperature conditions to dissolve 

and re-crystallize materials that are relatively insoluble under ordinary conditions. In the 

hydrothermal method the components are subjected to the action of water, at temperatures 

considerably above the critical temperature of water (370oC) in closed bomb, and therefore 

under the corresponding high pressures developed by such solutions. If the solvent used is 

other than the water, the method is known as “solvothermal” synthesis[143].  

Normally, hydrothermal and solvothermal reactions are conducted in a specially sealed 

container or high-pressure autoclave under subcritical or supercritical conditions of solvent. 
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Figure 2.1 Teflon jar and stainless steel jacket for solvothermal reaction 

Solvothermal method has several advantages over other methods of nanomaterial synthesis 

such as low reaction temperature and ease of synthesis of desired morphologies, just by 

changing the parameters like, pH, temperature, pressure, precursor, etc. Highly pure phase can 

be synthesized using this method. Contamination level is lower compared to other methods. 

The image of solvothermal reactor used in our work was presented in the Figure 2.1. We used 

120 ml solvothermal reactor for our entire study. We maintained the temperature for 

experiment at 180 C.  

2.1.2 Microwave method 

The microwave-assisted method is widely used in synthesizing Binary Transition Metal Oxides 

(BTMOs) as a fast synthetic technique. The heating and driving chemical reactions by 

irradiating microwave have become an obligatory method in modern organic as well as 

inorganic synthesis, which can dramatically reduce reaction times from days and hours to 

minutes and seconds. In particular, in the synthesis of BTMOs, microwave-assisted method 

has the advantage of controlled heating. This is beneficial for the formation of nanostructured 

materials, whose growth is highly sensitive to the reaction conditions. Moreover, microwave-
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assisted method can suppress side reactions and provide rapid kinetics of crystallization. 

Microwave-assisted routes have been applied for the one-pot synthesis of a large variety of 

bimetallic oxide nanoparticles and nanostructures, due to rapid volumetric heating, higher 

reaction rate, reducing reaction time and increasing yield of products, compared with 

conventional heating methods. However, the morphology and the phase of BTMOs are 

difficult to control in microwave-assisted synthesis[144]. 

In this work, commercially available Samsung microwave oven of frequency 2.45 GHz 

(domestic purpose) with power range of 100 W -750 W was used. The photograph of 

microwave oven used in the present work is presented in Figure 2.2.  

 

Figure 2.2 Commercial Samsung microwave oven used in the experiment 

2.2 CHARACTERIZATION TECHNIQUES 

Various techniques are used to study the structural, compositional, morphological, and 

functional properties. The instrument details and parameters that are used to characterize the 

samples are briefly discussed below. 
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2.2.1 Structural, Morphological and Chemical characterization techniques 

2.2.1.1 X-ray diffraction (XRD) spectroscopy:   

X-ray diffraction technique is used to observe the structural property of the prepared materials. 

Subsequently, this technique is used to measurement of crystallite size, chemical analysis and 

internal stress and strain investigation. The diffraction of X-ray is followed by the Bragg’s 

Law, 

2𝑑 𝑠𝑖𝑛𝜃 = 𝑛                                                 (2.1) 

Where, d is the inter-planar distance, θ is the reflected angle, n is the order of reflection and   

is the X-ray wavelength. The crystal structure of the all samples were analyzed using Rigaku 

miniflex600 XRD instrument by Cu Kα radiation in the 2θ range 10–80° at scan rate of 2° min-

1. The X-ray generator is set to 40 kV voltages and 10 mA current. Using Xpert High score 

plus software the XRD patterns of the all samples were analyzed with reference to ICCD cards.  

2.2.1.2 Thermo-gravimetric analysis (TGA):  

The thermo-gravimetric analysis is very important and widely used thermal analysis technique 

to understand the property of material as function of applied temperature. In TGA, the mass of 

the sample is measured as a function of temperature or time in a controlled atmosphere. The 

change in the mass on increasing temperature can be attributed to the physical or chemical 

changes in the material.  TGA helps us to find out the thermal stability, melting point, transition 

temperature of the material.  

The weight percentage of the carbon content was measured using thermo-gravimetric analysis 

(TGA) using a Hitachi Exstar TGA/DTA 6300 for ZnWO4@r-GO nanocomposite explained 

in the chapter 3. And also, Hitachi-STA7200 is used for ZWSN-10/GO nanocomposite which 

is explained in the chapter 4. Further, PerkinElmer TGA4000 was used for ZWGEC 

nanocomposite explained in Chapter 5. TGA of all samples are performed from room 

temperature to 700 °C in the presence of ambient air. 
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2.2.1.3 Raman spectroscopy:  

Raman spectroscopy is used to notice the various crystalline parameter and frequency mode of 

the samples. In the present work, Raman spectra are recorded with Peek-Seeker Pro (PRO-

785E)  Raman  system  with  excitation  wavelength  of  785  nm  laser  with  a  laser  spot  of  

100 micron for ZWSN-10/GO nanocomposite. The Raman spectra of ZWGEC nanocomposite 

are recorded with LabRAM HR (Horiba) system.   

2.2.1.4 X-ray photo-electron spectroscopy (XPS):  

X-ray photo-electron spectroscopy is very useful and important characterization technique, 

which provides the evidence of the composition, bonding state and elements of the sample. 

Different chemical elements within the near surface are recognized on the basis of their binding 

energy (BE). In the present work, Kratos Axis Ultra with mono-chromatic Al Kα as X-ray 

source was used to characterize the ZnWO4@r-GO nanocomposite. Shirley background 

available along with instrument was used to subtract the background. Thermo Scientific   K-

Alpha, X-ray plus photoelectron spectroscopy (XPS) with micro-focused monochromatic Al- 

Kα as X-ray source was used to determine the ZWSN-10/GO nanocomposite.  

2.2.1.5 Brunauer, Emmett and Teller (BET) surface area analysis: 

The specific surface area, pore diameter, and pore volume of the samples were estimated using 

Brunauer-Emmett-Teller (BET) method from the nitrogen adsorption-desorption isotherms.  

This works on the basis of physical adsorption of a gas on the solid surface. The amount of gas 

adsorbed on the surface as a monolayer can be used to determine the specific surface area of 

the solid. It is also dependent on the temperature, pressure and the interaction of the gas with 

the surface. In the present work, Quanta Chrome Novae-2200 Instrument is used for the BET 

measurement of the samples. 

2.2.1.6 Field Emission scanning electron microscopy (FESEM) and Energy-dispersive X-ray 

spectroscopy (EDAX): 

SEM is a versatile instrument, which can be used for the elemental analysis and chemical state 

analysis along with simple morphological observation. The electron beam in SEM scans in a raster 

pattern and the signals detected are combined with the position of the beam to produce the image. 
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The morphology of the samples is identified using Field Emission scanning electron microscopy 

(FESEM). The JEOL Model JSM - 6390LV and ZIESS FESEM are used to analyze the ZWGEC 

nanocomposite with 20 kV accelerating voltage. EDAX is a technique used to examine the 

elemental composition of the material. EDAX measurements are based on the interaction of 

electron beam with the specimen, thus producing characteristic X-rays. EDAX measurements 

provide qualitative information of atomic and weight percentages of all the elements present 

in the sample. Energy-dispersive X-ray spectroscopy (EDAX) is used for elemental analysis 

of the samples using OXFORD XMX N.  

2.2.1.7 High-resolution transmission electron microscope (HRTEM):  

TEM is very important instrument and can be used to study the plane arrangement and core 

structure of the sample. In TEM, the electron beam passes through the specimen to form a 

microscopic image. The high resolution lattice fringes of the samples were identified using 

high-resolution transmission electron microscope (HRTEM) using a JEOL JEM-2100 machine 

with an operating voltage of 200 kV.  SAED pattern and interplanar spacing are also identified 

using a HRTEM.   

2.3 ELECTROCHEMICAL CHARACTERIZATION:  

To study the electrochemical property of the samples via cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS), Biologic SP-150 electrochemical workstation 

was used. The charge/discharge of the samples were characterised using a NEWARE BTS4000 

battery analyser. A photograph of SP-150 electrochemical workstation and NEWARE 

BTS4000 battery analyser is presented in the Figure 2.3. 
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Figure 2.3 (a) Image of Biologic SP-150 workstation (b) NEWARE BTS4000 battery 

analyser 

2.3.1 Cyclic Voltammetry (CV):  

To study the electrochemical properties of the samples, CV was performed. The current 

between counter electrode and working electrode and the potential between reference electrode 

and working electrode are measured. The rate of change of voltage with time during each phase 

is known as scan rate. The curve of current versus potential is known as cyclic voltammogram. 

Cyclic voltammetry provides information about the kinetics of the reaction and the redox 

potential of the electro active species in the system. The important parameters of a CV are peak 

currents i.e., anodic peak current (Ipa) and cathodic peak current (Ipc) and peak potentials i.e. 

anodic peak potential (Epa) and cathodic peak potential (Epc). 

In the present work, for ZnWO4@r-GO nanocomposite and ZWSN-10/GO nanocomposite, the 

CV was performed at a scan rate of 0.1 mV s−1 in the voltage range 0.02 to 3 V versus Li/Li+ 

which is explained in the chapter 3 and 4. For ZWGEC nanocomposite, CV was performed at 

1 mV s−1 in the voltage range of 0.01–3V versus Li/Li+, which is explained in the chapter 5. 
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2.3.2 Electrochemical Impedance Spectroscopy (EIS):  

The Electrochemical Impedance Spectroscopy (EIS) is broadly used as standard 

characterization technique for many applications like, corrosion phenomena, batteries and fuel-

cells. EIS can provide not only the detailed kinetic information, but also the changes in battery 

properties under different usage or storage conditions.  EIS is a very sensitive technique, and 

offers a wealth of information about battery systems such as:  

➢ analysis of state of charge 

➢ reaction mechanisms 

➢ change of active surface area during operation 

➢ separator evaluation 

➢ passivating film behaviour 

➢ separation and comparison of electrode kinetics on each electrode 

➢ identification of possible electrode corrosion processes 

➢ investigation of the kinetics at each electrode 

To study the kinetics and electrochemical behaviour of the as prepared nanocomposites, EIS 

was performed in the frequency range of 1 mHz to 50 kHz.  

2.3.3 Galvanostatic Charge-discharge (GCD): 

Galvanostatic charge-discharge is an electrochemical technique used to study the mechanism 

and kinetics of an electrochemical reaction, along with the estimation of electrochemical 

capacitance of a material under the controlled current conditions. In GCD, a constant current 

is applied to the system to charge device, and when the device reaches the cut-off potential, it 

will be discharged with negative current. The potential versus time curves obtained with this 

technique can be used to estimate the capacity of the energy storage device. Multiple charge-

discharge cycles can be studied to understand the stability and coulombic efficiency of the 

device. In our studies, GCD was performed with different current density and potential 

window. 
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2.3.4 Electrode preparation and construction of anode material for LIB 

 

Figure 2.4 Schematic representations of slurry preparation and electrode coating 

The electrochemical analysis of the prepared samples was carried out using CR2032 type coin 

cells assembled in glove box filled with argon gas. The synthesized samples were used as 

working electrode, lithium foil as counter electrode, 1 M LiPF6 electrolyte in 1:1 volume ratio 

of ethylene carbonate (EC) and dimethyl carbonate (DMC), and CELGARD 2324 PP Separator 

to assemble the coin cell. To prepare the working electrode, copper foil was coated by slurry 

containing prepared samples, and polyvinylidene fluoride (PVDF) and carbon black with 

different molar ratio with a little quantity of N-methyl-2-pyrrolidone (NMP). The schematic 

representation of slurry preparation is showed in Figure 2.4. The coated copper foil is dried at 

120 °C overnight in a vacuum oven. Copper foil and lithium chip are cut into 16 mm diameter 

circular shape disc and separator is cut into the 18mm diameter disc. The cell fabricated using 

the cut disc and few amount of electrolyte. The schematic representation of coin cell fabrication 

is showed in Figure 2.5.  
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Figure 2.5 Schematic representation of the coin cell preparation 

Instruments used in the lab setup for LIB fabrication and assembly in the present work are 

represented in the Figure 2.6. Figure 2.6 (a) shows the Sartorius BSA224S-CW electronic 

weighing balance used for present work. Figure 2.6 (b) is Vacuum oven used as heating zone 

for present work. Figure 2.6 (c) is the Automatic Electrode Film Coater used for the coating of 

the electrode material in the present work. For the fabrication of LIB, CR2032 coin cells are 

used and assembled in the argon filled MBruan glove box shown in the Figure 2.6 (d). Figure 

2.6 (e) represents the prepared half-cell in this work.  
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Figure 2.6 (a) Sartorius BSA224S-CW electronic weighing balance, (b) Vacuum oven, (c) 

Automatic Electrode Film Coater, (d) MBruan glove box and (e) Prepared CR2032 Coin 

cells. 

2.4 PARAMETERS USED TO EVALUATE THE BATTERY 

PERFORMANCE 

There are several important parameters to evaluate the performance of the LIB, few among 

them are listed below, 

2.4.1 Capacity (Cs):  

Capacity refers to specific capacity, indicating charge per mass (mAh g-1). Specific capacity 

measures the amount of charge that can be reversibly stored per unit mass. Specific capacity is 

closely related to number of electrons released from electrochemical reactions and the atomic 

weight of the host[145]. 
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𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐶𝑠) =
(𝑁 × 𝐹)

(𝐴𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡 × 𝑚)
                                                  (2.2) 

Where, N = Valence of the Material, 

 F = Faraday constant = 96485 Coulombs/Mole. 

If this has to be expressed in terms of current, divide that by 3600 

 

F = 26.801Ah/Mole. 

m = active mass loaded in the electrode 

 

2.4.2 Cycle life:  

Cycle life of a battery refers to how many complete charges and discharges that a rechargeable 

battery can undergo, after which it cannot perform the required functions. 

2.4.3 Capacity retention:  

Measure of the capacity of a battery to retain stored energy during an extended open circuit 

rest period is known as capacity retention. Capacity retention of the cell is affected by the 

design of the cell.  

2.4.4 Columbic efficiency (CE):  

Columbic efficiency is also called as Faradic efficiency or current efficiency, which defines 

the charge efficiency by which electrons are conveyed in batteries. CE is the ratio of the total 

charge removed from the battery to the total charge put into the battery over a full cycle. 

