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Abstract 

With the ever-increasing need in improving the performance and operation life of future mobile 

devices, developing higher power density energy storage devices has been receiving more attention. 

Lithium ion battery (LIB) and capacitor are two of the most widely used energy storage devices and 

have attracted increasing interest from both industrial and academic fields.  Batteries have higher power 

density than capacitor but significantly longer charge/discharge rates.  In order to further improve the 

performance of these energy storage devices, one of the approaches is to use high specific surface area 

nano-materials.  Among all the nano-materials developed so far, one-dimensional nanowires are of 

special interests because of their high surface-to-volume ratio and aligned pathway for electron diffusion 

and conduction.  Therefore, in this thesis work, zinc oxide nanowires are implemented as an anode along 

with carbon fiber/graphene to increase the performance of LIB while lead titanate nanowires are used to 

improve the energy density of capacitors.  

For batteries, zinc oxide nanowires are grown on carbon cloth by low temperature hydrothermal 

method. X-ray diffraction (XRD) and scanning electron microscopy (SEM) are used to analyze 

morphology and crystal structures of samples. The performances of LIB using zinc oxide nanowire 

coated carbon cloth and bare carbon cloth are compared to show the improvement induced by zinc oxide 

nanowires.  For capacitors, lead titanate (PTO) nanowires are used with Polyvinylidene fluoride (PVDF) 

to make nanocomposites of high dielectric constants. Lead titanate nanowires are synthesized by low 

temperature hydrothermal method. XRD and SEM are used to analyze as synthesized nanowires. 

Different volume fraction of PTO nanowires is used with PVDF to make dielectric for capacitor. 

Dielectric constant and breakdown voltage at variable frequency are determined to calculate energy 

density and specific energy density. The influence of temperature on energy densities of different 

volume fraction PTO nanocomposites is also determined in this thesis work. 
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Chapter 1: Introduction  

1.1 LITHIUM ION BATTERY 

Battery and capacitors are widely used in portable electronics these days. Among the batteries, 

lithium ion battery is used by 63% of the portable electronics in the whole world [1]. Lithium ion battery 

offers the highest volumetric and gravimetric energy density as well as long cycle life [1]. High charge 

discharge rate, high reversible properties made lithium ion battery the best choice for modern 

electronics. Extensive research has been going on to improve the performance of lithium ion battery due 

to the dependency of portable electronics on it. Increased energy density and cycle life of lithium ion 

battery are more desirable for their use in plug in electronic vehicles [2].   

 

 

Figure 1.1 Comparison of the different battery technologies in terms of volumetric and gravimetric 
energy density [2] 
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Lithium ion batteries dominance is due to its highest electropositive and light properties suitable 

for energy storage device [2]. Lithium metal was first used in 1970s for non-rechargeable cell assembly. 

Due to their high capacity and discharge rate, application in mobile devices has increased. At the same 

time inorganic compounds are also found to perform reversible reaction with alkali metals. Later these 

materials were defined as intercalation compounds which were observed as vital for developing high 

energy rechargeable Li battery. In 1972 the understanding of electrochemical intercalation is defined 

which enabled scope of further development. Exxon [3] started a project in 1972 to use Li metal as 

anode and TiS2 as cathode material. TiS2 was found to have most suitable intercalation with lithium. But 

disadvantages of Li metal and liquid electrolyte combination were observed. Dendritic Li grown follows 

in every discharge charge cycle which results in explosion hazard. Dendrite problem [4] was solved by 

using lithium aluminum alloy but these electrodes performs for a limited number of cycle due to large 

change in volume while operation. Bell labs have found higher capacities and voltages for lithium 

oxides [5]. Later LixMO2 (where M is Co, Ni, Mn) [6, 7] were found to better choices for substitution 

for lithium metal. In order to avoid dendrite formation and use of Li metal, anode or electrolyte was 

modified. Substituting Li metal by second insertion material was reported by Murphy el al.[8] and later 

by Scrosati el al.[9] which followed the use of Li ion or rocking chair technology in early 1990s. The 

rocking chair technology which involves Li ion makes the battery much safer. In this rocking chair 

technique, Li ion moves back and forth between the anode and cathode over charge and discharge 

cycles. Sony Corporation commercialized lithium ion battery with C and LiCoO2 combination in 1991 

[10]. This type of battery offered a potential over 3.6 V and energy density of about 120-150 Whkg-1.  

Electrochemical batteries can be classified as primary and secondary battery. Primary batteries 

are non-rechargeable but secondary batteries can be charged many times by reversing the flow of 

current. Common lithium ion batteries are made of electrodes, separators, electrolyte and current 

collectors. Two different slurries are made for anode and cathode. Active materials which participate in 

the electrochemical reaction are mixed with acetylene black (carbon black) and polymer (Polyvinyl 

Difluoride, PVDF). Organic solvents such as N-Methyl-2-pyrrolidone (NMP) or Dimethylformamide 
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(DMF) are used to make slurry. Carbon black is used to increase conductivity and PVDF used to hold 

the integrity of the structure and maintains contact between active materials and current collector. 

 

 

Figure 1.2 Schematic details of Lithium ion cell during discharging [11] 

 Copper foil and aluminum foil are used as current collectors for anode and cathode respectively. 

Micro porous polypropylene membranes act as separators placed in between two electrodes which keeps 

the battery from being shorted and permits Li+ ion to transfer from and to electrodes. Most common 

electrolyte solution of 1M LiPF6 in ethylene carbonate (EC)/ diethylene carbonate (DEC)/ dimethyl 

carbonate (DMC) in 1:1:1 volume ratio is used to fill up the rest of the void of the cell. Electrolyte 

carries Li+ ion between electrodes. A detailed schematic view is shown in figure 1.2 where graphite is 

used as anode and LiCoO2 as cathode. 
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 Chemistry in battery can be described in two steps.  Reduction occurs at cathode and oxidization 

occurs at anode. Electrolyte in between the cathode and anode facilitate the exchange of ions. During the 

charging of the battery, cathode releases electrons in the external circuit and Li+ in the electrolyte. Li+ 

passes through the micro porous separator to anode. This reverses during the discharge cycle. Cathode 

reaction can be showed as follows. 

LiCoO2 Li1-xCoO2 + xLi+ + xe- 

 

 

Figure 1.3 Schematic presentation of the operation in lithium ion battery 

In the anode lithium intercalation occurs during the charging. The amount of Li+ stored in anode 

determines the energy capacity of the battery. Lithium ion released during the discharge cycle. Anode 

reaction can be shown as follows. 
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6C + xLi+ + e-  LixC6 

The overall recation in a lithium ion battery cell can be shown as follows. 

LiCoO2 + C6  Lix-1CoO2 + LixC6 

 

 

Figure 1.4 Voltage versus capacity for positive- and negative-electrode materials presently used or under 
serious considerations for the next generation of rechargeable Li-based cells [2] 

Electrode compounds are choosen based on some characteristics. They should be accept and 

release lithium ion easily. Lithium intercalation- deintercalation should not change the structure of the 

compound. Electronic and ionic conductivity of the electrodes plays a vital role in the energy density of 

lithium ion battery. They should be highly conductive in this sense metallic electrodes are desireable. 

High porosity in electrodes are desireable since lithium ions are hosted in anode so higher surface area 

makes will increase the intercalation of ions. Electrodes should be stable and safe over a long period of 
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charging and discharging. Electrodes of low cost and environmentally non hazardous are desireable [12-

15]. 

1.2 CAPACITORS 

Capacitors are widely used in electronics for storing energy. Capacitors can charge and discharge 

electricity very quickly. It is also used to block the flow of DC. This function is implemented where 

specific frequency is required. Capacitors can store little amounts of energy compared to batteries but 

can discharge the energy very quickly, meaning they have high power density. Pulsed power electronics 

needs quick power for short time that can be delivered only by capacitors. In order to scale down 

electronics devices development of capacitors that has high energy density and high volume efficiency is 

required [16].  

The reason capacitors can charge and discharge quicker than batteries is that electrochemical 

reaction takes place in batteries where static charge is stored in capacitors. High performance lithium ion 

battery has limitations like low power density and low durability but capacitor can perform much longer 

than battery. Figure 1.5 shows energy and power densities of capacitors and batteries. Capacitors have 

highest specific power than any other energy storage devices. 
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Figure 1.5 Simplified Ragone plot of the energy storage domains for the various electrochemical energy 
conversion systems compared to an internal combustion engine and turbines and 
conventional capacitors [17] 
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Chapter 2: Literature Review 

Previous researches done on cathode, anode and electrolyte of LIB are discussed below. 

2.1 CATHODE MATERIALS FOR LIB 

Selection of positive electrode varies for rechargeable lithium ion and lithium ion battery [18]. In 

lithium rechargeable batteries lithium metal is used as negative electrode and positive electrode does not 

require any lithiation. Lithium ion battery has carbon as the negative electrode which requires having 

lithium based compound to provide lithium ion. Lithium metal is very active in open air. Lithium cobalt 

oxide (LiCoO2) is widely used as cathode for commercial lithium ion battery. LiCoO2 has high 

volumetric energy density 

 

 

 C [19].  

 

 

Figure 2.1 Schematic structure of LiCoO2 for lithium-ion batteries, (110) plane 
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LiNiO2 is considered for anode in lithium ion battery because of its comparable specific capacity 

with LiCoO2. LiCoO2 has a theoretical specific capacity of 140 mAh/g which is less than that of LiNiO2 

at 200 mAh/g [20]. But delithiated LiNiO2 releases heat due to the reaction with electrolyte which raises 

safety issues. On the other hand LiCoO2 is thermally stable after delithiation. 

The rhombohedra crystal structure of LiCoO2 is shown in figure 2.1. One equivalent cobalt atom 

and one lithium atom share two oxygen atoms in each layer of LiCoO2 [21]. The structure of layered 

LiCoO2 degrades because of over charge which is over 4.2 V against Li metal electrode [22]. Lithium 

manganese oxide (LiMn2O2) and lithium iron phosphate (LiFePO4) have been studied as suitable 

substitution of lithium cobalt oxide. Manganese is cheaper and more readily available compare to cobalt. 

Manganese is not as environmentally hazardous as cobalt. But LiMn2O2 has low energy density of 150-

160 mAh/g [23, 24], low cyclic durability and is structurally unstable at high temperature [25].  

2.2 ELECTROLYTES FOR LIB 

It has been reported that equal combination of alkyl carbonates which includes organic solvents 

of ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate 

(DEC) or ethyl-methyl carbonate (EMC) with LiClO4 or LiPF6 electrolyte salt solution is most suitable 

electrolyte for Li ion battery [20, 26, 27]. The desired properties for a suitable electrolyte are good ionic 

conductivity, low electronic permittivity to preclude self-discharge and good stability over a wide 

voltage window. Ethylene carbonate is very essential for electrolyte because it can bring stability to the 

electrolyte and can form a protective film over the anode to prevent further reduction due to the 

electrolyte. For carbon based anodes such as graphite, lithiation and stability of anode in electrolyte 

solution is depend on electrolyte composition [28]. LiPF6 is very sensitive to moisture and produces 

hydrofluoric acid (HF) by reacting with water. HF reacts with cathode and form LiF which protects 

cathode from lithiation and delithiation and thus affects cell performance. Many researchers are 

investigating to replace the liquid electrolyte with polymer electrolytes which are solvent free and 

increase or maintain the specific energy density available in current Li ion batteries. Polymer 

electrolytes are safe and processing cost can be lowered as batteries can be made flexible [29, 30]. Also 

polymer electrolyte acts as separator as well as transport Li+ between electrodes. But polymer electrolyte 
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have ionic conductivities of 10-8 to 10-5 S cm-1 at ambient temperature [31] which considered low when 

compared to liquid electrolyte which have ionic conductivities around 10-3 to 10-2 S cm -1 [32]. Polymer 

electrolytes also have low power density compared to liquid electrolyte. 

2.3 ANODE MATERIAL FOR LIB 

Caron based materials have been used as anode since 1970’s but received a lot of attention in the 

late 80’s due to its lithium ion reversibility property. The use of carbon anode is reported by Kanno et al. 

[33] and Mohri et al. [34] in 1989. Carbon has suitable crystallinity and structure for electrochemical 

insertion-extraction of lithium ion. The morphology of carbon based material is also important for the 

rate and amount of Li+ can be stored in the anode. 

 

 

Figure 2.2 schematic drawing of the crystal structure of hexagonal graphite, showing the AB layer 
stacking sequence and the unit cell [35] 
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Schematic illustration of hexagonal graphite is shown in figure 2.2. Carbon atoms are arranged in 

a layer by layer fashion. Each layer of carbon atoms is called graphene which are attached due to Van 

der Waals forces. Graphite refers to stacking of graphene layer regardless of AB (hexagonal) or ABC 

(rhombohedral). The transformation energy from AB to ABC and vice versa is very low that’s why 

perfect AB or ABC graphite is not possible to obtain. Any type of graphene layer stacking is called 

graphite. High crystalline graphite can host one lithium atom for every six carbon atoms. Graphene 

layers shift to AA stacking order while the intercalation occurs. The distance between the two graphene 

layers increases about 10.3% due to host Li atoms [36, 37].  

  

 

Figure 2.3 schematic drawing showing lithium intercalation into the graphite structure [35] 
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The stage formation happens during the first cycle of charging which requires energy. That’s 

why 1st cycle of charging energy exceeds the theoretical specific energy of graphite (372 mAh/g) and 

80-95 % of the energy is reversed by the deintercalation of Li+ from the graphite layers [35]. 

Two dimensional layers of carbon a single atom thick, graphene have better electrical 

conductivity than graphite and a maximum surface area of 2600 m2/g [38]. The sp2 hybridized carbon 

atoms are arranged in honeycomb lattice structure in each layer. There are two interpenetrating 

triangular sub lattices arranged as shown in figure 2.3. The atom from one sub lattice is the center of the 

other sub lattice. The atomic length between two carbon atoms is 1.42 Å. Two carbon atoms form a unit 

cell and at an

 

 

 

 about any atom. Graphene has three σ bonds per atom and perpendicular π orbitals that give unique electrical properties to graphene [39]. Graphene has electron mobility of 15,000 cm2/ V.s at ambient temperature due to its zero band gap [40]. Graphene and graphite have similar chemistry but the excellent mechanical properties and high specific surface area of graphene makes it a better candidate for anode material in LIB.    
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Figure 2.4 Atomic structure of graphene. (a) Schematic structure of honeycomb lattice structure. (b) 
Schematic of sp2 hybrid c-c bond structure containing in plane σ bond and perpendicular π 
bond [39] 

Graphene can be rolled to form one dimensional carbon nanotubes. It can also be used to make a 

sphere shape called zero dimensional fullerenes as shown in figure 2.5. Multi-walled Carbon nanotubes 

are used as anode that showed energy capacity of 145-400 mAh/g [41-44]. But single wall carbon 

nanotubes have shown an energy density of 450 mAh/g [45-47]. Theoretical prediction about the Li+ 

intercalation in walls of nanotubes is not favorable because of its high energy barrier of 10 eV [48-50]. 