Columbic efficiency (CE) is usually used to estimate the cycling life of LIB because CE 

reflects the loss of Li+ during each cycle[146]. 

By  definition,  CE  is  the  ratio  of  discharge  capacity  over  charge  capacity  of  a  specific  

electrode  in  a  cell. 

𝐶𝐸 =
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
                                            (2.3) 
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2.4.5 Electrochemical Impedance Spectroscopy (EIS): 

To study the kinetics of the electrode material, Electrochemical Impedance Spectroscopy (EIS) 

was performed. The Nyquist plot (Z' Vs. –Z'') of the prepared half-cell was recorded. 

Generally, Nyquist plot consists of a semicircle in the medium higher frequency region and an 

oblique line in the lower frequency region. The reaction resistance of the SEI layer and charge 

transfer resistance is the reason for the semicircle. Solid- state diffusion of lithium ions in 

active material is associated with the line in low frequency region. 

The schematic representation of Nyquist plot is represented in Figure 2.7 and process can be 

interpreted as follows.  

Region I: The high frequency region in the Nyquist plot is due to the fastest mass transfer, 

which is Li+ diffusion through separator and electrodes within the liquid electrolyte resulting 

solution resistance.  

Region II: This section contains two semicircles. The reaction resistance of the SEI layer 

and charge transfer resistance is the reason for the semicircle. The second semi-circle 

depends additionally on the state of health (SOH) of the cell and continuously increases 

during cycling. This is attributed to structural defects in the electrode materials and the 

increase in the SEI layer thickness during cycling since its formation with the first charging 

of the cell 

Region III: The moderate mass transfer process is the solid-state Li-diffusion in the active 

material of the electrodes at very low frequencies. When the concentration gradient fades in 

the solid material, this section transforms into a capacitive behaviour[147]. 
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Figure 2.7 Schematic representation of Nyquist plots of the EIS of a LIB 
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CHAPTER 3 

ZnWO4@r-GO NANOCOMPOSITE A NEGATIVE ELECTRODE FOR 

LITHIUM ION BATTERY  

This chapter includes the preparation, structural, morphological characterization and detailed 

electrochemical studies of the zinc tungstate (ZnWO4) and ZnWO4@r-GO nanocomposite 

using solvothermal method. Entire chapter concentrates on the effect of the r-GO in the ZnWO4 

composite and the synergetic effect of r-GO and ZnWO4 to enhance the performance of the 

composite. The applicability of the ZnWO4@r-GO nanocomposite as an anode material for 

LIB is demonstrated.  

3.1 INTRODUCTION  

The need for more energy is a never-ending quest. This can be tackled by introducing new 

sources of power or efficient usage of existing power. The current storage devices have their 

own limitations; however, it is possible to subdue it leading to better storage devices. For better 

energy storage devices, Li-ion batteries (LIBs) and supercapacitors are currently being 

extensively researched. LIBs with fast charging and discharging ability, long cycle life, and 

high energy density are one among the promising solutions for energy storage and suitable for 

portable electronics. Several materials are used as anode, cathode, electrolyte, and separator 

for lithium-ion battery. The well-established anode material for lithium-ion battery is graphite 

(372 mAh g−1 capacity) but its low capacity fails to meet most of the applications [148,149]. 

Several materials like transition metal oxides and their composites[149-153], sulfides [154-

159], polymers [160-162], nitrides [163-167], carbonaceous material [168-172], chalcogenides 

[173,174], silicon-based materials [175-181], and metal alloys [182-184] are widely used 

anode materials. Among them, transition metal oxides as anode material of LIBs have several 

advantages like excellent capacity and cyclic stability, low cost, and easy availability [185]. 

As a member of metal oxide, ZnWO4 is also suitable for ion intercalation. ZnWO4 is widely 

used as photocatalyst [186,187], photoanode [188], sensors [189-192], electrocatalyst 

[193,194], and supercapacitor [142,138,137]. Very few works are reported on ZnWO4 as the 
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electrode for LIBs. Shi Nianxiang et al. [139] hydrothermally synthesized ZnWO4 hierarchical 

hexangular microstars and used as anode material for the LIBs. It revealed the first discharge 

and charge capacity of 777 mAh g−1 and 585 mAh g−1 respectively. However, the application 

of ZnWO4 as an anode material for LIB is hindered by large volume change and high initial 

reversible capacity, which leads to poor cycling performance. To resolve these issues, 

carbonaceous materials like reduced graphene oxide (r-GO) and carbon nanotubes (CNT) are 

used as buffers because carbonaceous materials can improve the conductivity, contact and also 

reduce the mechanical stress produced by the volume change of the ZnWO4. Due to good 

electrical conductivity, high surface area, and greater mechanical flexibility, graphene has 

attracted most attention for fabricating high-performance composite. Linsen Zhang et al. [136] 

prepared ZnWO4/CNTs composite as anode material reported superior electrochemical 

performance than pure ZnWO4. Wang Xiao et al. [132] reported the synthesis and application 

of ZnWO4@r-GO hybrids as an anode material for LIBs. The discharge capacity of 

566.6 mAh g−1 at 100 mA g−1 current density is reported ZnWO4@r-GO, which is higher than 

bare ZnWO4. Also, 477.3 mAh g−1 is obtained after 40 cycles at a current density of 

100 mA g−1. To improve the capacity and cyclic stability, herein we report the preparation of 

ZnWO4@r-GO nanocomposite by single-step solvothermal method and its performance as 

anode material for LIBs. Further, the comparison of electrochemical properties with pristine 

ZnWO4 demonstrates that r-GO enhances the electron conveyance leading to improved 

capacity of 1158 mAh g−1 at 100 mA g−1 and reduces the degradation of the ZnWO4. The 

synergetic effect of r-GO and ZnWO4 improves the capacity, columbic efficiency, and stability 

of the material. 

3.2 SYNTHESIS, STRUCTURAL, CHEMICAL AND MORPHOLOGICAL 

CHARACTERIZATION OF ZnWO4@r-GO NANOCOMPOSITE 

3.2.1 Preparation of ZnWO4:  

The chemicals used in this work were of analytical grade and were used as obtained. ZnWO4 

nanoparticles were synthesized by mixing 0.35 g of sodium tungstate dihydrate (98%) and 

0.523 g of zinc acetate dihydrate with 1:1 ratio of distilled water and ethylene glycol and stirred 

for about 15 minutes. Obtained white solution mixture was transferred into a teflon jar and 
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placed in the autoclave at 180 °C for 24 hours and allowed to cool to room temperature. Thus, 

obtained precipitates were collected and washed with distilled water, ethanol and acetone for 

several times. Then the samples are dried overnight in a vacuum oven at 65°C. 

3.2.2 Preparation of ZnWO4@r-GO nanocomposite: 

GO was prepared using modified Hummer’s method as reported in our previous reports 

[195,196]. The ZnWO4@r-GO nanocomposite was synthesized by following the same method 

as that of zinc tungstate with the addition of 0.5 mg GO.   

3.3 RESULTS AND DISCUSSION  

3.3.1 X-ray diffraction (XRD) analysis 

Figure 3.1 represents the XRD pattern of the as prepared pristine ZnWO4 and ZnWO4@r-GO 

nanocomposite. The diffraction patterns of the samples were indexed using Xpert high score 

plus software.  The diffraction peaks of the pristine ZnWO4 and ZnWO4@r-GO nanocomposite 

match with the JCPDS Card No.00-015-0774 with space group of P2/c, lattice constants a= 

0.472 nm, b= 0.570 nm and c= 0.495 nm, which indicates monoclinic Wolframite structure. A 

small hump at 12° and 21° in the ZnWO4@r-GO nanocomposite is ascribed to the 

incorporation of the r-GO into the composite. From the figure 3.1, it is evident that monoclinic 

Wolframite structure of ZnWO4 has not been affected by the addition of r-GO. 
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Figure 3.1 XRD pattern of the pristine ZnWO4 and ZnWO4@r-GO nanocomposite at 2° 

min-1 scan rate and 10–80° 2θ range of pristine ZnWO4 and ZnWO4@r-GO 

nanocomposite. 

3.3.2 Thermogravimetric analysis (TGA) 

TGA was performed to determine the exact amount of carbon content in the ZnWO4@r-GO 

nanocomposite, in air ambient from room temperature to 700 °C, as represented in the Figure 

3.2 The plot shows the first trivial weight loss of ZnWO4@r-GO nanocomposite in the 

temperature range up to 100 °C. This loss is due to moisture and surface bound water 

molecules. The result indicates approximately 1 wt% loss in the ZnWO4@r-GO 

nanocomposite. Significantly, ZnWO4@r-GO nanocomposite shows a highest weight loss (~5 

wt%) in the temperature range from 100 to 550 °C, which is attributed to the combustion of 

graphene and amorphous carbon[197]. From 550 to 700 °C, only ZnWO4 was left. Based on 

the weight loss in the TGA plot, the ZnWO4 content in the ZnWO4@r-GO nanocomposite is 

about ~94 wt%.  
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Figure 3.2 TGA curve of the ZnWO4@r-GO nanocomposite from room temperature to 

700 °C in the air atmosphere.  

3.3.3 X-ray photoelectron spectroscopy (XPS) analysis 

The chemical state and elemental composition of the pristine ZnWO4 and ZnWO4@r-GO 

nanocomposite was confirmed from X-ray photoelectron spectroscopy (XPS). XPS spectra 

were calibrated by C 1s peak (284.6 eV). Figure 3.3 (a) represents the survey spectra of pristine 

ZnWO4 and ZnWO4@r-GO nanocomposite, which displays four peaks at 35.7, 246.7, 530.7 

and 1020.7 eV, shows the existence of W, Zn, O and C elements[198,199]. Pristine ZnWO4 

shows surface absorbed carbon species only. Figure 3.3 (b) exhibits the binding energy peaks 

of ZnWO4 at 1021.4 and 1044.5 eV, which are ascribed  to Zn 2p3/2 and Zn 2p1/2  respectively 

indicating the existence of Zn2+ ions of the ZnWO4[200].  
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Figure 3.3 (a) XPS survey spectra and high-resolution spectra of (b) Zn 2p of pristine 

ZnWO4 and ZnWO4@r-GO nanocomposite, (c, d, f) deconvoluted high resolution spectra 

of W 4f, O 1s and C 1s of the ZnWO4@r-GO nanocomposite.  

Similarly, the binding energy of Zn 2p3/2 and Zn 2p1/2 of ZnWO4@r-GO nanocomposite were 

1021.3 and 1044.4 eV respectively, with a shift of 0.1 eV to low energy region. The 

deconvoluted peaks analogous to W 4f of ZnWO4@r-GO nanocomposite are represented in 

the Figure 3.3 (c) having binding energy peak at 35.25 eV for W 4f7/2 and 37.35 eV for W 4f5/2. 

However, in comparison to ZnWO4, the W 4f peaks of ZnWO4@r-GO nanocomposite have 

shifted by 0.2 eV towards higher binding energy. Similarly, O 1s high resolution spectra of 

ZnWO4@r-GO was represented in Figure 3.3 (d), which consist of deconvoluted four peaks at 

530.0, 530.9, 532.2 and 533.6 eV corresponding to oxygen coordination in Zn-O, W-O-W of 

ZnWO4, hydroxyl/epoxy  groups of r-GO and Zn–O–C  bonds between ZnWO4  and  r-GO  

surfaces  respectively[201,198]. The deconvoluted high resolution C 1s spectra of ZnWO4@r-

GO nanocomposite were represented in the Figure 3.3 (e). The Figure 3.3 (e) depicts three 

peaks at 284.5, 285.8 and 288.5 eV, which can be ascribed to the C-C, C-O and C=O groups 

respectively. The intensity of the oxygenated peaks are reduced due to GO being adequately 

reduced to r-GO[202].  For the comparison, high resolution spectra of W 4f, O 1s and C 1s of 
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the pristine ZnWO4 and ZnWO4@r-GO nanocomposite was represented in the Figure 3.4 (a, 

b, c). The deconvoluted high resolution spectra of the W 4f and O 1s of the pristine ZnWO4 

represented in the Figure 3.4 (d, e, f). 

 

Figure 3.4 High resolution spectra of (a) W 4f, (b) O 1s and (c) C 1s of pristine ZnWO4 

and ZnWO4@r-GO nanocomposite. Deconvoluted high resolution spectra of (d) W 4f 

and (e) O 1s of pristine ZnWO4 

3.3.4 Scanning Electron Microscopy (SEM) 

The morphology of the pristine ZnWO4 and ZnWO4@r-GO nanocomposite was analyzed 

through SEM images. The pristine ZnWO4 and ZnWO4@r-GO nanocomposite have irregular 

nanorods of a few microns in length as shown in the Figure 3.5 (a, c). The EDS spectra of the 

ZnWO4 and ZnWO4@r-GO nanocomposite in Figure 3.5 (b, d) confirm the elemental 

composition of O, Zn and W in addition to carbon atomic percentage of 19, which is in 

agreement with XPS results.  
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Figure 3.5 SEM images of the pristine (a) ZnWO4 and (c) ZnWO4@r-GO nanocomposite. 

The energy dispersive X-ray (EDS) spectrum of (b) ZnWO4 and (d) ZnWO4@r-GO 

nanocomposite 

3.3.5 High-resolution transmission electron microscopy (HR-TEM) 

Figure 3.6 (a) depicts the TEM image (b) HRTEM image and (c) SAED pattern of pristine 

ZnWO4 nanorods.  The average length and diameter of nanorods is approximately 20-50 nm 

and 6- 9 nm respectively as measured from TEM image of pristine ZnWO4 and ZnWO4@r-

GO nanocomposite. Figure 3.6 (b) and (e) show the interplanar spacing of 0.47 and 0.52 nm 

for pristine ZnWO4 having (100) and (010) plane respectively and 0.52 nm for ZnWO4@r-GO 

nanocomposite having (010) plane. The monoclinic phase of the samples is confirmed by the 

HR-TEM. Figure 3.6 (d) denotes TEM image (e) HRTEM image and (f) SAED pattern of 

ZnWO4@r-GO nanocomposite. TEM image (Figure 3.6 (d)) of ZnWO4@r-GO nanocomposite 

reveals the growth of ZnWO4 nanorod over the reduced graphene sheet. The ring SAED pattern 
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of pristine ZnWO4 nanorods and ZnWO4@r-GO nanocomposite confirms the polycrystalline 

structure. SEAD pattern of pristine ZnWO4 nanorods and ZnWO4@r-GO nanocomposite are 

indexed to (100) and (110) planes respectively, which matches with the XRD results.    