Opening of carbon nanotubes which become graphene improves energy density significantly [47, 51].  
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Figure 2.5 Graphene is 2D building material that can be wrapped to 0D buckminsterfullerene, rolled into 
1D carbon nanotube and stacked to graphite [52] 

Yoo et al. [38] and Abouimrane et al. [53] used graphene as anode in LIB and found higher 

energy density compare to graphite. Graphene is being used along with other material such as Co3O4 

nanoparticles by kim et al. [54] and Wu et al. [55], TiO2 by Choi et al. [56], SnO2 by Yao et al. [57], 

Mn3O4 nanoparticles by Wang et al. [58], silicon nanoparticles by Lee et al. [59], Fe3O4 by Zhou et al. 

[60]. Researchers are searching for suitable material that can be used along with graphene to increase the 

lithium ion reversible capacity. Tin based oxides such as SnO2 is an n-type semiconductor considered as 

anode for LIB and reported 600-712 mAh/g energy density [61-64]. Promising results of semiconductors 

as anodes made researchers interested about zinc oxide. Belliard et al. [65] considered zinc oxide as 

anode material and found 400 mAh/g reversible capacity by using 60 (±10) nm particles. Zinc oxide has 

a theoretical specific capacity of 978 mAh/g [65]. In another report [66] zinc oxide particles of size 1- 5 
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µm are used and reversible capacity of 359 mAh/g is found in first cycle. Shenouda et al. [67] doped 

LiFeO4 with different concentration of zinc oxide and reported increase in reversible capacity at low 

concentration and decrease at high concentration. Zinc oxide nano structures have high reversible 

capacity and rate capacity when used in LIB as anode materials [68]. Carbon fibers are also used as 

anode material for LIB [69]. Egashira et al. [70] used Sn nanoparticles to increase the reversible capacity 

of carbon fiber from 87 to 200 mAh/g.  

2.4 DIELECTRIC CAPACITORS 

 Capacitors can be three different types: electrostatic capacitor, electrolytic capacitor and 

electrical double layer capacitor. Only electrostatic capacitor does not require any liquid electrolyte. 

Electrostatic capacitor is the most conventional capacitor consists of two electrodes separated by a 

dielectric material which insulates them. Dielectric separates the charges and produces electrical field, 

enabling capacitor to store energy. Figure 2.6 illustrates capacitor arrangement. 
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Figure 2.6 Schematic of a conventional capacitor [71] 

Capacitance of a capacitor C is expressed as 
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Loss tangent tanδ is the ratio of imaginary part of permittivity ε ʺ  to the real part of permittivity 

ε .́ 

…………………………………………..…(4) 

Higher loss tangent indicates higher energy loss of dielectric during operation. 

 

 

Figure 2.7 Schematic arrangement of electrolytic capacitor [71] 

Arrangement of an electrolytic capacitor is shown in figure 2.7. The principle of electrolytic 

capacitor or supercapacitor is same as electrostatic capacitor. In supercapacitors the electrodes have high 

surface area, electrolyte is used and a microporous separator is placed in between the electrodes. 

Supercapacitor minimizes the distance between the positive and negative charges as shown in 

figure 2.7. Thus shows higher energy density. But distance between the electrodes can be higher than the 



 18 

solid dielectric because of the pure conductivity of the electrolyte and also super capacitors has to be 

sealed to protect liquid electrolyte thus prevent from implication in integrated device [72].  

 

 

Figure 2.8 Relationship of dielectric permittivity and electric field to the energy density of the dielectric. 
Organic dielectrics (O) have high breakdown strength and low permittivity. Ceramic-based 
inorganic dielectrics (I) have high permittivity and low breakdown strength. Composites 
(C) offer the potential for high permittivity and breakdown strength [73] 

The desired properties for capacitors are high dielectric permittivity, high breakdown strength, 

low dielectric loss tangent, low distance between the electrodes and high operating temperatures. Figure 

2.8 shows the relationship between dielectric permittivity and breakdown strength of dielectric with 

energy density of the capacitor. 
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Research to improve energy density of capacitor is focused on development of composite 

dielectric material of high energy density and that can be stored in small packages [74-76]. Polymers are 

considered as dielectric because of their high dielectric permittivity. Polymers have very low dielectric 

permittivity that limits the energy density of the capacitor. 

Table 1.1: Dielectric permittivity of different polymers [77, 78]. 

Polymer Dielectric permittivity 

Nonfluorinated aromatic polyimides 3.2-3.6 

Fluorinated polyimide 2.6-2.8 

Poly(phenyl quinoxaline) 2.8 

Poly(arylene ether oxazole) 2.6-2.8 

Poly(arylene ether) 2.9 

Polyquinoline 2.8 

Silsesquioxane 2.8-3.0 

Poly(norborene) 2.4 

Perfluorocyclobutane polyether 2.4 

Fluorinated poly(arylene ether) 2.7 

Polynaphthalene 2.2 

Poly(tetrafluoroethylene) 1.9 

Polystyrene 2.6 

Poly(vinylidene fluoride-co-

hexafluoropropylene) 

~12 

Poly(ether ketone ketone) ~3.5 

Polyvinylidenefluoride (PVDF) 12 
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Table 1.2: Breakdown strength and energy density of commonly used film polymers for capacitor [78]. 

Plastic film Dielectric 

permittivity, 

 

 

 

Maximum 

operating 

temperature 

 

 

  

Breakdown 

Voltage(V/µm) 

Dissipation 

factor, % at 

1kHz 

Energy density 

(J/cc) 

Polypropylene 

(PP) 

2.2 105 640 <0.02 1-1.2 

Polyester (PET) 3.3 125 570 <0.5 1-1.5 

Polycarbonate 

(PC) 

2.8 125 528 <0.15 0.5-1 

Polyvinylidene 

fluoride (PVDF) 

12 125 590 <1.8 2.4 

Polyethylene 

naphlate (PEN) 

3.2 125 550 <0.15 1-1.5 

Polyphenylene 

sulfide (PPS) 

3.0 200 550 <0.03 1-1.5 

 

Relatively high dielectric permittivity and high breakdown strength make PVDF most suitable 

candidate as dielectric material. Polymer film has self-healing capability which makes it better candidate 

for high electric field application [79]. The self-healing process is shown in figure 2.9. During the 

electrical breakdown, part of the stored energy will make a hole in the polymer. Also the metal electrode 

on the surface of the polymer gets evaporated and this way the polymer film breaks open instead of 

getting short. The rest of the portion of the capacitor stays functional with small drop in capacitance. 
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Figure 2.9 Self-healing mechanism in polymer dielectric capacitor [79] 

In order to increase the dielectric permittivity of the dielectric, ceramics are considered because 

of their high dielectric constant. But low breakdown strength than polymer lowers the energy density of 

the capacitor. Ceramic capacitor does not have self-healing property which makes them less reliable. 

Sintering of ceramic in large scale is also very problematic because of stress formation. Figure 2.10 

shows the experimental results of dielectric constant and breakdown field of different dielectric material. 

The straight line is shows 400 calculated from dielectric constant and square of breakdown strength 

from equation 3 of energy density. The rest of the terms in energy density equation are constants.  
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Figure 2.10 Dielectric constant and dielectric strength of the common dielectric materials and their 
correlation for high energy density [80] 

High dielectric materials are used in polymer matrix to get higher dielectric constant as well as 

higher breakdown voltage. This approach has been proven successful. Ceramic materials can be 

synthesized in nanoscale by simple hydrothermal method. Now lots of research has done to implement 

nanoscale ceramics in polymer matrix. Lead titanate has relatively high dielectric constant and 

breakdown strength and lies above the straight line shown in figure 2.10. Inclusion of PTO nanowires of 

high aspect ratio in PVDF polymer will be investigated in this work. 
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Chapter 3: Motivation and Significance 

Piezoelectric and semiconductor materials are suitable for energy harvesting and storage 

application [81-83]. One-dimensional nanostructure such as nanowire, nanorod and nanotube is drawing 

much research interest in recent years because of their possible applications in nano-scale devices [84]. 

One-dimensional nanomaterials have very high surface area with tunable dimension and crystal 

morphology. Optical [85], magnetic [86] and electrical [87] properties of nanostructure vary depending 

upon many factors such as temperature, duration of reaction, pressure, molar concentrations of 

chemicals used in different synthesis procedures which are responsible for the size and shape of 

nanostructures. Nanowires have highest aspect ratio (Length to diameter) which offers high surface area. 

Electrochemical performance can be greatly affected by surface area of electrodes. Lead titanate (PTO) 

and zinc oxide (ZnO) both are piezoelectric materials and can be used for energy harvesting and storage 

applications. In this thesis work, zinc oxide is used to make anode material for lithium ion battery and 

lead titanate is used with polyvinyl fluoride to make capacitor.  

3.1 ZNO NWS AS ANODE FOR LIB  

Due to the limited specific surface area of graphite materials, the diffusion of the Li ions in the 

anode graphite is relatively slow, leading to limited energy storage density.  In order to further increase 

the capacity, nano-structured materials have been extensively studied due to its potential in reducing Li-

ion diffusion pathway.  To date, one of the most promising approaches to improve the Li-ion diffusion 

rate is to introduce hybrid nanostructured electrodes that connect the nonconductive high surface area 

nanowire with nanostructured carbon materials.  While there have been several research efforts 

investigated to fabricate nanowire-graphene hybrids, all the them were focused on randomly distributed 

nanostructures thus the LIB performance enhancement was limited.  Therefore, this paper will introduce 

a novel hybrid structure with vertically aligned nanowire on graphene aerogel aiming to further increase 

the performance of LIB.  The aligned nanowire array provides a higher specific surface area and could 

lead to high electrode-electrolyte contact area and fast lithium ion diffusion rate. The graphene aerogel 

structure is electrically conductive and mechanically robust, as well as has low specific density. The 

developed nanowire/graphene hybrid structure could have the potential to enhance the specific capacity 
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and charge-discharge rate. Smaller sized particles reduce strain during lithiation and delithiation which 

results better cycling performance [88, 89] which shows the potential of nanowires. Materials of nano 

morphology can increase the lithium ion diffusion rate as well as stabilizes the material for longer 

operation cycle than bulk dimension [90]. Charge and discharge rate of active materials can be increased 

with the use of nano scale materials. Solid state diffusion occurs in electrodes so shorter travel path for 

lithium ion will increase insertion and extraction rate. In the figure 3.1, schematic view of ZnO 

NWs/graphene and ZnO NWs/carbon cloth anode materials are shown in the lithium ion battery 

arrangement. 

 

 

Figure 3.1 Schematic view of the ZnO nanowire/Graphene hybrid and ZnO nanowire arrays/ carbon 
cloth anode material testing [69] 
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3.2 ZINC OXIDE: MATERIAL PROPERTIES 

Zinc oxide is n type semiconductor which has electrical, optical, piezoelectrical, optoelectrical 

and many other important applications because of its wide band gap (3.37 eV) and high electron hole 

binding energy (60 eV)[91, 92]. Wurtzite is the most stable form of zinc oxide which lacking center of 

symmetry and has large electrochemical coupling. Zinc oxide has piezoelectric, pyroelectric properties, 

emits light of short wavelength and appropriate doping makes it electrically conductive. Zinc oxide is 

also biocompatible, biodegradable and nontoxic which extends the area of its biological application [93]. 

Discovery of zinc oxide nanobelt in 2001 has created research interest in zinc oxide nanostructure [94]. 

Intensive research has been done on zinc oxide nanostructures especially on nanowires because of their 

ease of synthesis process and better electrochemical properties. Electron diffusion rate can be heavily 

increased by increasing surface area of nanostructures. Zinc oxide has electron mobility of 200 cm2 V-1 

at room temperature in single crystal form. Zinc oxide nanowires are single crystal and can be grown on 

any inexpensive substrates. Zinc oxide offers better resistance to radiation than gallium nitride which 

makes it more desirable for nuclear plant and space use.  

3.3 ZINC OXIDE: PIEZOELECTRIC EFFECT  

Many wireless electrical devices require little power and self-powering will make them more 

consistent. Zinc oxide nanowires and lead titanate nanowires can be used for energy harvesting because 

of their piezoelectric properties. All the piezoelectric material has the same mechanism to produce 

electricity from mechanical strain. Here piezoelectric effect of zinc oxide is described. Zinc oxide has a 

non-centrosymmetric structure where oxygen and zinc atoms are tetrahedrally bonded. Any external 

mechanical pressure can cause lattice distortion leads to the displacement of positive and negative 

charge [95]. Local dipole moments are created and because of this a macroscopic dipole moments 

appears throughout the whole crystal. Zinc oxide gives the highest piezoelectric properties among the 

other tetrahedrally bonded semiconductor [96]. 
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Figure 3.2 (a) Schematics showing the piezoelectric effect in a tetrahedrally coordinated cation-anion 
unit [96]. (b) The wurtzite structure model of ZnO. The tetrahedral coordination of Zn–O is 
shown [97] 

Because of the opposite charged ions, positively charged Zn-(0001) and negatively charged O-

(000ī) surfaces create spontaneous polarization along the c-axis [97]. Both normal dipole moment and 

spontaneous polarization gives charged ZnO (0001) surface. A conductive atomic force microscope tip 

is used to induce elastic deformation of the nanowires. An external load is connected through which 

charges flow. Because of the piezoelectric and semiconducting properties of zinc oxide, Schottky barrier 

forms between the conductive tip and nanowire thus creates electricity [98-100]. Lu et al [99] used p 

type zinc oxide nanowire array grown on a silicon substrate by thermal vapor deposition method to 

generate 50-90 mV electrical energy from a single nanowire. Wang et al [98] grown aligned zinc oxide 

nanowire array on aluminum oxide substrates by vapor liquid solid method. The catalyst used in the 

process is Au and that’s why some nanowire has Au on top of their tip. Gao et al [100] used flexible 

plastics as substrates which increases the application range of the nanogenerator. The growth 

temperature was less than 80 °C and large scale production of zinc oxide nanowire array is possible at 

low cost by their method. 
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Figure 3.3 Experimental setup and procedures for generating electricity by deforming a piezoelectric 
ZnO NW with a conductive AFM tip. The base of the NW is grounded and an external load 
of RL is applied, which is much larger than the resistance RI of the NW. The AFM scans 
across the NW arrays in contact mode [98] 