 

Figure 3.6 (a) TEM image, (b) HRTEM image and (c) SAED pattern of pristine ZnWO4. 

(d) TEM image, (e) HRTEM image and (f) SAED pattern of ZnWO4@r-GO 

nanocomposite. 

3.3.6 BET surface area analysis  

The N2 absorption and desorption isotherms of the prepared pristine ZnWO4 and ZnWO4@r-

GO nanocomposite were represented in the Figure 3.7. The sample shows IV isotherm type, 

which represents the mesoporous powder. The surface areas of pristine ZnWO4 and 

ZnWO4@r-GO nanocomposite as obtained from BET analysis were 38.771 m² g-1 and 50.802 

m² g-1 respectively. ZnWO4@r-GO nanocomposite shows higher surface area than pristine 

ZnWO4. Figure 3.7 (c, d) shows the size distribution curves of the pristine ZnWO4 and 

ZnWO4@r-GO nanocomposite. The values of the surface area, pore volume and pore diameter 



52 
 

are tabulated in Table 3.1. The ZnWO4@r-GO nanocomposite displays greater surface area, 

however, nearly the same pore diameter and volume[203]. 

 

Figure 3.7 N2 adsorption and desorption isotherms of pristine (a) ZnWO4 and (b) 

ZnWO4@r-GO nanocomposite. (c, d) corresponding pore size distribution curves 

Table 3.1 Surface area from BET analysis 

Sample Surface Area (m2 g-1) Pore Volume (cc g-1) Pore diameter 

(nm) 

ZnWO4 38.771 0.138 10.919 

ZnWO4@r-GO 

nanocomposite 

50.802 0.155 11.125 
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3.3.7 Electrochemical measurements 

The electrochemical reactions of the prepared pristine ZnWO4 and ZnWO4@r-GO 

nanocomposite were studied using CV technique. The CV was performed at a scan rate of 0.1 

mV s-1 in the voltage range 0.02 to 3 V versus Li/Li+ as shown in the Figure 3.8. The CV plot 

for both ZnWO4 and ZnWO4@r-GO nanocomposite, shows similar shape signifying that 

pristine ZnWO4 and ZnWO4@r-GO nanocomposite have similar electrochemical reaction. The 

cathodic peaks noticed at 0.58 and 0.76 V are considered to be due to ZnWO4 reduction to Zn 

and W as mentioned in equation (1). SEI film formation on electrode surface and Li-Zn alloy 

formation as shown in equation 2 are the two possible factors that give rise to additional minor 

cathodic peaks.  The peak from 0.65 to 2 V corresponds to the oxidation of Zn0 to Zn2+ and 

oxidation of WO3 to W6+ along with decomposition of the Li2O matrix[136]. Zn and W 

oxidation as shown in equation 3 results in the first anodic peaks at 0.68 V and 1.12 V. The 

integrated area in CV of the ZnWO4@r-GO nanocomposite is greater than that of pristine 

ZnWO4; this is due to the incorporation of r-GO into ZnWO4, which significantly enhances the 

electronic conductivity. 
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Figure 3.8 The cyclic voltammetric profiles of the pristine ZnWO4 and ZnWO4@r-GO 

nanocomposite in 0.1 mV s-1 scan rate and 0.02 to 3 V versus Li/Li+ potential range. 

The above discussion is based on the reactions of the pristine ZnWO4 that can be summarized 

as follows [131,139,133]: 

ZnWO4 + 8Li+ + 8e- → Zn + W + 4Li2O        (3.1) 

Zn + Li+ + e-  ↔ LiZn         (3.2) 

LiZn + W + 4Li2O ↔ Zn + WO3 + 7Li+ + 7e- + Li2O    (3.3) 

 

Figure 3.9 (a) Charge/discharge curves of the ZnWO4 and ZnWO4@r-GO 

nanocomposite at 100 mA g-1 current density. (b) Cycle number versus charge/discharge 

capacity plot of ZnWO4 and ZnWO4@r-GO nanocomposite for 500 cycles at 300 mA g-1. 

(c) Cycle number versus columbic efficiency plot and (d) comparison of the rate 

capability of ZnWO4 and ZnWO4@r-GO nanocomposite. 
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The electrochemical enactment of the pristine ZnWO4 and ZnWO4@r-GO nanocomposite was 

studied by galvanostatic charge/discharge techniques at current density of 100 mA g-1 and 

potential window 0.02 - 3 V versus Li/Li+ at a room temperature as shown in the Figure 3.9 

(a). The similar charge discharge graph with different current density is shown in the Figure 

3.10. The initial discharge capacity of the ZnWO4@r-GO nanocomposite is found to be 1158 

mAh g-1 and initial charge capacity is 552 mAh g-1, which is higher than that of pristine material 

(746 and 295 mAh g-1). The capacity is greater than calculated theoretical capacity (600-750 

mAh g-1), which may be due to the formation of the SEI layer and synergetic effect of ZnWO4 

and r-GO. The ZnWO4@r-GO nanocomposite also exhibits good cyclic stability over 500 

cycles at 300 mA g-1 as shown in the Figure 3.9 (b). From Figure 3.9 (b), the ZnWO4@r-GO 

nanocomposite shows 277 mAh g-1 and 290 mAh g-1 charge/discharge capacity at 300 mA g-1 

current density. After 500 cycles the charge /discharge capacity of ZnWO4@r-GO 

nanocomposite is 224 and 225 mAh g-1 respectively. The columbic efficiency of the 

ZnWO4@r-GO nanocomposite is 95% for the 1st cycle and it is 99.9% for 500th cycle as 

represented in Figure 3.9 (c). Further, ZnWO4@r-GO nanocomposite shows 80.74% capacity 

retention even after 500 cycles, which is higher than that of pristine ZnWO4 (48.35% charge 

retention). The capacity retention plot is represented in the Figure 3.11, which reveals better 

structural stability of the ZnWO4@r-GO nanocomposite compared to pristine ZnWO4.  

 

Figure 3.10 the first two cycle charge/discharge curves of (a) ZnWO4 and (b) 

ZnWO4@r-GO nanocomposite at 100, 200, 300 and 500 mA g-1 current densities.  
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The Figure 3.9 (d) shows the rate capability of the pristine ZnWO4 and ZnWO4@r-GO 

nanocomposite. The charge/discharge capacity of the pristine ZnWO4 and ZnWO4@r-GO 

nanocomposite decreases with rise in current density. It is to be noted that higher capacity is 

obtained at lower current densities compared to higher current densities. This is explained 

through kinetics of the charges in the cell. Higher the current density, faster is the kinetics of 

the charges within the cell. Thus, the ions lack the time to accommodate within the lattice and 

reduce the capacity.  

 

Figure 3.11 Capacity retention versus cycle number plot of ZnWO4 and ZnWO4@r-GO 

nanocomposite  

To study the rate capability of the materials, charge/discharge test was performed from 100 to 

500 mA g-1
 current density. While increasing the current density from 100, 200, 300 and 500 

mA g-1, ZnWO4@r-GO nanocomposite shows average discharge capacities of 604, 398, 302 

and 254 mAh g-1 respectively. Likewise, the charge capacity of 496, 303, 253 and 213 mAh g-
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1 respectively have been obtained, which is higher than that of pristine ZnWO4 

discharge/charge capacity. At higher current density, capacity reduces due to insufficient 

conducting path of graphene in ZnWO4@r-GO nanocomposite. Notably, the ZnWO4@r-GO 

nanocomposite reverted to 440 mAh g-1, compared to 604 mAh g-1. In ZnWO4@r-GO 

nanocomposite, the reduced graphene oxide offers a large aspect ratio, which leads to the long 

transport path for Li+ and limits the rate capacity. So, the ZnWO4@r-GO nanocomposite has 

lower rate capacity than that of ZnWO4 [204,205]. However, ZnWO4@r-GO nanocomposite 

has a higher specific capacity and cyclic stability compared to pristine ZnWO4.  

From the TGA curve, the ZnWO4@r-GO nanocomposite contains approximately 94 wt% of 

ZnWO4 and 6 wt% of r-GO. Based on the theoretical capacity of ZnWO4 (684 mAh g-1) and 

the theoretical capacity of graphene (744 mAh g-1), the theoretical capacity of the ZnWO4@r-

GO nanocomposite was calculated to be 686 mAh g-1[206]. Compared to the present discharge 

capacity of ZnWO4 (397 mAh g-1), the extra incremental discharge capacity of ZnWO4@r-GO 

nanocomposite was 207 mAh g-1. Using theoretical capacity of grapheme (744 mAh g-1), the 

enhanced capacity from Li+ storage in graphene is presumably 45 mAh g-1. From the above 

calculation, the contribution from the electronic conductivity of graphene in the composite may 

be 162 mAh g-1 [207]. The Lithium storage capacity of prepared and reported tungstate based 

anode material for LIBs are compared and listed in the Table 3.2. Based on data from Table 2, 

prepared ZnWO4@r-GO nanocomposite exhibit superior lithium storage capacity than other 

previous reports. From BET data, ZnWO4@r-GO nanocomposite exhibits larger surface area 

than ZnWO4. The incorporation of r-GO into ZnWO4 increases the surface area, which 

enhances the charge/discharge capacity of the ZnWO4@r-GO nanocomposite. This indicates 

the capacity enhancement is arriving due to the lithium ion intercalation and extraction during 

cycling. 

Table 3.2 Comparison of prepared ZnWO4@r-GO nanocomposite with reported 

tungstate anode material for LIBs 

Sl 

No 

Electrode Preparation 

Method 

Discharge 

Capacity 

(mAh g-1) 

Current 

Density / C-

rate 

Ref 

1 ZnWO4 Sol–Gel method 705.9  50 mA g-1 [136] 
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2 ZnWO4/RGO  hybrid Hydrothermal 

Method 

566.6 100 mA g-1 [132] 

3 FeWO4/C Hydrothermal 

method 

771.6 100 mA g-1 [208] 

4 ZnWO4 Hierarchical 

Hexangular Microstars 

Two Step 

Hydrothermal 

Method 

777 200 mAg-1 [139] 

5 ZnWO4 Nanorods Facile 

hydrothermal 

process 

1140 0.2 C [131] 

6 Nanocrystalline ZnWO4 Wet chemical 

method 

783.8 100  mA g-1 [209] 

7 ZnWO4/graphene 

composite 

Sol–Gel method 1016 50 mA g-1 [207] 

8 Core/shell 

ZnWO4/carbon 

nanorods 

Hydrothermal 

Method 

512 0.1 C [210] 

9 NiWO4 Electro spinning 

method 

888 100 mA g-1 [211] 

10 ZnWO4 Nanorods Hydrothermal 

Method 

746 100 mA g-1 Present 

work 

11 ZnWO4@r-GO 

nanocomposite 

Hydrothermal 

Method 

1158 100 mA g-1 Present 

work 

 

The kinetics of the pristine ZnWO4 and ZnWO4@r-GO nanocomposite was studied using EIS, 

in the frequency range 1 mHz - 50 kHz as represented in the Figure 3.12. Equivalent circuit of 

the Nyquist plot is represented in the inset of Figure 3.12. Nyquist plot of ZnWO4 and 

ZnWO4@r-GO nanocomposite contains two semicircles that extend from region of high 

frequency to medium frequency. At low frequency region, an inclined line is observed which 

corresponds to two processes, charge transfer of lithium ion from electrolyte into electrode and 

lithium ion diffusion to the electrode, the latter being referred to as Warburg impedance[212]. 

The radius of the semicircle in the plot of ZnWO4@r-GO nanocomposite is smaller than that 

of pristine ZnWO4, which is due to the incorporation of r-GO. It indicates the faster kinetic 

process of ZnWO4@r-GO nanocomposite compared to that of pristine ZnWO4. The 

conductivity of ZnWO4 is significantly improved by r-GO network. The fitted values for the 

Nyquist plots of pristine ZnWO4 and ZnWO4@r-GO nanocomposite are represented in the 

Table 3.3.  
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Figure 3.12 Nyquist plots of ZnWO4 and ZnWO4@r-GO nanocomposite. Equivalent 

fitted circuit given as inset. 

Table 3.3 Nyquist plot fitted values of ZnWO4 and ZnWO4@r-GO nanocomposite 

Sample  Rs (Ω) Cdl (μF) Rct (Ω) W(Ω s-1/2) CSEI (μF) RSEI (Ω) 

ZnWO4 10.58 1.303 112.6 56.67 3.341 158.3 

ZnWO4@r-

GO 

nanocomposite 

8.559 7.431 16.14 1344 3.7 27.14 

 

To further investigate the crystal structure of the prepared ZnWO4 and ZnWO4@r-GO 

nanocomposite, ex-situ XRD was performed after 500 cycles as represented in the Figure 3.13 
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(a). The difference in XRD pattern of ZnWO4 and ZnWO4@r-GO nanocomposite before and 

after charge/discharge cycle are observed, indicating electrochemical reactions of Li and 

ZnWO4 as per equations 1, 2 and 3. From the Figure 3.13 (a), we can observe the absence of 

few XRD peaks, which illustrates the destruction of ZnWO4. The peaks around 43.26°, 50.42° 

and 74.26° are due to Cu foil on which the material was coated, and the peak at around 32.68° 

is indexed to Li2O[213] and also the peak at 35.96° and 39.32° are indexed to tungsten (JCPDS 

Card No. 03-065-6453). After 500 discharge cycles, emergence Li2O peak indicates the 

reaction of Li with oxygen present in ZnWO4.  

 

Figure 3.13 (a) Ex-situ XRD plot after 500 cycles (b, c) SEM images of the pristine ZnWO4 

and ZnWO4@r-GO nanocomposite after 500 cycles.  

The morphology of the pristine ZnWO4 and ZnWO4@r-GO nanocomposite after 500 cycles at 

300 mA g-1, FE-SEM is represented in the Figure 3.13 (b) and 3.13 (c) respectively. We can 

observe from the figure 3.13 (b) that, nanorods morphology of ZnWO4 has been changed after 
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500 cycles. While drastic changes are not observable in the case of the ZnWO4@r-GO 

nanocomposite, which confirms that they do not get destroyed easily and thus have higher 

cycle stability.  