3.4 ZNO NANOWIRES: GROWTH MECHANISM 

Different methods have been developed for synthesis of nanostructure in last decade. In chemical 

vapor deposition, zinc oxide nanowires and nanorods occurs at high temperature (500-600° C) [101] 

which limits the use of substrates with low melting point and damages surface of the carbon fiber used 

as substrate by Thostenson et al [102] because of the exposure to the catalyst. Tseng et al [103] used 

chemical vapor deposition method to grow zinc oxide nanowires on a selected area. Yang et al [104] has 

grown ZnO nanowires over Au-coated silicon substrates by vapor liquid solid mechanism. An inert gas 

is used to carry zinc oxide vapor over substrates on which deposition has to make. Nanowires with 

different diameters have been achieved by changing the thickness of the Au catalyst film.  
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Figure 3.4 SEM images showing nucleation and growth behavior of ZnO nanowires on a Si substrate for 
reaction times of (a) 30 s, (b) 1 min, (c) 5 min, and (d) 60 min. The inset in (d) is a SEM 
image of the interfacial region of the nanowires and the substrate [105] 

Yu et al [106] used double tube reactor to enrich Zn vapor which increased the nanowires 

dimension as well as reduced the synthesis temperature. The dimensions, morphology and crystal 

structure of nanowires are affected by reaction time, temperature and carrier gas flow rate in chemical 

vapor deposition method. Low synthesis temperature is desirable for better electrical and mechanical 

properties of nanocomposites. Solution based hydrothermal synthesis process deals with relatively low 

temperature.  
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Figure 3.5 Bright-field TEM images of ZnO seeds on a Si substrate grown for (a)–(c) 30 s and (d)–(f) 1 
min. (g) HRTEM image of the region indicated by a dotted rectangle in (f). The seeds are 
clearly shown at the bottom of the ZnO nanowires, as indicated by black arrows in (d)–(f). 
Contrasts at the Si substrate below the seeds are indicated by white arrows in (a)–(d) [105] 

Lin et al [107] used two steps to grow zinc oxide nanowires.  First step is to grow nanoparticle 

from zinc acetate dehydrate-ethanol and sodium hydroxide-ethanol solutions at 55˚ C temperature at a 

volume ratio of 18:7. Then dip coating technique is used to coat the nanoparticles over substrates. The 

bonding between the nanoparticles and substrates can be increased by annealing which ensures the 

whiskerization of nanowires. The next step is the growth of zinc oxide nanowires by using zinc nitrate 

hydrate and hexamethylenetetramine aqueous solution at a temperature of 90˚ C for 4 hours. Nanowire 

can be grown in less than five minutes by using induction heating [108]. The growth of nanowires 
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depends upon the concentrations of the solutions used, growth temperature. In order to obtain nanowires 

with better quality, substrate is rinsed with de-ionized water and dried. Nanowires can be grown in 

longer by changing the growth solution in a regular interval.  

 

Figure 3.6 Analysis of ZnO nanowire arrays grown in water with zinc nitrate and HMTA at 90 °C. (A) 
Cross-sectional SEM image of an array grown for 1.5 h on a silicon wafer. (B) TEM image 
of a cluster of ZnO nanowires removed from an array grown for 1.5 h on a silicon wafer. 
(C) SEM cross section of a cleaved nanowire array grown with the addition of PEI on a 
fluorine-doped tin oxide substrate [109] 

Greene et al [109] synthesized zinc oxide nanowires by hydrolyzing zinc nitrate with water and 

hexamethylenetetramine. In the zinc aqueous solution zinc can exist in many monomeric hydroxyl 

species such as ZnOH+, Zn-(OH)2, Zn(OH)3
- and their dehydration creates zinc oxide nuclei and 

continues to grow under condensation. Acidic or basic solution in the range of pH value 5 to 12 and 
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temperature range 50° C to 200° C is suitable for growth of nanowires. Basic solutions are more 

important because some metal with two valence ions does not readily hydrolyze in acidic solution. 

Nanowires can be grown without any additives in solution of pH value more than 9 but for the solution 

of pH value less than 9 requires HMTA or dimethylamineborane as additives. Nanowires can be grown 

in longer by changing the growth solution in a regular hour and the diameters will also increase until 

they come in contact to form thin film. Ko et al. [110], Xu et al. [111], Qui et al. [112] have used 

polyethyleneimine (PEI) in the growth solution and reported longer and skinner nanowires than 

nanowires without the polymer in the growth solution. PEI prevents the formation of zinc oxide in the 

bulk solution. One explanation is that the PEI absorbs the certain crystal faces of zinc oxide clusters and 

allows in the longitudinal direction of nanowires rather than circumferential direction [109, 113].  

3.5  LEAD TITANATE NWS FOR DIELECTRIC CAPACITOR 

Use of bulk PTO as dielectric will decrease the energy density because of its low breakdown 

field strength. That’s why polymer can be used as dielectric since they have relatively high breakdown 

field strength. But polymers have very low dielectric constants which results low energy densities of the 

capacitors. In order to get higher dielectric constant of ceramic materials and higher breakdown field 

strengths of polymers, inclusion of ceramic is made in the polymer matrix. High curie temperature and 

relatively high dielectric permittivity make lead titanate suitable inclusion ceramic. Lewis et al. reported 

that as the size of inclusion material scales down to nanoscale, the interface properties of polymer 

inclusion will dominant over the bulk property of the matrix [114, 115]. Poly(vinylidene fluoride)  

(PVDF) is piezoelectric, pyroelectric and ferroelectric polymer [116]. PVDF has relatively high 

dielectric constant compare to other polymer [117] and has breakdown field strength of 10.2 MV/m 

[118]. Inclusion of PTO NWs of high aspect ratio in PVDF can increase the dielectric constant as well 

as breakdown field strength of the composite. Gregorio et al. [119] reported the increase of dielectric 

constant of PVDF with the increase of temperature. Hu et al. [120] studied the effect of temperature on 

dielectric permittivity of PTO nanoceramics and found increasing with the increase of temperature up to  

8330 at 1 kHz at curie temperature (490

 

 

C). PTO NWs/PVDF composites for dielectric application are 
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yet to investigate. In this research work, hydrothermal method is followed to synthesis PTO NWs and 

PVDF are used as matrix to make polymer composite. Dielectric constant and breakdown field strength 

are determined to measure energy density of the nanocomposites at different temperature and operating 

frequency. 

3.6 LEAD TITANATE: MATERIAL PROPERTIES 

Lead titanate (PbTiO3) is a ferroelectric material of perovskite tetragonal structure. It has high 

curie temperature of 490

 

 

 C and dielectric constant of bulk PTO is 180 at 1 kHz frequency [120]. 