3.4 SUMMARY  

➢ The pristine ZnWO4 and ZnWO4@r-GO nanocomposite has been synthesized by single 

step solvothermal method 

➢ The pristine ZnWO4 and ZnWO4@r-GO nanocomposite exhibits monoclinic 

Wolframite structure which is match with the JCPDS Card No.00-015-0774 

➢ TGA plot revels, ZnWO4 content in the ZnWO4@r-GO nanocomposite is about ~94 

wt%  

➢ XPS study confirms the existence of graphene oxide content and Zinc tungstate 

presence in the ZnWO4@r-GO nanocomposite 

➢ SEM reveals the irregular nanorods of a few microns in length for pristine ZnWO4 and 

ZnWO4@r-GO nanocomposite.  

➢ TEM image confirms the growth of ZnWO4 nanorod over the reduced graphene sheet. 

The ring SAED pattern of pristine ZnWO4 nanorods and ZnWO4@r-GO 

nanocomposite confirms the polycrystalline structure. 

➢ BET results suggest that, sample shows IV isotherm type, which represents the 

mesoporous powder. The surface areas of pristine ZnWO4 and ZnWO4@r-GO 

nanocomposite as obtained from BET analysis were 38.771 m² g-1 and 50.802 m² g-1 

respectively. 

➢ The CV plot for both ZnWO4 and ZnWO4@r-GO nanocomposite, shows similar shape 

signifying that pristine ZnWO4 and ZnWO4@r-GO nanocomposite have similar 

electrochemical reaction. 

➢ The ZnWO4@r-GO nanocomposite has discharge capacity of 1158 mAh g-1, a value 

that is 1.6 times higher than discharge capacity of pristine ZnWO4 (776 mAh g-1). 

➢ The synergetic effects between r-GO into ZnWO4 enhances the capacity, better 

capacity retentions, decent rate capability and good cyclic stability of the composite. 

➢ r-GO contributes to the higher surface area and improved conductivity of the 

composite. 
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CHAPTER 4 

ZnWO4/SnO2@r-GO NANOCOMPOSITE AS AN ANODE MATERIAL 

FOR HIGH CAPACITY LITHIUM ION BATTERY 

This chapter includes the preparation of ZnWO4/SnO2 nanocomposite and ZnWO4/SnO2@r-

GO nanocomposite via solvothermal method. This chapter includes the structural, elemental 

and morphological properties of the prepared samples are characterized using x-ray diffraction 

(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDAX), 

high-resolution transmission electron microscopy (HR-TEM), Brunauer-Emmett-Teller (BET) 

measurements, Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) techniques. 

Further, prepared samples are tested as an anode for LIB. The ZnWO4/SnO2 (5%) 

nanocomposite delivers initial discharge capacity of 882 mAh g−1 at a current density of 100 

mA g−1, while, the specific capacity increases with the increase of SnO2 upto 10% tested in 

present case. Further, ZnWO4/SnO2@r-GO nanocomposite exhibits a discharge capacity of 

1486 mAh g−1 which is higher than that of ZnWO4/SnO2 nanocomposite. In addition, after 500 

cycles ZnWO4/SnO2@r-GO nanocomposite exhibits 89.8% cycle life and 98% of discharge 

capacity retention. These results indicate that, ZnWO4/SnO2@r-GO nanocomposite is a 

promising anode material for LIB. 

4.1 INTRODUCTION 

Lithium ion battery (LIB) is one of the promising energy storage devices in the modern 

technology of electronics. Presently, graphite is used as leading commercialized anode material 

for lithium ion battery with theoretical capacity of 372 mAh g-1[214,215]. The increasing 

demand of commercialization of LIBs required high energy density, high specific capacity, 

decent rate capability, low-cost and environmental-friendliness[154] anode material. 

Therefore, searching for new anode material with notable electrochemical performance and 

high theoretical capacity is in demand.  To improvise the performance of LIBs, several research 

studies have been done with different anode  materials like chalcogenides and their 

composites[173,216-221], transition metal oxides (TMOs) and their 

composites[222,223,153,224,225], carbon materials[226-232,151,233], ferrites[234-238], 

silicon and silicon based composites[239-241,175,242,163,243-245], polymers[160,246,247] 
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and perovskite oxide[248-252]. Among them, TMOs based anode materials including single, 

binary and hybrid metal oxides are widely used by researchers for the high performance of 

LIBs [253,254,138,255].  

In comparison, zinc tungstate (ZnWO4) and tin oxide (SnO2) are promising anode material for 

lithium ion battery due to their high theoretical capacity (~700 and 782 mAh g-1), low cost and 

easy availability [136,131,256,257]. Tin based materials show lower potential hysteresis than 

transition metal oxides.  Also, oxides, alloys, sulfides and other compounds of tin based 

materials have gained attention as electrode material. Among them, tin oxide (SnO2) was able 

to electrochemically react with Li and considered as a capable host for Li-ion storage [258]. 

However, ZnWO4 and SnO2 anode materials also have some disadvantages like, pulverization 

of electrodes, capacity fading during cycling, poor electrical conductivity and intense volume 

changes leading to poor rate capability. Therefore, to improve the properties of anode material, 

researchers have focused on hybrid metal oxide. Li-Li Xing et al.,[133] prepared SnO2/ZnWO4 

Core–Shell Nanorods by two step method. The comparison of the electrochemical performance 

of bare ZnWO4 nanorods and SnO2/ZnWO4 core shell nanorods, reveals that, SnO2/ZnWO4 

core shell nanorods have higher reversible capacity than bare ZnWO4, however, the cycling 

performance of ZnWO4 is much better than SnO2/ZnWO4 core shell nanorods for 50 cycles. 

Low cycling performance of the ZnWO4/SnO2 material as an anode material for LIB is still 

stuck for the industrialization process. To overcome these issues, graphene, graphene oxide 

(GO) and reduced graphene oxide (r-GO), carbon nanotube (CNT) and carbonaceous materials 

are used as buffers [259,260]. Buffers can decline the mechanical stress formed by the volume 

change of the material and improve the contact and conductivity of the materials. Owing to the 

high surface area, good mechanical flexibility and good electrical conductivity, r-GO has been 

most considered for fabricating the composites.  

In chapter 3, we have compared the electrochemical properties of ZnWO4 nanorods and 

ZnWO4@r-GO nanocomposite. Herein, we report the facile solvothermal synthesis of 

ZnWO4/SnO2@r-GO nanocomposite as an anode material for LIBs. The detailed 

electrochemical properties of the prepared ZnWO4/SnO2 and ZnWO4/SnO2@r-GO 

nanocomposite were studied and compared. Further, to boost the efficiency and 

electrochemical performance of ZnWO4/SnO2, GO was added. The synergetic effects of each 
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metal oxide along with GO improves the capacity than ZnWO4/SnO2 nanocomposite. To the 

best of our knowledge there are no reports on ZnWO4/SnO2@r-GO nanocomposite as an anode 

material for LIBs. 

4.2 SYNTHESIS AND PHYSIOCHEMICAL ANALYSIS 

4.2.1 Preparation of ZnWO4 

ZnWO4 was prepared by following the method explained in the chapter 3.  To prepare ZnWO4, 

0.35g of Na2WO4.2H2O (98%) and 0.523 g of (CH3COO)2Zn.2H2O were added separately to 

50 ml (1:1 v/v) of C2H6O2 and distilled water and stirred for 15 min. The two solutions were 

mixed together and again stirred for 15 min.  Obtained white solution was transferred into a 

teflon jar for hydrothermal reaction at 180°C for 24 h, followed by cooling to room 

temperature. Resultant solution was collected and washed several times with distilled water, 

ethanol and acetone to remove the impurities. Collected samples were dried overnight at 65°C 

in a vacuum oven. 

4.2.2 Preparation of SnO2 

SnO2 nanoparticles were prepared using the hydrothermal method. SnCl4.5H2O was introduced 

into a solution containing 2-propanol and distilled water in the ratio 4:1. The solutions were 

adjusted to pH 13 by the addition of NaOH, and then transferred to a stainless autoclave, and 

heated at 150°C for 24 h and cooled to room temperature. Obtained solution was washed with 

distilled water, ethanol and acetone several times. Finally, the sample was collected and dried 

overnight at 60°C in a vacuum oven.  

4.2.3 Preparation of ZnWO4/SnO2 nanocomposite:   

To prepare ZnWO4/SnO2 nanocomposite, preparation procedure of ZnWO4 was carried out by 

adding 8.975 mg and 17.95 mg of prepared SnO2 nanoparticles respectively. Correspondingly 

the samples were termed as ZWSN-5 and ZWSN-10. 
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4.2.4 Preparation of ZnWO4/SnO2@r-GO nanocomposite 

Using modified Hummers method, GO was prepared as reported by our previous study 

[196,195,262]. To prepare the ZnWO4/SnO2@r-GO nanocomposite, preparation procedure of 

ZnWO4/SnO2 nanocomposite was performed with the inclusion of 0.5 mg GO. The sample is 

named as ZWSN-10/GO nanocomposite.  

4.3 Results and Discussion  

4.3.1 Structural, morphological and chemical analysis 

 

Figure 4.1 (a) XRD pattern of the ZWSN-5, ZWSN-10 and ZWSN-10/GO 

nanocomposites and (b) log intensity XRD pattern of the ZWSN-10/GO nanocomposites.  

Figure 4.1(a) depicts the X-ray diffraction pattern of the as prepared ZWSN-5, ZWSN-10 and 

ZWSN-10/GO nanocomposites. The diffraction pattern of the ZnWO4 has monoclinic 

Wolframite structure and matches with the JCPDS Card No.00-015-0774 as reported 

elsewhere[263]. We can observe several new peaks in the composite at 34.35°, 42.61°, 67.81° 

and 71.34°, which can be indexed to (002), (112), (041) and (223) planes of SnO2 and matches 

with the JCPDS Card No. 00-029-1484. This result confirms the formation of ZnWO4/SnO2. 

The hump at 12.04° and a broad peak at around 20° to 28° confirm the presence of r-GO in 

ZnWO4/SnO2. These results indicate the formation of ZWSN-10/GO nanocomposites. Further, 

to verify the presence of graphene oxide in the ZWSN-10/GO nanocomposites, Raman 
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spectroscopy was performed and shown in the Figure 4.2 (c). As shown in the Figure 4.2 (c), 

D and G bands appear at 1349 and 1599 cm-1 respectively, which suggests the existence of 

graphene oxide in the ZnWO4/SnO2@r-GO composite. And also, the characteristic peaks of 

ZnWO4 (905 and 547 cm-1) and characteristic peaks of SnO2 (478 and 641 cm-1) are observed 

in all Raman spectra represented in the Figure 4.2 (a, b)[264,192,265,266].  

 

Figure 4.2 (a, b, c) Raman spectra of ZWSN-5, ZWSN-10 and ZWSN-10/GO 

nanocomposites 

Further, to verify the amount of carbon content in ZWSN-10/GO nanocomposite, TGA was 

carried out in air atmosphere upto 700 °C which represented in Figure 4.3. From the TGA 

curve, the initial weight loss upto 60 °C may be due to the surface bound molecules and 

moisture in the ZWSN-10/GO nanocomposite. Significantly, the weight loss from 60 to 500 
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°C is due to the incineration of amorphous carbon and graphene. The amount of carbon in the 

ZWSN-10/GO nanocomposite is about ~4 wt%.  

 

Figure 4.3 TGA curves of the ZWSN-10/GO nanocomposites from room temperature to 

700 °C in the air atmosphere.  

The elemental analysis and morphology of the prepared ZWSN-5, ZWSN-10 and ZWSN-

10/GO nanocomposites were investigated using EDAX and FESEM. Figure 4.4 represents the 

FESEM images of the (a) ZWSN-5, (b) ZWSN-10 and (c) ZWSN-10/GO nanocomposites. 

FESEM images of all three samples shows non-uniform agglomerated nanorods. 
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Figure 4.4 FESEM images of (a) ZWSN-5 (b), ZWSN-10 and (c) ZWSN-10/GO 

nanocomposites.  

The FESEM image of the SnO2 is presented in the Figure 4.5. The EDAX spectra of ZWSN-

5, ZWSN-10 and ZWSN-10/GO nanocomposites represents the peaks corresponding to zinc, 

tungsten, oxygen, tin and carbon, which is shown in the Figure 4.4. From Figure 4.5, we can 

observe a carbon peak with significant intensity which could be attributed to the occurrence of 

carbon from graphene. From the EDAX spectra of ZWSN-5, ZWSN-10 and ZWSN-10/GO 

nanocomposites we can observe that, there are no significant impurities. The obtained atomic 

percentage of elements from the EDAX mapping is represented in the Figure 4.5. 
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Figure 4.5 The morphology of the SnO2 using ZEISS SIGMA VP Field Emission 

Scanning Electron Microscopes (FE-SEM) from Carl Zeiss Microscopy image.  EDAX 

images of the ZWSN-5, ZWSN-10 and ZWSN-10/GO nanocomposites. Elements and 

their atomic percentage representation 

TEM analysis of ZWSN-5, ZWSN-10 and ZWSN-10/GO nanocomposites is represented in 

the Figure 4.6 (a, d, g) and confirms the nanorod-like structure and also specifies there is no 

much change in the morphology. Further, TEM image of the ZWSN-10/GO nanocomposites 

in Figure 4.6 (g) confirms the growth of the ZWSN-10 composites over the graphene sheet.  

Also Figure 4.6 (b, e, h) represents the HRTEM images of ZWSN-5, ZWSN-10 and ZWSN-

10/GO nanocomposites.  Figure 4.6 (h) reveals the fringes with a lattice spacing value of 0.25 

and 0.47 nm, corresponding to the (021) and (100) planes of SnO2 and ZnWO4 respectively, 

which matches well with the XRD analysis results. The ring type SAED pattern of ZWSN-5, 

ZWSN-10 and ZWSN-10/GO nanocomposites is depicted in the Figure 4.6 (c, f, i). The ring 

SAED pattern confirms the polycrystalline nature of the ZWSN-5, ZWSN-10 and ZWSN-

10/GO nanocomposites, which agrees with the XRD results. 
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Figure 4.6 TEM, HRTEM and SAED patterns of (a, b, c) ZWSN-5, (d, e, f) ZWSN-10 and 

(g. h, i) ZWSN-10/GO nanocomposites. 

Further, to investigate the chemical state of the elements in the ZWSN-10/GO nanocomposites, 

XPS technique was performed. The wide range XPS survey spectra depicted in the Figure 4.7 

(a) illustrates the presence of Zn, O, Sn, C and W and is consistent with EDAX results. Using 

C 1s peak (284.6 eV), XPS spectra was calibrated. Figure 4.7 (b) represents the high-resolution 

spectra (HR spectra) of Zn 2p, which were fitted with 1021.4 eV (Zn 2p3/2) and 1044.5 eV (Zn 

2p1/2) indicating the presence of Zn2+ ions in ZnWO4[201]. The high-resolution spectrum of W 

4f consists of two spin–orbit doublets with the binding energy peaks at 35.32 eV for W 4f7/2 

and 37.42 eV for W 4f5/2 as represented in Figure 4.7 (c). To study the reduction degree of 

oxygen containing functional groups in graphene oxide, C 1s spectrum is a useful approach. 

In deconvoluted C 1s spectrum (Figure 4.7 (d)), the two peaks assigned to C-C (284.5 eV) and 

C=O (288.1 eV) groups represent r-GO plane.  The C-C band has higher intensity than that of 

oxygen containing functional groups, which interprets the chemical reduction of GO[267]. 
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Furthermore, the high resolution XPS spectra of Sn 3d represented in the Figure 4.7 (f), shows 

two peaks at 486.64 eV and 497.64 eV corresponding to Sn 3d5/2 and Sn 3d3/2 states. The 

binding energy of the Sn 3d5/2 peak at 486.64 eV indicates the presence of SnO2[268]. 

Similarly, Figure 4.7 (e) illustrates the high resolution spectra of O 1s of ZWSN-10/GO 

nanocomposites. This exhibits three deconvoluted peaks at 529.6, 531.4 and 532.6 eV 

corresponding to either oxygen coordination in Zn-O, hydroxyl/epoxy groups of r-GO and Zn–

O–C bonds of ZnWO4 or O-Sn bond and Sn-O-C bonds of SnO2 [269,261]. Based on the 

analysis, we can conclude that, ZnWO4, SnO2 and r-GO exists in the ZWSN-10/GO 

nanocomposite surface. 

 

Figure 4.7 (a) XPS survey Spectra of ZWSN-10/GO nanocomposites and (b-f) HR spectra 

of Zn 2p, W 4f, C 1s, O 1s, and Sn 3d.    

The N2 adsorption/desorption isotherms of synthesized ZWSN-5, ZWSN-10 and ZWSN-

10/GO nanocomposites are depicted in the Figure 4.8. This also shows the BET surface areas 

as 41.171, 46.032 and 49.341 m² g-1 respectively. The prepared sample represents IV isotherm 

type, and is mesoporous powder. The ZWSN-10/GO has larger surface area than that of 

ZWSN-5 and ZWSN-10. The r-GO and increased amount of SnO2 increase the surface area of 
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the ZWSN-10/GO nanocomposite. The average pore diameters of ZWSN-5, ZWSN-10 and 

ZWSN-10/GO nanocomposites are 11.142, 10.939 and 10.9152 nm respectively. This 

mesoporous size is useful to improve the electrochemical reaction, hasten the reaction rate and 

diffusion of electrons and ions to some extent. The pore size distribution was represented in 

the Figure 4.8 (Inset).  

 

Figure 4.8 N2 absorption-desorption isotherms of (a) ZWSN-5, (b) ZWSN-10 and (c) 

ZWSN-10/GO nanocomposite (corresponding pore size distribution was represented as 

inset)  

4.3.2 Electrochemical measurements 

To investigate the electrochemical property of the prepared nanocomposites, CV was 

performed. Figure 4.9 (a) represents the CV curves of the prepared ZWSN-5, ZWSN-10 and 

ZWSN-10/GO nanocomposites at a scan rate of 0.1 mV s-1 in the voltage range 0.02 to 3 V 

versus Li/Li+. From the figure, the first reduction peaks occurred at ≈0.6 V and ≈1.2 V are 
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equivalent to the reduction of Zn2+ and W6+ respectively. The other minor peaks observed at 

reduction peaks are possibly due to the formation of solid electrolyte interface (SEI) film on 

the electrode surface and also the formation of Zn-Li alloy. The peaks in CV curves of all 

prepared ZWSN-5, ZWSN-10 and ZWSN-10/GO nanocomposite electrodes are identical 

indicating that similar reaction occurs in all anode materials. The oxidation peak observed 

around 0.6 V is interrelated with the de-alloying reaction of Zn-Li. The peak from 0.9 to 2 V 

resembles to the oxidation of Zn0 to Zn2+ and WO3 to W6+ along with decay of the Li2O matrix. 

From the Figure 4.9 (a), it is evident that, the integrated area of the ZWSN-10/GO 

nanocomposite is to some extent greater than that of ZWSN-5 and ZWSN-10, which specifies 

large capacity, eventuated during the lithium ion extraction and intercalation in the cycling. 

This is because of the inclusion of r-GO and SnO2 into ZnWO4, which improves the electronic 

conductivity. The reactions of the ZnWO4 can be summarized as follows, based on the above 

discussion [139]: 

ZnWO4 + 8Li+ + 8e- → Zn + W + 4Li2O        (4.1) 

Zn + Li+ + e-  ↔LiZn         (4.2) 

LiZn + W + 3 Li2O ↔ Zn + WO3 + 6Li+ +6e-     (4.3) 

During the lithiation/delithiation process we can observe several peaks as shown in the Figure 

4.9 (a). The peaks around 1.2 V is derived from Li2O formation in the reaction between SnO2 

particles and Li+[133]. The peak around 0.6 V related to the formation of LixSn. The lithiation 

/ de-lithiation reactions of SnO2 are given in the equation (4.4) and (4.5)[253,270,271].  

SnO2 + 4Li+ + 4e-→SnO + 2Li2O        (4.4) 

Sn + xLi+ +xe- ↔ LixSn (0 ≤ x ≤ 4.4)       (4.5)  

SnO2 can produce extra Li2O, which leads to large irreversible lithium storage capacity for 

SnO2. In our nanocomposite, W metal cluster and GO can make this extra Li2O reversibly 

convert to Li+ and activate the irreversible capacity. The synergetic effect between 

nanostructured ZnWO4, SnO2 and GO leads to the high reversible capacity of the 

nanocomposites. The total reaction can be as follows[133],  
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LiZn + xLiySn +W + (3 + 2x) Li2O ↔ Zn + xSn + WO3 + 2x + (7 + 8.4x)Li+ + (7 + 8.4x)e- 

          (6) 

Equation (6) is a simplified expression. Importantly, W metal clusters cannot react with all of 

Li2O.  

The electrochemical performance of the as prepared ZWSN-5, ZWSN-10 and ZWSN-10/GO 

nanocomposite was studied by fabricating 2032 coin cells with prepared nanocomposites as 

anode materials and Li metal as counter electrode. The charge/discharge curves was performed 

at a current density of 100 mA g-1 and potential window 0.02 – 3 V versus Li/Li+ at room 

temperature as shown in the Figure 4.9 (b). The capacity of the first discharge curve of ZWSN-

5, ZWSN-10 and ZWSN-10/GO nanocomposite was noticed as 882, 1316 and 1486 mAh g-1 

respectively. It is clear that the capacity obtained is above the theoretical capacity of ZnWO4 

(684 mAh g-1) and can be ascribed to the incorporation of SnO2 and formation of SEI layer. 

The large surface area could cause to decompose more electrolytes, which form the solid 

electrolyte interface film. The charge capacity of the as prepared ZWSN-5, ZWSN-10 and 

ZWSN-10/GO nanocomposite was 367, 425 and 548 mAh g-1 respectively, at a current density 

of 100 mA g-1 at room temperature. We observe that charge/discharge capacity of the ZWSN-

10/GO nanocomposite is higher than that of ZWSN-5 and ZWSN-10, due to the incorporation 

of SnO2 and r-GO into ZnWO4. The BET analysis supports the above observation, in which 

the surface area/pore volume increases, which in turn increases the lithiation and 

electrochemical activity of the ZnWO4/SnO2 effectively.  
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Figure 4.9 (a) CV representation (b) First two Charge/discharge curve (c) Rate capability 

plot and (d) Cyclability of the ZWSN-5, ZWSN-10 and ZWSN-10/GO nanocomposite.  

In addition, to find out the advantage of the ZWSN-10/GO nanocomposite in lithium storage, 

the rate capability of ZWSN-5, ZWSN-10 and ZWSN-10/GO nanocomposite was further 

studied as shown in the Figure 4.9 (c). From the Figure 4.9 (c) it is clear that, the discharge 

capacity of the as prepared electrodes decreases with the increasing current density. It is 

notable that, the capacity of ZWSN-5, ZWSN-10 and ZWSN-10/GO nanocomposite was 418, 

420 and 477 mAh g-1 respectively at 200 mA g-1 current density. This indicates that, extraction 

and insertion process of Li+ ions is reversible even at higher current density. Further, at higher 

current density (500 mAg-1), the capacity of ZWSN-5, ZWSN-10 and ZWSN-10/GO 

nanocomposite electrodes are 231, 357 and 436 mAh g-1 and at lower current density  (100 mA 

g-1), the capacity are  367, 455 and 530 mAh g-1 respectively. This proves that samples regain 

almost its initial capacities indicating their good reversibility.  
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Figure 4.10 (a) Capacity retention versus cycle number plot (b) Cyclability of the ZWSN-

5, ZWSN-10 and ZWSN-10/GO nanocomposite 

To study the cyclic stability of the as prepared ZWSN-5, ZWSN-10 and ZWSN-10/GO 

nanocomposite electrodes, galvanostatic charge/discharge (GCD) was performed at a current 

density of 300 mA g-1 which is represented in the Figure 4.9 (d). Due to high surface area, there 

is an unwanted reaction of electrode and electrolyte which is the disadvantage of the nano-

sized electrodes. Formation of the SEI layer causes the poor capacity retention during the initial 

cycles. The ZWSN-10/GO nanocomposite shows charge/discharge capacity of 294 and 325 

mAh g-1 for first cycle at a current density of 300 mA g-1. And also, ZWSN-10/GO 

nanocomposite shows 289 and 291 mAh g-1 charge/discharge capacity with 89% and 98% of 

capacity retention after 500 cycles. During the initial cycles ZWSN-10/GO nanocomposite 

shows poor capacity retention due to the reversible SEI film formation. After 200 cycles, the 

capacity starts to increase and reaches approximately near to initial value with a columbic 

efficiency of 99%. There is an upward trend after dramatic capacity drop during initial 

charge/discharge cycles. This situation is caused by matter factors, such as SEI, nanosized 

particle, electrode morphology and confined structure of active materials; this can be called as 

activation of materials. Depending on the materials, activation time varies [272]. The ZWSN-

10/GO nanocomposite has 55.7% cycle life upto 100th cycle and the cycle life increased to 

89.8% for 500th cycle. The ZWSN-10/GO nanocomposite exhibits good cycle life even after 

500 cycles than ZWSN-5 (62.8 %) and ZWSN-10 (77.1 %) as represented in the Figure 4.10. 

High columbic efficiency of ZWSN-10/GO nanocomposite is also obtained and these results 
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strongly recommend the application of ZWSN-10/GO nanocomposite as anode material for 

LIBs.  Table 4.1 shows the comparison of performance of the prepared electrodes and reported 

hybrid metal oxide composite based anode materials. 

Table 4.1 Comparison of reported hybrid metal oxide with the prepared composite 

Sl 

No 

Electrode Discharge 

Capacity 

(mAh/g) 

Charge 

Capacity 

(mAh/g) 

Current 

Density / C-

rate 

Ref 

1 SnO2/ZnWO4 Core–

Shell Nanorods 

1318  C/20 [133] 

2 α-Fe2O3@SnO2 

core-shell 

nanoparticles 

895 791   50 mA/g [273] 

3 Porous Fe2O3/SnO2 

nanocubes 

1481.6  100 mA/g [274] 

4 SnO2–In2O3/GNS 

nanocomposite 

1682 962 60 mA/g [275] 

5 ZWSN-10/GO 

nanocomposites 

1486 548 100 mA/g Present 

work 

 

To further investigate the kinetics and electrochemical behavior of the as prepared 

nanocomposites, EIS was performed in the frequency range of 1 mHz to 50 kHz as shown in 

the Figure 4.11. The EIS spectra of the ZWSN-5, ZWSN-10 and ZWSN-10/GO nanocomposite 

were obtained after three cycles of CV characterization. Nyquist plot consists of a semicircle 

in the medium higher frequency region and an oblique line in the lower frequency region. The 

reaction resistance of the SEI layer and charge transfer resistance is the reason for the 

semicircle. Solid- state diffusion of lithium ions in active material is associated with the line 

in low frequency region. The radius of the semicircles is declining for the ZWSN-10/GO 

nanocomposite, which represents the quicker kinetic process of the ZWSN-10/GO 

nanocomposite than ZWSN-5 and ZWSN-10 electrode. The inclusion of SnO2 and r-GO 

significantly advances the conductivity of ZnWO4 which also improves the electrochemical 

activity of the composites. 
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Figure 4.11 Nyquist plot of ZWSN-5, ZWSN-10 and ZWSN-10/GO nanocomposite  

Further to study the crystal structure of ZWSN-5, ZWSN-10 and ZWSN-10/GO 

nanocomposite after 500 cycles, ex-situ XRD was performed and represented in the Figure 

4.12 (a-b). We can observe that there are some peaks missing in the XRD plot, which elucidates 

the destruction of ZnWO4/SnO2 nanocomposite. The changes in XRD peaks of the ZWSN-5, 

ZWSN-10 and ZWSN-10/GO nanocomposite before and after 500 cycles specifies the 

electrochemical reactions of the SnO2, ZnWO4 and Li have taken place according to the 

equation (6). There are some new peaks at 43.22°, 50.36° and 74.06° due to the copper 

foil[276] and also there are several new peaks at 24.88° and  35.76° that resemble to tungsten, 

which match with the JCPDS Card No. 03-065-6453 and tungsten oxide (JCPDS Card No. 00-

041-1230), 18.26° and 29.98° corresponding to SnO (JCPDS Card No. 01-085-0712), 39.13° 

corresponding to Zinc (JCPDS Card No. 00-001-1238) and 33.42° indexed to LiO2[133].  