Many versatile properties of lead titanate makes it widely used in capacitors, piezoelectric actuators, 

sensors etc [121-126]. Lead titanate shows large piezoelectric displacement and permanent polarization 

[127]. Thin film PTO has very high switching speed in memory application. There are lot of research 

has been done on ferroelectric materials for the application in capacitor.  

In figure 3.7, a unit cell of lead titanate is shown. Lead titanate has tetragonal structure but above 

490
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Figure 3.7 Crystal lattice structure of PbTiO3: (a) projection of ionic sites on the (001) plane; (b) 
environment of the Ti ion; (c) environment of the Pb ion [77] 

3.7 LEAD TITANATE NANOWIRES SYNTHESIS 

Many methods are developed to synthesis one dimensional nanostructure i.e. nanowires, 

nanorods, nanofibers, nanocubes of lead titanate has been synthesized by sol gel template and molten 

salt method [130-136]. Sol gel method is widely used to synthesis complex materials due to convenience 

of experimental equipment. Hernandez et al. [130] synthesized lead titanate nanotubes of 200 nm by 

using alumina templates. Luo et al. [137] used silicon and alumina templates to synthesis lead zirconate 

titanate nanotubes of 50 nm diameters and lengths up to 100 µm. 
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Figure 3.8 SEM micrographs of nanowires formed by liquid-phase deposition method using 200-nm 
alumina template membranes. (a) Top view image of the PbTiO3 nanowire arrays grown 
within an AAO template. (b) Side view image of PbTiO3 nanowires bundle together after 
removing the AAO template [132] 

Zhang et al. [138] followed sol gel method and used alumina templates to synthesis lead 

zirconate titanate nanowire array of 45 nm diameters and 6 µm lengths. In the sol gel method templates 

are dipped in the sol by capillary actions. It becomes difficult for higher concentration sols and small 

pore diameter templates to fill the pores. In addition to that nanomaterial synthesized from low 

concentration sol causes shrinkage and crack during the annealing [139].  In order to avoid cracks in 

nanomaterials,  Limmer et al. [139] developed a more complex method called sol–gel electrophoresis 

deposition which involves special equipment to synthesis lead zirconate nanowires. The precursors and 

solvents used to make sol gel are very unstable in ambient air and have potentially toxic to human body. 
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All these limitations of sol gel method lead to the development of novel method. Liquid-phase 

deposition (LPD) method is developed to prepare metal oxide thin films which involves aqueous 

solution [140]. Hsu et al. [132] have synthesized lead titanate nanowire arrays by following LPD method 

and using anodic aluminum oxide (AAO) templates. Hydrothermal method is a template free and most 

simple synthesis procedure that has been used to synthesis lead titanate nanowires.  

 

 

Figure 3.9 SEM image of PX-phase Pb–Ti–O nanowires synthesized by hydrothermal method [141] 

It has been reported in previous research work is that the lead titanate powders synthesized by 

hydrothermal method possess different crystal structures which are perovskite, pyrochlore and tetragonal 

body centered type and has different morphology depending on reaction conditions [142, 143]. Usually 

they are referred as PX phase. PX phase PTO nanowires with high length to diameter ratio has potential 
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application for nanostructures of ferroelectrics for their ferroelectric properties [144]. Hydrothermal 

method has 
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Chapter 4: Experimental Details 

4.1 GRAPHENE SYNTHESIS 

Hummer’s method [149] is used to synthesis graphene. Graphite powder (325 mesh, 99%, Alfa 

Aesar) of 3 g and sodium nitrate (NaNO3, Alfa Aesar) of 1.5 g are mixed in 69 ml of sulphuric acid 

under mild stirring in ice bath to lower the temperature. After 7 hours 9 g of potassium permanganate 

(KMnO4, Alfa Aesar) is added in the mixture. After that the solution is heated at 35 °C for 7 hours in a 

water bath. Additional 9 g of KMnO4 is added and heating is continued for 12 hours. The heating setup 

is shown in figure 4.1. 

 

 

Figure 4.1 Graphite oxidization in water bath at 35 °C 
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Ice from 400 ml of deionized (DI) water and 3 ml of hydrogen peroxide (H2O2) is mixed with the 

solution. After melting of ice, final solution is centrifuged at 4000 rpm for 30 min and precipitation is 

separated. The precipitation is washed with DI water, 30% hydrochloric acid (HCL) and three times 

with ethanol (200 proof, pharmco) successively. After each wash the solution is sifted and precipitation 

is separated by centrifuging at 4000 rpm for 30 min. In the next step, precipitation is dried overnight in a 

desiccator under vacuum to produce graphene oxide (GO). In order to disperse the graphene oxide, a 

solution of 30 mg/ml GO in DI water is made and sonicated in a bath sonication (Branson, 2510) and tip 

sonication (Branson, S-450A) is used for 1 h and 5 min respectively. Water is removed from the solution 

by freeze drying. The solution is freezed using dry ice and methanol mixture. Subsequently the mixture 

is brought at low pressure by a freeze dry machine which allows water vaporize without boiling. Later 

graphene oxide is reduced by using a tube furnace (Lindberg blue M) in argon atmosphere at 1050 °C. 

For the first 300 °C temperature ramp of 1 °C/min is used and from 300 °C to 1050 °C the temperature 

increase rate of 20 °C/min is used. 
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Figure 4.2 Schematic presentation of the graphene synthesis steps a) Natural graphite with inter layer 
spacing 3.34 A° 23 b) Organic surface groups take place within the layers for oxidation and 
inter layer spacing becomes about 7.37 A° 23 c) Graphite oxide solution is exfoliated by 
sonication and becomes dispersed graphene oxide solution d) Freeze dried graphene oxide 
solution is reduced to graphene 

4.2 ZINC OXIDE NANO PARTICLE SOLUTION 

Zinc acetate dehydrate (Zn (CH3COO)2. 2H2O, 99.999% purity,sigma aldrich)(12.5 mM) is 

dissolved in ethanol (200 proof, purity 

 

 

99.5%, pharmco) at 50 °C under vigorous stirring by magnetic 

stir bar in a glass beaker placed on hot plate (Fisher scientific, isotemp). An electrical precision balance 

machine (Tree, model HRB103) is used to weigh all the chemicals. After completely dissolved, the 

solution is brought to room temperature and diluted to a concentration of 1.4 mM by adding more 

ethanol. Another sodium hydroxide (NaOH, pellets, 97%,acros) (20 mM) ethanol solution is prepared at 
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60 °C under vigorous stirring. After cooling to room temperature, additional ethanol is added in order to 

dilute to make a concentration of 5.7 mM for the final solution.  

 

 

Figure 4.3 ZnO Nanoparticle solutions are mixing on hot plate under vigorous stirring at 55 °C 

These two solutions are mixed at a ratio of 18:7 (zinc acetate dehydrate ethanol to sodium 

hydroxide ethanol) at a temperature of 55 °C for 30 minutes. In order to mix these two solutions 

properly, at first zinc acetate dehydrate ethanol solution is brought to 55 °C on a hot plate and 
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temperature is monitored by a thermocouple. When the temperature of the solution is 55 °C, sodium 

hydroxide ethanol solution is slowly introduced to the solution with the help of plastic pipette under 

vigorous stirring.  