To study the effect of cycling on the morphology of ZWSN-10/GO nanocomposite, after 500 

cycles, ex-situ FE-SEM was performed as shown in the Figure 4.12 (b). We can observe from 

the Figure 4.12 (b) that dendrites are formed during the charge/discharge cycles, however, 

there is no drastic change in the morphology of the ZWSN-10/GO nanocomposite, which 

implies the greater stability of the material.   
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Figure 4.12 (a) Ex-situ XRD pattern of the ZWSN-5, ZWSN-10 and ZWSN-10/GO 

nanocomposite. (b) Zoomed XRD image of ZWSN-10/GO nanocomposite. (c) FE-SEM 

image of the ZWSN-10/GO nanocomposite after 500 cycles. 
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4.4 SUMMARY 

➢ The ZnWO4/SnO2 and ZnWO4/SnO2@r-GO nanocomposite were prepared by facile 

solvothermal method and characterized using XRD, SEM, HRTEM, EDAX, BET and 

XPS for structural, elemental and morphology. 

➢ Raman analysis confirms the presence of characteristic peaks of ZnWO4, SnO2 and r-

GO in the ZnWO4/SnO2@r-GO nanocomposite 

➢ TGA results infer the amount of carbon in the ZWSN-10/GO nanocomposite is about 

~4 wt%. 

➢ TEM images confirms the nanorod-like structure and confirms the growth of the 

ZWSN-10 composites over the graphene sheet 

➢ The prepared samples were used as anode material and characterized electrochemically 

using CV, charge/discharge and EIS. 

➢ An enhancement in the capacity by incorporation of graphene is witnessed in ZWSN-

10/GO nanocomposite, revealing 1486 mAh g-1 discharge capacity, which is 1.8 and 

1.1 times greater than ZWSN-5 and ZWSN-10 respectively. 

➢ The synergetic effect of SnO2 and ZnWO4 increases the discharge capacity of the 

composite, the addition of GO into the composite enhances the surface area, pore 

volume and electrochemical activity, resulting in high charge/discharge capacity, 

decent cycling stability and good rate capability of the ZnWO4/SnO2@r-GO 

nanocomposite. 
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CHAPTER 5 

ZnWO4/GeO2@CNT NANOCOMPOSITE FOR LITHIUM ION 

BATTERY APPLICATION  

In this chapter, the synthesis of ZnWO4/GeO2@CNT nanocomposite and ZnWO4/GeO2 

nanocomposites and their use as anode material for lithium ion battery are discussed. The 

structural and morphological studies are conducted using X-ray diffraction (XRD), scanning 

electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDAX) and high-

resolution transmission electron microscope (HRTEM). The electrochemical performance as 

anode material for lithium ion battery is characterized through cyclic voltammetry, 

galvanostatic charge/discharge and electrochemical impedance spectroscopy methods.  

5.1 INTRODUCTION  

Lithium-ion battery (LIB) plays a major role in the advanced portable electronics due to high 

energy density and stable cycling performance. There is a great market for high performance 

LIBs in the field of intelligent grid, electrical vehicles and hybrid electric vehicles. It is well 

known that, electrode materials are important factor to determine the performance of the LIBs.  

Over the decade, the lower theoretical capacity (372 mAh g-1) graphene is used as anode for 

LIB, which is not suitable for the high energy density LIB[62]. So far, metal 

oxides[277,185,278], carbon materials[279,259,280], chalcogenides[281-283], perovskite 

oxide[284,285], ferrites[234,236,286], silicon based 

compounds[240,164,176,287,242,288,166] and polymers[160-162,246,247,289] are 

extensively reported as anode materials for LIB. To attain high specific capacity, rate capability 

and superior cycling a novel anode material has to be found out. Nowadays researchers are 

focused on hybrid metal oxides as anode material to overcome the above problems. 

Among them, zinc tungstates (ZnWO4) are attractive anode material for LIBs because of their 

good theoretical capacity (684 mAh g-1), high conductivity and high specific area. The ZnWO4 

has been of great interest because W and Zn are electrochemically active for LIBs. From the 

lithium storage perspective, ZnWO4 works both conversion reaction and alloying/dealloying 

reaction, which improves the capacity[139].  According to the previous report, Hyun-Woo 
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Shim and co-authors[131] showed that, ZnWO4 nanorods have a reversible capacity of 420 

mAh g-1 at a current rate of C/5 after 150 cycles. Shi Nian xiang and co-authors[139] prepared 

a ZnWO4 hierarchical hexangular microstars as a anode material and revealed the first 

discharge and charge capacity of 777 mAh g-1 and 585 mAh g-1 respectively. Though, the large 

volume change and poor cycling performance of the ZnWO4 is hindered as an anode material 

for LIB.  Some literatures reported that, synergetic effect between two different materials 

enhances the capacity of tungstate material. Dr. Li‐Li Xing and co-authors[133] synthesized 

SnO2/ZnWO4 Core–Shell Nanorods and reported 1000 mAh g−1 reversible capacity at C/20 

rate.  

Recently, Germanium oxide (GeOx) has attracted increasing attention due to its high theoretical 

capacity (1600 mA h g−1), high Li-ion diffusivity which is 400 times faster than  in Si, fast 

charge carrier mobility and high electrical conductivity (100 times higher than Si) [290], which 

can deliver fast charge/discharge rate and improved cycle performance [291,292]. Germanium 

dioxide (GeO2) is less expensive than elemental Ge. Because of the encouraging property of 

GeOx several research works are reported. Wei Wei and co-authors[293] prepared porous 

hexagonal GeO2 nanorods with good electrochemical results. They reported 1781/917 mA h 

g−1 initial discharge/charge capacity and also 747 mA h g−1 after 50 cycles. Wang and co-

workers [294] synthesized a novel hierarchical GeOx nanoporous structure. The GeOx powder 

delivers ~1250 mA h g-1 reversible capacity after 600 cycles at 0.5C. However, GeOx has some 

drawbacks such as large volume extension during charge/discharge and uninterrupted 

formation of solid-electrolyte interface (SEI) film causing capacity fading. Multiple tactics 

have been proposed to overcome the above problems including, the use of carbonaceous 

materials because they will improve the conductivity and contact of the GeO2 material and 

amorphous carbon which increases the electrochemical performance of the GeO2.  

Carbon nanotubes (CNTs) have excellent electrochemical, mechanical and electrical properties 

due to their seamless connection in their hexagon structure and light weight. Wide application 

of CNTs in LIB is due to their high tensile strength, electrochemical property, high rigidity and 

low density [295,296]. Wu and co-workers[297] found that, CNT structure is a key factor that 

determines cycle life and specific capacity of LIB. The composite with CNT produces good 

results for the LIB. So far, limited reports are focused on hybrid type composite materials for 
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GeO2 anodes. Bo Liu and co-workers[298] reported the synthesis of the novel GeO2−SnCoC 

Composite as anode material. They have combined the long cycle life Sn−Co−C and high 

capacity GeO2 to get an improved performance of LIB. The GeO2−SnCoC Composite delivers 

1501 and 1200 mAh g−1, discharge/charge capacity with 80% columbic efficiency.  Seung Ho 

choi and co-workers,[299] prepared Li2O–B2O3–GeO2 glass as anode for LIBs by spray 

pyrolysis method and reported Li2O–B2O3–GeO2 glass delivers 1629.8 and 531.7 mAh g-1 

discharge/charge capacity for the first cycle.  

In Chapter 3 and chapter 4, we discussed the electrochemical property of the ZnWO4@r-GO 

and ZnWO4/SnO2@r-GO nanocomposite [300,57]. In this work, we propose a new anode 

material of metal oxide composite for LIB. This composite material is a mixture of ZnWO4, 

GeO2 and SWCNT and is prepared by facile single step solvothermal method.  The 

ZnWO4/GeO2@CNT nanocomposite has the potential of combining the properties of ZnWO4 

(high capacity), GeO2 (high capacity) and SWCNT (long cycle life). The detailed comparison 

of ZnWO4/GeO2 and ZnWO4/GeO2@CNT nanocomposite has been reported. The 

electrochemical property of the ZnWO4/GeO2 was studied and SWCNT was added to boost its 

performance. There is no report on the ZnWO4/GeO2@CNT nanocomposite to the best of our 

knowledge.  

5.2 SYNTHESIS AND CHARACTERIZATION OF ZnWO4/GeO2@CNT 

NANOCOMPOSITE 

5.2.1 Preparation of ZnWO4 

The ZnWO4 was prepared as reported elsewhere[261].  The Na2WO4.2H2O (0.35 g) and 

Zn(CH3COO)2.2H2O (0.523 g) were taken separately with 1:1 (v/v) ratio of C2H6O2  and double 

distilled water. The solutions are kept stirring for 15 min. Then, the zinc acetate dihydrate 

solution is poured drop-wise to the sodium tungstate dihydrate solution and stirred for another 

15 min. Obtained precipitate is transferred into a Teflon jar containing stainless steel autoclave 

for reaction at 180 °C for 24 hours and then cooled to room temperature. The resultant solution 

is washed several times to eliminate the impurities. The collected samples are kept in vacuum 

oven at 80°C overnight for drying.  
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5.2.2 Preparation of ZnWO4/GeO2 nanocomposites 

Preparation method of ZnWO4 is repeated with the addition of Germanium (IV) oxide 

(≥99.99% trace metal basis) (Sigma Aldrich) with a molar ratio of 1:0.05 and 1: 0.1 and is 

represented as ZWGE5 and ZWGE10.  

5.2.3 Preparation of ZnWO4/GeO2@CNT nanocomposite 

To prepare the ZnWO4/GeO2@CNT nanocomposite, synthesis procedure of ZnWO4/GeO2 

nanocomposites is repeated with the addition of 2 mg purchased SWCNT (Sigma Aldrich). 

The sample is denoted as ZWGEC.  

5.3 RESULTS AND DISCUSSION  

5.3.1 Structural and morphological characterization 

The structure of the prepared ZWGE5, ZWGE10 and ZWGEC nanocomposite were 

determined by powder XRD and represented in the Figure 5.1 (a). The diffraction patterns of 

the ZWGE5, ZWGE10 and ZWGEC nanocomposite were indexed using Xpert high score plus 

software. The ZnWO4 has Monoclinic Wolframite structure and matches with the PDF-2 Card 

no. 01-073-0554 as described chapter 3. It is clear from the Figure 5.1 (b), there are several 

new peaks at 25.8°, 38.46°and 61.46°, which can be indexed to (110), (201) and (302) planes 

of GeO2 (PDF-2 Card no: 01-073-1306,) in the composite. The additional peaks confirm the 

formation of the GeO2/ZnWO4. We can also observe, peaks corresponding to CNTs (marked 

as ▼) in the ZWGEC nanocomposite. The intensity of the peaks decreased due to the growth 

of ZWGE10 in the CNTs, which confirms the formation of ZWGEC nanocomposite. Further, 

Raman spectroscopy was performed to verify the presence of CNT in the ZWGEC 

nanocomposite and represented in the Figure 5.1 (b). From the Figure 5.1 (b), the D and G 

band of CNT was observed at 1308 and 1590 cm-1 respectively. And also we can observe the 

characteristic peak of ZnWO4 (903 cm-1)[187,192] and GeO2 (233 and 270 cm-1)[301] which 

suggest the formation of the ZWGEC nanocomposite.  
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Figure 5.1 (a) XRD pattern of ZWGE5, ZWGE10 and ZWGEC nanocomposite (b) 

Raman spectra of ZWGEC nanocomposite and (c) TGA curve of ZWGEC 

nanocomposite. 

Further, to investigate the carbon content in the ZWGEC nanocomposite, TGA was performed 

in air ambient upto 700 °C and represented in the Figure 5.1 (c). The initial minor weight loss 

is due to surface bound molecules and absorbed moisture in the ZWGEC nanocomposite. The 

drastic weight loss upto 550 °C is attributed to burning of the carbon content. The approximate 

amount of carbon content in the ZWGEC nanocomposite is about 4%.  

To study the morphological features of the prepared ZWGE5, ZWGE10 and ZWGEC 

nanocomposite, FESEM was performed and represented in the Figure 5.2. We can notice non-

uniform agglomerated nanorods with average length of 70-90 nm and width of 25-30 nm for 
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ZWGEC nanocomposite. All three samples appear as non-uniform agglomerated nanorods. To 

confirm the elemental composition of ZWGEC nanocomposite, EDAX was performed and 

represented in the Figure 2. The EDAX spectra peaks corresponding to the zinc, oxygen, 

tungsten, germanium and carbon with atomic percentage of the same was observed and 

represented in the Figure 5.2. We can observe the carbon peak with substantial intensity, which 

is ascribed to the presence of the carbon from the CNTs.  

 

Figure 5.2 FESEM image of the (a) ZWGE5, (b) ZWGE10 and (c) ZWGEC 

nanocomposite. EDAX, elements and their atomic percentage representation of ZWGEC 

nanocomposite 
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Figure 5.3 (a, d, g) TEM images, (b, e, h) HRTEM image and (c, f, i) SAED pattern of the 

ZWGE5, ZWGE10 and ZWGEC nanocomposite 

Further, TEM analysis was performed to determine the morphologies of ZWGE5, ZWGE10 

and ZWGEC nanocomposite and TEM images are represented in the Figure 5.3 (a, d, g). In 

Figure 5.3 (a, d, g), nanorods of ZWGE5, ZWGE10 and ZWGEC nanocomposite with a length 

of 30 – 70 nm and width of 10 – 20 nm observed. The identical morphology indicates that 

carbon nanotube does not affect the morphology of the ZWGEC. Raman and XRD studies 

show the presence of CNT in the composite and from the TEM we deduce that, ZWGE10 
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nanocomposites are grown around the CNT [302,303]. Also, Figure 5.3 (b, e, h) represents the 

HRTEM image of ZWGE5, ZWGE10 and ZWGEC nanocomposite with interplanar spacing 

of 0.25 nm and 0.37 nm corresponding to (112) planes of GeO2 and (011) planes of ZnWO4, 

0.22 nm and 0.35 nm, and 0.25 nm and 0.37 nm corresponding to (112) planes of GeO2 and 

(011) planes of ZnWO4 respectively. This result matches with the XRD investigation.  Further 

SAED pattern of the ZWGE5, ZWGE10 and ZWGEC nanocomposite shows the 

polycrystalline nature and matches well with the XRD results.  