The reactions involved in formation ZnO seed particles are as follows- 

Zn2+ + 2 OH‾↔Zn(OH)2  

Zn(OH)2 + 2OH‾ ↔[Zn(OH)4]2‾ 

[Zn(OH)4]2‾ ↔ZnO2 + 2H2O 

ZnO2
2‾ + H2O ↔ ZnO + 2OH‾ 

ZnO + OH‾↔ZnOOH‾ 

In all cases, the top of the beakers are covered with aluminum foil while heating. Otherwise 

solvent (ethanol for nanoparticle solution and water for growth solution) could escape the solution in 

terms of evaporation and change the concentration of the solution. Final solution is kept inside a freezer 

which keeps the nanoparticle solution useable for longer time. Nanoparticle solution can be used as long 

as it is transparent and clear in naked eye. 

4.3 COATING SUBSTRATE WITH ZNO NANOPARTICLES 

Carbon cloth (made of carbon fiber, diameter ~7 µm) of 50 mm X 30 mm is glued (Devcon, 5 

minutes epoxy) on the edges. Then carbon cloth is washed in bath sonication (Branson, 2510). Acetone, 

Deionized water (DI) and ethanol is used as cleaning solvent. Carbon cloth is taken in a beaker with 

cleaning solvent and bath sonication is performed for 10 minutes for each solvent. Then carbon cloth is 

dried at ambient temperature in open air. As synthesized graphene and dried carbon cloth are taken on a 

glass petri dish, enough nanoparticle solution is dropped to soak them for 10 min and subsequently 

annealed on a hot plate at 150 °C for 10 minutes to enhance adhesion between the substrates and 

nanoparticles. This soaking and annealing is repeated two more times to ensure the mass coating of ZnO 

nanoparticle all over the carbon fibers and graphene. Graphene is coated with ZnO nanoparticle without 

cleaning. 

 



 42 

 

Figure 4.4 Bare carbon cloth on the left hand side; ZnO NWs coated carbon cloth glued on the edges 

4.4 ZNO NANOWIRES: HYDROTHERMAL GROWTH 

Zinc oxide nanowires are grown by low temperature hydrothermal method [113]. An aqueous 

solution of 25 mM zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 99.9% purity, sigma aldrich), 25 mM 

hexamethylenetetramine (HMTA) (C6H12N4, 99.9% purity, sigma aldrich) and 5-7 mM 

Polyethylenemine (PEI, Branched, molecular weight 800 gm/mol, sigma aldrich) are prepared at room 

temperature. Substrates coated with ZnO nanoparticles are immerged in growth solution when the 

temperature is at 85 °C. The growth is done in a glass beaker and solution temperature is maintained at 

85 °C by using a thermocouple and hot plate. For carbon cloth, growth time of 8h is used with a growth 

solution of 2 liters. Growth solution of 500 ml is used for reduced graphene for 2 hours of ZnO NWs 

growth. After the reaction is complete, samples are taken out of the solution to rinse with de-ionized 
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water and dried at 100 °C on a hot plate. Chemical reactions involved in formation of ZnO nanowires 

are as follows-  

HMTA + 6H2O ↔ 4NH3 + 4HCHO 

NH3 + H2O ↔ NH4
+ + OH‾ 

Zn2+ + 2OH‾ ↔ Zn(OH)2 

Zn(OH)2 ↔ ZnO + H2O 

 

 

Figure 4.5 ZnO nanowire growths on carbon fiber at 80 °C 

4.5  ANODE PREPARATION 

Bare carbon cloth of 12 mm diameter and ZnO NWs coated carbon cloth of the same diameter is 

used as anode for LIB. Copper foil (MTI corp., thickness 0.009 mm) of 12 mm diameter is used as 
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current collector placed on the carbon cloth without using any kind of binder. To make graphene and 

ZnO NWs coated graphene anode, Polyvinylidene fluoride (PVDF, MTI corp., purity ≥99.5, Molecular 

Weight 600,000) is used as binding material. PVDF is dissolved in N-Methyl-2-pyrrolidone (NMP, MTI 

corp., purity ≥99.5%) at a 1:10 weight ratio by heating at 80 °C. Slurry of 90 wt% of graphene and 10 

wt% of PVDF is made by using PVDF-NMP solution. For ZnO NWs/graphene, 80: 20 wt% ratio is used 

with PVDF. Excess NMP is used to ease the mixing of slurry. Both horn and bath sonication is used to 

make a homogeneous mixture. A micrometer adjustable film applicator (MTI corp.) is used to cast the 

slurry on copper foil wrapped on glass plate (MTI corp.). Small amount of ethanol is dropped between 

copper foil and glass plate to get perfectly plane surface. The casting is dried in an oven at 120 °C for 12 

hours in air environment. After drying, cut into 12 mm diameter to use as anode in LIB. 

 

 

Figure 4.6 Casting slurry on Cu foil to make anode and cut later by 12 mm diameter punch 
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4.6 COIN CELL ASSEMBLY 

Coin cell CR 2032 is assembled using bare carbon cloth, ZnO NWs arrays/carbon cloth, 

graphene and ZnO NWs arrays/graphene anode. Each of the anodes is investigated against 12 mm 

diameter single side LiCoO2 coated on Al foil (MTI corp., 0.1 mm thickness). 1 M LiPF6 in ethylene 

carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC) organic solvent at 1:1:1 volume 

ratio is used as electrolyte as received (MTI corp.). Since electrolyte is very sensitive to moisture, 

electrolyte package is opened in argon (Purity 99.999%) filled glove box (LABstar, MBraun).  

 

 

Figure 4.7 Cross sectional view of LIB coin cell shows the sequence of components 

The moisture and oxygen content inside glove box is maintained less than 0.01 ppm during the 

assembly of coin cell. As prepared electrodes are used as anode against LiCoO2 cathode. Microporous 
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polyethene (MTI corp., 0.025 mm thickness, 36-44 % porosity) cut into 19 mm diameter disk is used as 

separator. Commercial battery cases, spacer and spring are used as received (MTI corp.).  

A very specific sequence is followed for the assembly of LIB shown in figure 4.7. Cathode is 

placed on positive case facing the active material up. Three drops of electrolyte are added on cathode 

followed by two separators and in between them another two drops of electrolyte is added. After that 

two more drops of electrolyte and anode facing active martial down are added. Copper foil cut in 12 mm 

diameter is placed on carbon cloth anodes. The rest of the sequence is as follows: two spacers, spring 

and negative case. Coin cells are sealed by applying 750 psi pressure with a crimping machine (MTI 

corp.). After assembly excess electrolyte is wiped by tissue and plastic tweezer is used for holding 

batteries to avoid shorting. 

4.7 LEAD TITANATE NANOWIRES 

PTO nanowires were synthesized using a hydrothermal method similar to those previously 

reported [150, 151]. The process can be simplified into two steps which are described as follows. 

4.7.1 Gel Preparation 

Titanium (IV) n-butoxide (TNBT) (Acros Organics, 99%) is dissolved in ethanol (200 proof, 

purity 

 

 

99.5%, pharmco) to make a solution of 0.09 M. Amount of TNBT and ethanol used is 6.126 

grams and 200 ml respectively. An ammonia solution of 0.15 M is made by measuring 0.929 

grams/1.044 ml of 14.372 M ammonia hydroxide (35% in water, density 0.89, acros) as received and 

adding DI water to make the volume of the final solution to 100 ml. Ammonia solution is slowly added 

to TNBT ethanol solution with the help of pipette under vigorous stirring. The mixture solution is kept 

under stirring for 30 minutes. White colored precipitation is observed as the ammonia solution is added. 