5.3.2 Electrochemical studies 

 

Figure 5.4 First three cycle CV of (a) ZWGE5, (b) ZWGE10 and (c) ZWGEC 

nanocomposite. 

The electrochemical performance of the ZWGE5, ZWGE10 and ZWGEC nanocomposite was 

analyzed for the potential usage as anode material for LIBs. Figure 5.4 represents the first three 
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cycles of the ZWGE5, ZWGE10 and ZWGEC nanocomposite, CV performed at 1 mV s-1 in 

the voltage range of 0.01 – 3V versus Li/Li+. We can observe almost identical peaks in CV 

curves for ZWGE5, ZWGE10 and ZWGEC nanocomposite electrodes, which suggest the 

similar reaction for all three anode materials. The reduction and oxidation peaks of ZnWO4 

were discussed in chapter 3. The reaction of ZnWO4 is represented as below  

ZnWO4 + 8Li+ + 8e- → Zn + W + 4Li2O        5.1 

Zn + Li+ + e-   ⇋  LiZn        5.2 

LiZn + W + 4Li2O  ⇋   Zn + WO3 + 7Li+ + 7e- + Li2O    5.3 

From the Figure 5.4 (c), the peaks at 1.5 V, 0.6 V and 0.2 V correspond to the reduction peaks. 

The 0.6 V peak is ascribed to the creation of Li2O and reduction of GeO2 to Ge.  Below 0.52 

V, the formation of the LiyGe alloy has occurred. The peaks were observed at about 0.6 V, 1.3 

V and 2 V in the first oxidation sweep. The peak observed at 0.6 V is attributed to the lithium 

de-alloying of LiyGe. The broad peak upto 1.3 V corresponds to the creation of GeO2[304].  

The above results show that the ZWGE5, ZWGE10 and ZWGEC nanocomposite exhibit 

electrochemically reversible lithiation-delithiation. Due to the incorporation of CNT, the 

integrated area of the ZWGEC nanocomposite is greater to some extent than that of ZWGE5 

and ZWGE10, which indicates large capacity during the lithium ion intercalation. Li insertion 

and extraction in GeO2 are represented [305,304] in the equation (5.4) and (5.5) 

GeOx + (3.75+2x)Li+ + (3.75+2x)e− ⇒ Li3.75 Ge + xLi2O  (Charge)                          5.4 

Li3.75Ge + xLi2O ⇒ Ge + xLi2O + 3.75Li+ + 3.75e−      (Discharge)                          5.5 

Further, to elucidate the electrochemical property of the ZWGE5, ZWGE10 and ZWGEC 

nanocomposite, galvanostatic charge/discharge was carried out at the current density of 100 

mA g-1 and potential window 0.01 – 3 V versus Li/Li+ at room temperature. The first two 

charge/discharge cycles of the ZWGE5, ZWGE10 and ZWGEC nanocomposite was 

represented in the Figure 5.5 (a). The obtained first discharge capacity of the ZWGE5, 

ZWGE10 and ZWGEC nanocomposite was 761, 825 and 930 mAh g-1 respectively. It is 

notable that, the found capacity is higher than the theoretical capacity and can be attributed the 

formation of the solid electrolyte interface (SEI) layer. Also, the initial charge capacity of the 
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ZWGE5, ZWGE10 and ZWGEC nanocomposite was 288, 364 and 533 mAh g-1 respectively. 

Note-worthily, ZWGEC nanocomposite exhibits higher charge/discharge capacity than that of 

ZWGE5 and ZWGE10 composite. The improved capacity may be due to the synergetic effects 

of the GeO2 and ZnWO4 with incorporation of CNTs. The incorporation of the CNTs into 

ZWGE10 composite enhances the electronic conductivity of the ZWGEC nanocomposite 

resulting in the highest specific capacity.  

The rate capability is also one of the major indicators of the good performance of the batteries. 

The rate performance of the ZWGE5, ZWGE10 and ZWGEC nanocomposite is also measured 

at different current density as shown in the Figure 5.5 (b). At the current rate of 100, 200, 300 

and 500 mA g-1, the ZWGEC nanocomposite delivers 598, 411, 318 and 257 mAh g-1 discharge 

capacity and 533, 348, 291 and 231 mAh g-1 charge capacity respectively. It is noteworthy that, 

increase in the current density decreases the specific capacity of the electrodes. After 

undergoing different current density changes, the ZWGEC nanocomposite is reverted to 458 

and 439 mAh g-1 discharge and charge capacity respectively at current density of 100 mA g-1, 

which shows the good reversibility of the ZWGEC nanocomposite.  

Further, to check the stability of the ZWGE5, ZWGE10 and ZWGEC nanocomposite, 400 

galvanostatic charge/discharge cycles at a current density of 300 mA g-1 was carried out and 

represented in the Figure 5.5 (c). This illustrates poor cycle stability of ZWGEC 

nanocomposite upto 100 cycles. After 100 cycles ZWGEC nanocomposite shows good 

capacity retention with 100% columbic efficiency. After a drastic decrease in capacity during 

initial cycles, the capacity of the cell shows a dramatic increase due to the material properties 

such as SEI, electrode morphology and confines structure of active materials this can be called 

as activation of materials. Activation time varies depending on the materials [272]. The 

ZWGEC nanocomposite shows charge/discharge capacity of 383 and 395 mAh g-1 at 300 mA 

g-1 with 96% columbic efficiency. 
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Figure 5.5 (a) Charge discharge curve, (b) Rate capability and (c) Cyclability of the 

ZWGE5, ZWGE10 and ZWGEC nanocomposite 

After 400 cycles, ZWGEC nanocomposite exhibits charge/discharge capacity of 262 and 263 

mAh g-1 with 100% columbic efficiency.  The improved cycle life performance of ZWGEC 

nanocomposite may be due to the addition of CNT which, increasing the reversibility of the 

conversion reaction and provided an effective network for electron transfer. And also, it will 

act as a buffer matrix to reduce the volume expansion during the charge/discharge process 

[290]. The columbic efficiency and cycle life of the ZWGE5, ZWGE10 and ZWGEC 

nanocomposite is represented in the Figure 6.  

The ZWGEC nanocomposite shows 68.5% capacity retention and 41% cycle life even after 

400 cycles. From the Figure 5.6 (a, c), the ZWGE10 exhibits 75.8% capacity retention and 

59% cycle life which is higher than ZWGEC nanocomposite. The ZWGEC nanocomposite 
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exhibits excellent columbic efficiency, high reversible capacity, good capacity retention and 

decent cycle stability, which suggest the use of ZWGEC nanocomposite as anode material for 

LIBs.  

 

Figure 5.6 (a) Capacity retention versus cycle number (b) Columbic efficiency versus 

cycle number (c) cycle life versus cycle number plot of ZWGE5, ZWGE10 and ZWGEC 

nanocomposite 
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5.4 SUMMARY 

➢ ZnWO4/GeO2 nanocomposite and ZnWO4/GeO2@CNT nanocomposite have been 

synthesized by facile solvothermal method 

➢ Raman analysis confirms the presence of CNT in the ZnWO4/GeO2 nanocomposites. 

➢ From TGA, approximate amount of carbon content in the ZWGEC nanocomposite is 

about 4%.  

➢ TEM analysis reveals that, ZWGE5, ZWGE10 and ZWGEC nanocomposite form as a 

nanorods. And also suggests that, ZWGE10 nanocomposites are grown around the 

CNT.  

➢ The prepared ZnWO4/GeO2 nanocomposites and ZnWO4/GeO2@CNT nanocomposite 

are used as anode material for lithium-ion battery (LIB). 

➢ The ZnWO4/GeO2@CNT nanocomposite represents 533 mAh g-1 and 930 mAh g-1 

charge/discharge capacity which is higher than that of ZnWO4/GeO2 nanocomposite. 

➢ The synergetic effect of GeO2 and ZnWO4 increases the capacity of the ZnWO4/GeO2 

nanocomposite. Further, addition of CNTs into ZnWO4/GeO2 nanocomposite boosts 

the electrochemical activity, rate capability and specific capacity of the 

ZnWO4/GeO2@CNT nanocomposite. 

➢ ZnWO4/GeO2@CNT nanocomposite is a promising anode material for lithium ion 

battery. 
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CHAPTER 6 

ZnWO4/SiO2 NANOCOMPOSITE FOR ELECTROCHEMICAL 

ENERGY STORAGE 

In this chapter contains the preparation and characterization of ZnWO4/SiO2 nanocomposite 

with varying the percentage of SiO2 via microwave assisted method. The structural and 

morphological characterization of ZnWO4/SiO2 nanocomposite was done using x-ray 

diffraction measurements (XRD), field emission scanning electron microscopy (FESEM) and 

energy-dispersive X-ray spectroscopy (EDAX). Further, ZnWO4/SiO2 nanocomposite was 

used as anode material for LIB and electrochemical characterization done using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance 

spectroscopy techniques.    

6.1 INTRODUCTION  

Lithium ion battery (LIB) is one of the promising energy storage devices to resolve the scarcity 

of the energy storage. Graphite and graphitized carbon materials are currently used as 

commercialized anode material with a theoretical capacity of 372 mAh g-1[179]. Fabricating 

new negative electrode with high capacity, long cycle life and high energy density is necessary 

and urgently required.  Nowadays, metal oxide compounds[261] and silicon-based compounds 

have gained more attention in the recent years due to low cost, availability, good capacity and 

cycle stability.  

Recently, zinc tungstates are attractive anode material for LIBs because of their good 

theoretical capacity (684 mAh g-1), high conductivity and high specific area. The composites 

of ZnWO4 with other materials are also investigated. Nowadays, silicon oxide has also drawn 

more attention as anode for LIBs due to its high theoretical capacity (1961 mAh g-1), low 

discharge potential and abundance. Furthermore, ZnWO4 and SiO2 also have some drawbacks 

like; an initial charge/discharge cycle shows low columbic efficiency, poor conductivity and 

poor rate capability. To overcome above problems, researchers focused on hybrid metal oxides. 

Li‐Li Xing and coworkers[133] prepared SnO2/ZnWO4 nanorods via two step hydrothermal 

method. They reported that the discharge capacity of SnO2/ZnWO4 nanorod is 1318 mA h g−1 
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which is higher than that of bare ZnWO4 (1008 mA h g−1) and SnO2 (782 mAh g−1). Herein, we 

synthesized ZnWO4/SiO2 nanocomposite via facile microwave irradiation method. The 

prepared ZnWO4/SiO2 nanocomposite is used as an anode material for LIB and compared with 

bare ZnWO4.  

6.2 SYNTHESIS AND CHARACTERIZATION  

6.2.1 Experimental 

Zinc chloride (ZnCl2) dry (EMPLURA®, Merck Specialities Pvt. Ltd.), ammonium tungsten 

oxide ((NH4)2WO4, 99.99% (Metal basis)) (Alfa Aesar Co. Ltd.), silicon dioxide nanopowder 

(EMPLURA®, Merck Specialities Pvt. Ltd.), ethylene glycol (C2H6O2, 99%) (Loba Chemie 

Pvt. Ltd.) and double distilled water were used as solvents. The above chemicals were all used 

for the preparation of the material without any further purification. 

6.2.2 Preparation of ZnWO4  

To prepare zinc tungstate, zinc chloride and ammonium tungsten oxide were added separately 

in amounts of 325 mg and 301.2 mg respectively with 50 ml (1:1 v/v) of ethylene glycol and 

distilled water and the solutions were then stirred for 15 minutes. The two solutions were later 

mixed slowly with constant stirring and again stirred for another 30 minutes. The resultant 

solution was later irradiated with 300 W microwave radiations for 10 min. The solution was 

then allowed to cool naturally and then the precipitate was washed several times with distilled 

water, ethanol and acetone to remove by-products and left to dry in an oven at 65℃ for 24 

hours. The dried precipitate is then transferred into a furnace, where the precipitate is annealed 

at 500℃ for 1 hour and the sample was named as ZW. 

6.2.3 Preparation of ZnWO4/SiO2 nanocomposite 

Preparation of the ZnWO4 was represented in the supplementary. To prepare ZnWO4/SiO2 

nanocomposite, preparation procedure of ZnWO4 was repeated with the addition of silicon 

dioxide nanopowder with molar ratio of 1:0.01, 1:0.02, 1:0.03, 1:0.04 and 1:0.05 and the 

samples are named as ZWSO1, ZWSO2, ZWSO3, ZWSO4 and ZWSO5 respectively.  

 



99 
 

6.3 RESULTS AND DISCUSSION  

6.3.1 Structural and morphological characterization 

 

Fig. 6.1(a) XRD peaks of ZW, ZWSO4 and ZWSO5 nanocomposite (b) FESEM image 

and (c) EDAX map of ZWSO5.  

Figure 6.1(a) represents the powder x-ray diffraction pattern of the ZW, ZWSO4 and ZWSO5 

nanocomposite. In addition, diffraction pattern of ZWSO1, ZWSO2 and ZWSO3 is 

represented in the Figure 6.2. The diffraction pattern of the ZW has monoclinic Wolframite 

structure and matches with the JCPDS Card No.00-015-0774. As seen in the Figure 6.1(a) and 

Figure 6.2, the diffraction pattern of the ZWSO1, ZWSO2, ZWSO3, ZWSO4 and ZWSO5 

nanocomposite also have the monoclinic Wolframite structure with additional peaks of SiO2 at 
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2θ values of 28.62°, 30.44°, 33.2°, 41.2° and 44.1° which confirms the formation of 

ZnWO4/SiO2 composite without any effect on monoclinic Wolframite structure of the ZnWO4..  

 

Figure 6.2 Powder X-ray diffraction patterns of the ZWSO1, ZWSO2 and ZWSO3 at a 

scan rate of 2°/min in the 2θ range 15–70°.   

Figure 6.1(b) and 1(c) represents the FESEM image and EDAX map of the ZWSO5 

nanocomposite. The FESEM image of the ZWSO5 nanocomposite shows the agglomerated 

nanorods of length 110 – 150 nm and width 25 – 38 nm. Further, there is no much difference 

in FESEM images of the ZW, ZWSO1, ZWSO2, ZWSO3 and ZWSO4 composites as 

represented in the Figure 6.3. The EDAX analysis of the ZWSO5 nanocomposite represents 

the presence of zinc (Zn), tungsten (W), oxygen (O) and silicon (Si) content in the atomic 

percentage of 11.62, 14.14, 69.39 and 4.86 respectively. The elements present in the ZW, 

ZWSO1, ZWSO2, ZWSO3 and ZWSO4 composites and atomic percentage of the same are 

represented in the Table 6.1.  
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Figure 6.3 FESEM images of the ZW, ZWSO1, ZWSO2, ZWSO3 and ZWSO4 

composites 

Table 6.1 the atomic percentage of the elements observed in the EDAX analysis 

Sample Elements Atomic % Sample Elements Atomic % 

ZW Zn 11.79 ZWSO3 Zn 9.55 

W 12.56 W 15.41 

O 75.66 O 71.76 

ZWSO1 Zn 10.05 Si 3.28 

W 12.56 ZWSO4 Zn 11.02 

O 75.66 W 17.10 

Si 1.74 O 67.47 

ZWSO2 Zn 12.13 Si 4.41 

W 13.33 ZWSO5 Zn 11.62 

W 14.14 
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O 71.97 O 69.39 

Si 2.56 Si 4.86 

 

6.3.2 Electrochemical Analysis 

To elucidate the assessment of electrochemical reaction during discharge and charge, CV 

measurements were performed and represented in the Figure 6.4(a).  There are two prominent 

reduction peaks at 0.6 V and 1.1 V, which can be ascribed to the reduction of ZnWO4 to W 

and Zn. The other minor peaks below 0.17 V were due to the creation of solid electrolyte 

interface (SEI) on the surface of the electrode and also due to formation of Li-Zn alloy [139]. 

The reduction peak at 0.24 V is ascribed to lithiation of SiO while the oxidation peak at 0.5 

and 0.4 V are ascribed to delithiation of Si [306].  The oxidation peaks between 0.4 and 0.6 V 

are attributed to the de-alloying reaction of Zn-Li.  The delithiation process indicated by a peak 

from 0.8 to 2 V corresponds to the oxidation of ZnO and WO3 to Zn2+ and W6+ 

respectively[136]. Peak positions are determined by scan rate; cathodic peaks are shifted to 

lower values and anodic peaks are shifted to higher values with increasing scan rate. The 

ZWSO5 shows larger integrated area than ZW, ZWSO1, ZWSO2, ZWSO3 and ZWSO4 which 

is due to the incorporation SiO2 into ZnWO4 nanoparticles. Based on the above analysis, the 

discharge and charge reactions of ZnWO4 and SiO electrodes can be shown as below [307,261] 

ZnWO4 + 8Li+ + 8e- → Zn + W + 4Li2O        (6.1) 

Zn + Li+ + e-  → LiZn         (6.2) 

LiZn + W + 3LiO2 → Zn + WO3 + 6Li+ +6e-      (6.3) 

SiOx + yLi + ye → Si + LiyOx        (6.4) 

yLi +SiOx → LiySiOx          (6.5) 

Li + Si + xe ↔LixSi         (6.6) 
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To study the electrochemical property of the prepared samples, Galvanostatic charge/discharge 

test was carried out. Figure 6.4(b) shows the first two charge/discharge cycles of the prepared 

ZW, ZWSO1, ZWSO2, ZWSO3, ZWSO4 and ZWSO5 nanocomposites at 10 mA g-1. The 

ZWSO5 nanocomposite shows 570 mAh g-1, initial discharge capacity and 314 mAh g-1 charge 

capacity with a columbic efficiency of 114%, which is better than that of ZW (145 and 130 

mAh g-1, columbic efficiency of 89.65%), ZWSO1(265 and 246 mAh g-1, columbic efficiency 

of 92.8%) , ZWSO2 (278 and 253 mAh g-1, columbic efficiency of 91% ), ZWSO3 (363 and 

285 mAh g-1, columbic efficiency of 78.5%) and  ZWSO4 (453 and 294 mAh g-1,  columbic 

efficiency of 64.9%) respectively. The initial charge/discharge capacities of the ZW, ZWSO1, 

ZWSO2, ZWSO3, ZWSO4 and ZWSO5 nanocomposite are tabulated in the Table 6.2. The 

synergetic effect between ZnWO4 and SiO2 increase the specific capacity of the ZWSO5 

nanocomposite. The increasing percentage of SiO2 in the composite increases the capacity.  

Table 6.2 first cycle charge/discharge capacity of the prepared ZW, ZWSO1, ZWSO2, 

ZWSO3, ZWSO4 and ZWSO5 nanocomposite 

Sl No Samples  Discharge Capacity mAh/g Charge Capacity mAh/g 

1 ZW 145 130 

2 ZW01 265 246 

3 ZW02 278 253 

4 ZW03 363 285 

5 ZW04 453 294 

6 ZW05 570 314 
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Figure 6.4 (a) cyclic voltammetry, (b) charge/discharge curve (c) rate capability and (d) 

cyclability of the ZW, ZWSO1, ZWSO2, ZWSO3, ZWSO4 and ZWSO5 nanocomposite 

As expected, ZWSO5 nanocomposite shows a good rate performance as represented in the 

Figure 6.4(c). It delivers a discharge capacity of about 254, 239 and 200 mAh g-1 at a current 

density of 10, 50 and 100 mA g-1 respectively. Furthermore, after the high rate measurements, 

the specific capacity of the ZWSO5 nanocomposite is 227 mAh g-1 at 10 mA g-1 which shows 

good reversibility of the electrode. The prepared ZW, ZWSO1, ZWSO2, ZWSO3, ZWSO4 

and ZWSO5 nanocomposite samples are able to pick up nearly their primary values, thereby 

indicating their reversibility.  

To study the stability of the as prepared samples, the electrodes were cycled galvanostatically 

at a current density of 100 mA g-1 at room temperature and the results are represented in the 
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Figure 6.4(d). The ZWSO5 nanocomposite shows 51% cycle life even after 500 cycles which 

is comparably higher than the ZW (18%), ZWSO1 (25%), ZWSO2 (29%), ZWSO3 (38%) and 

ZWSO4 (45%). The first cycle columbic efficiency of the ZWSO5 nanocomposite is 114% 

and over 500 cycles the columbic efficiency is 103%. The SiO2 has superior mechanical 

stability and good conductivity in nanoscale range[307]. SiO2 has the advantage of storing 

large amount of lithium and low discharge potentials[308]. The stability and rate capability of 

the composite can increase with the addition of SiO2 to ZnWO4.  

To find out the electrode kinetics of the material, EIS was performed and demonstrated in 

Figure 6.5(a). Nyquist curves comprise of two compact semicircles and a tilted line, the former 

in the higher-frequency region and later in the lower-frequency region [193,195]. Reaction 

resistance (R1) and capacity reactance (C1) of the freshly formed SEI layer constitutes the first 

semicircle, while transfer resistance (R2) and double layer capacity reactance (C2) account for 

the second semicircle. The tilted line represents impedance to ion diffusion described by 

Warburg impedance (Rw)[212]. Likewise, bulk resistance (R3) of the battery system is 

represented by an intercept on horizontal axis in higher frequency region. Further, fitting of 

Nyquist plots by an equivalent circuit is done as shown in Figure 6.5(b) to get an intuition of 

the mechanism involved. The fitting results are recorded in Table 6.3.  

 

Figure 6.5 (a) Electrochemical impedance spectroscopy curves and (b) equivalent circuit 

of the ZW, ZWSO2, ZWSO3, ZWSO4 and ZWSO5 nanocomposite 
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The R1 value of the ZWSO5 nanocomposite electrode is 4.307 Ω which is lower than the values 

of ZW, ZWSO2, ZWSO3 and ZWSO4 which are 19.53 Ω, 9.257 Ω, 6.252 Ω and 5.181 Ω 

respectively, representing that the incorporation of SiO2 into ZnWO4 decreases the reaction 

resistance of SEI layer.  Furthermore, from the Table T3 R2 value decreases with the synergetic 

effect of the incorporation of SiO2 and ZnWO4 nanoparticles. Likewise, we can observe the 

decrease in the Rw value with the increasing concentration of SiO2 nanoparticles in the ZnWO4 

nanocomposite. 

Table 6.3 Nyquist plot fitted values of ZW, ZWSO2, ZWSO3, ZWSO4 and ZWSO5 

nanocomposite 

Samples R1 (Ω) C1 (μF) R2 (Ω) C2 (μF) R3(Ω) RW (Ω s-1/2) 

ZW 19.53 0.5453 517 0.2839  1814 1187 

ZWSO2 9.257 1.997   196.1 0.7893  621.8 72.04 

ZWSO3 6.252 5.428  172.8 1.933 38.56 15.94 

ZWSO4 5.181 3.236  132.2 7.499  17.59 13.2 

ZWSO5 4.307 26.37  45.77 11.24  1.962 10.17 

 

6.4 SUMMARY 

➢ Monoclinic Wolframite ZnWO4 and ZnWO4/SiO2 nanocomposite are successfully 

prepared via microwave method. 

➢ The ZnWO4/SiO2 nanocomposite was prepared by increasing percentage of SiO2.  

➢ The SEM analysis confirms the agglomerated nanorods of length 110 – 150 nm and 

width 25 – 38 nm. 

➢ The ZnWO4/SiO2 nanocomposite used as anode material for LIB and studied the 

electrochemical property comparing the composites.  

➢ The increasing percentage of SiO2 in the ZnWO4/SiO2 nanocomposite enhances the 

electrochemical property such as high specific capacity, high initial columbic 

efficiency and long stable life. 

➢ Synergetic effect between ZnWO4 and SiO2 also boosts the electrochemical property of 

the ZnWO4/SiO2 nanocomposite. 

➢ ZnWO4/SiO2 nanocomposite is good anode for LIB. 
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CHAPTER 7 

Conclusion and Future Directions 

7.1 Conclusion 

In this thesis work, solvothermal method was used for the preparation of pristine (ZnWO4) and 

hybrid metal oxides (SnO2/ZnWO4 nanocomposite, GeO2/ZnWO4 nanocomposite and 

ZnWO4/SiO2 nanocomposite) along with their carbon based composite (ZnWO4@r-GO 

nanocomposite, ZnWO4/SnO2@r-GO nanocomposite and GeO2/ZnWO4@CNT 

nanocomposite) and microwave assisted method was used to prepare pristine ZnWO4 and 

ZnWO4/SiO2 nanocomposite. Synthesized pristine and hybrid metal oxides are used as an 

anode material for LIBs. The detailed structural, elemental, morphological and electrochemical 

studies have undergone and compared. The summary of the study is as follows, 

➢ The structural, elemental and morphological properties of the prepared samples were 

characterized using XRD, FESEM, EDAX, HRTEM and XPS.  

➢ FESEM and HRTEM reveal nanostructure for all samples.  

➢ XPS results confirm the elemental composition of the prepared composite.  

➢ The electrochemical properties of the prepared samples were analyzed using CV, GCD 

and EIS.  

➢ Electrochemical results infer that, ZnWO4@r-GO nanocomposite delivers discharge 

capacity of 1158 mAh g-1 at 100 mA g-1, with 80.74% capacity retention and 

ZnWO4/SnO2@r-GO nanocomposite provides discharge capacity of 1486 mAh g-1 at 

100 mA g-1, with 98% capacity retention and 89.08 % cycle life. Also, 

GeO2/ZnWO4@CNT nanocomposite delivers discharge capacity of 930 mAh g-1 at 100 

mA g-1, with a 75.8% capacity retention and 41% cycle life and ZnWO4/SiO2 

nanocomposite shows discharge capacity of 570 mAh g-1 at 10 mA g-1 and 51 % cycle 

life.  

➢ In ZnWO4/SnO2@r-GO nanocomposite, the synergetic effect of SnO2 and ZnWO4 

increases the discharge capacity of the composite. The addition of GO into the 

composite enhances the surface area, pore volume and electrochemical activity, 
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resulting in high charge/discharge capacity, decent cycling stability and good rate 

capability 

➢ From the electrochemical analysis, ZnWO4/SnO2@r-GO nanocomposite shows higher 

initial capacity, long cycle stability and good rate capability compared with other 

prepared composites.   

Table 7.1 Overall results of the prepared composites 

Sample Preparation 

method 

Morpho

logy 

Initial 

discharge 

capacity 

(mAh g-1) 

Initial 

charge 

capacity 

(mAh g-1) 

Current 

density 

(mA g-1) 

Capacity 

retention 

(%) 

ZnWO4 Solvothermal nanorods 746 295 100 48.35 

ZnWO4@r-GO 

nanocomposite 

Solvothermal nanorods 1158 552 100 80.74 

ZWSN-5 

nanocomposite 

Solvothermal nanorods 882 367 100 62.82 

ZWSN-10 

nanocomposite 

Solvothermal nanorods 1316 425 100 51.78 

ZnWO4/SnO2@

r-GO 

nanocomposite 

Solvothermal nanorods 1486 548 100 98 

ZWGE5 

nanocomposite 

Solvothermal nanorods 761 288 100 46.27 

ZWGE10 

nanocomposite 

Solvothermal nanorods 825 364 100 75.8 

ZnWO4/ 

GeO2@CNT 

nanocomposite 

Solvothermal nanorods 930 533 100 68.5 

ZnWO4/SiO2 

nanocomposite 

Microwave 

method 

nanorods 570 314 10 51 
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7.2 FUTURE DIRECTIONS 

To extend the present work further, following directions may be considered: 

➢ Hybrid metal oxides with different transition metal oxides may be prepared.  

➢ The anodic performance of the LIB can be improved by the addition of different 

carbonaceous materials like carbon nanostructures, conducting polymers and activated 

carbons. Further to find out the electrochemical reactions, in-situ XRD and XPS could 

be carried out.  

➢ Full cell may be fabricated using commercialized cathode and electrolyte materials to 

estimate the actual capacity and the overall performance of the battery. 
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