After 30 minutes, white gel is separated by centrifuging at 8000 rpm for 10 minutes. In order to wash the 

gel with DI water, gel is dispersed in DI water with the help of vortex mixer for 1 minute and centrifuge 

is used to separate the gel. Washing is done three times.    
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4.7.2 PTO Nanowire Growth 

The gel is dispersed in 100 ml of DI water followed by an inclusion of lead (II) nitrate 

(Pb(NO3)2) (Fischer Chemical, 99%) of 5.465 grams and potassium hydroxide (KOH) (Acros, pellets, 

85%) of 4.208 grams. Polyvinyl alcohol (PVA) (Aldrich chemistry, 99+% hydrolized) of 0.06 grams is 

dissolved in DI water at 80 ˚C for 30 minutes. After PVA DI water solution is cooled to room 

temperature, mixed with gel solution under vigorous stirring for 30 minutes. Final solution has 

concentrations of 0.11 M Pb(NO3)2, 0.5 M KOH and 0.4 g/L PVA.  After continuous stirring for 30 

minutes, solution is transferred into a 200 mL Teflon lined stainless steel autoclave with a fill factor of 

80%.   

 

 

Figure 4.8 Setup for PTO nanowire growth by hydrothermal method 
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The reactor is placed on a hot plate with a heating band to undergo hydrothermal reaction at 200 

˚C (392˚ F) for 4 h under vigorous stirring. A heating unit (Omega benchtop controller) is used to 

maintain the reactor temperature. After cooling down to room temperature, PTO powder is recovered 

through vacuum filtration, washed with DI water and ethanol for three times, and dried at 80 ˚C for 12 h.  

Finally, PTO powder is placed inside an alumina crucible with lid to cover the top and annealed at 600 

˚C for 2 h in a high temperature furnace (Lindburg/blue M, Max. 1100 ˚C) to obtain crystallized PTO 

nanowires. 

 

 

Figure 4.9 Schematic diagram of the manufacturing process of nanocomposites 
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4.8 PTO NWS-PVDF NANOCOMPOSITE 

Polyvinylidene difluoride (PVDF) (Aldrich, Mw~53,4000) and DMF (Acros, 99.8%) are 

measured at a 1:10 weight ratio inside a glass vial. The vial is put inside a glass beaker filled with water 

and water is maintained at 80 ˚C for 30 minutes to fully dissolve the PVDF. Nanocomposites are 

prepared by dispersing PTO nanowires into PVDF/DMF solution by manual stirring and horn sonication 

(Branson, S-450A) until nanowires are dispersed uniformly throughout the solution. Subsequently, 

solution is casted onto a PTFE film and dried at 80 ˚C for 12 h. In order to achieve a uniform and small 

thickness over the entire film, nanocomposites are hot pressed at 160 ˚C for 15 minutes under a constant 

pressure of 1 ton (Carver, 3850). Nanocomposites are kept under 1 ton of pressure as they cool down to 

room temperature. Finally, top and bottom surfaces of nanocomposites are coated with silver paint to 

make electrodes for electrical testing. 

4.9 SAMPLE CHARACTERIZATION 

Surface structures of synthesized samples are analyzed by scanning electron microscope (Hitachi 

S4800). Crystal structures of the samples are studied by X-ray diffractometer (Bruker D8 Discover) 

using Cu Kα radiation (λ=1.54056 Ǻ) at RT.   
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Figure 4.10 Bruker D8 Advance X-ray diffractometer used to characterize samples 
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Figure 4.11 Hitachi S-4800 Scanning Electron Microscope used to characterize samples 

4.9.1 Calculating Active Materials of Electrodes 

Weights of carbon cloth and graphene are measured before synthesizing ZnO NWs on them by a 

high precision weighing machine (Sartorius, MC 210S). After growing NWs their weights are measured 

again. From the deference of weights, the percentage of weight increased because of NWs is calculated. 

The percentages of weight increase of carbon cloth and graphene because of NWs grown on them is 

1.53 % and 34.23% respectively. The total weights of bare carbon cloth and graphene are used as active 

material. For ZnO NWs coated carbon fiber and graphene, the active material is calculated by 

subtracting the weight of NWs for individual case. 

4.9.2 Characterizing as Prepared Electrodes 

The performances of LIBs assembled are analyzed by an 8 channel battery analyzer (MTI). 
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Figure 4.12 Performance analyzing LIB by battery analyzer 

 The battery is connected to the analyzer with clip which has two metal terminals. Batteries are 

placed on a plastic petridish to void any metal contact while testing. 

4.9.3 Characterizing Nanocomposites 

Dielectric constant and dielectric loss tangent of the nanocomposites are measured by HP 4284A 

LCR meter at 1 Vrms with a parallel equivalent circuit setup which has a frequency range from 100 Hz 

to 1 MHz. Breakdown voltage of nanocomposites are measured using high voltage power supply (30 

KV, PO3HP2, Acopian), digital oscilloscope (DS1102E, Rigol), digital multimeter and 

function/arbitrary waveform generator (20 MHz, 33220A, Agilent) and all the test is done according to 

ASTM standard (ASTM D149-09) [152].  
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Figure 4.13 Experimental setup to measure breakdown voltage of nanocomposites 
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Figure 4.14 LCR meter used to measure dielectric constant and dielectric tangent loss of 
nanocomposites 

In order to measure the dielectric constant and dielectric loss tangent at different temperature and 

breakdown voltage, silicon oil which has very dielectric constant is used to dip the composites into and 

the beaker holding the silicon oil is kept on hot plate while the thermocouple connected to the hot plate 

is used to control the temperature. 
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Figure 4.15 Nanocomposite inside silicon oil for electrical testing 
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Chapter 5: Results and discussion 

5.1 ZNO NWS COATED ELECTRODES FOR LIB 

The morphology of zinc oxide nanowires grown on carbon cloth are analyzed with scanning 

electron microscope as shown in figure 5.1. The diameters are 40 to 110 nm and lengths are 1-3.14 µm 

of the nanowires. Any other residue is not observed in the sample. 

 

 

Figure 5.1 SEM images of ZnO nanowires on carbon cloth at different scale (a) 1 mm, (b) 40 µm, (c) 5 
µm, (d) 1 µm  

SEM images of ZnO nanowires grown on graphene are shown in figure 5.2. Good coverage of 

nanowires is observed on graphene. Residue particles are not seen on the sample. The approximate 

diameter of the nanowires is 35 to 40 nm. 
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Figure 5.2 SEM images of ZnO nanowires on graphene at different scale (a) 10 µm, (d) 2 µm 

The electrode is analyzed in SEM after drying overnight. SEM images of prepared electrode are 

shown in figure 5.3. It is obvious that the nanowires are standing on graphene and increasing the surface 

area as desired. 
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Figure 5.3 SEM images of ZnO NWs/graphene anode surface at different scale (a) 1 µm, (b) 500 nm 

The Xrd scan results of the ZnO nanowires on carbon cloth are shown in figure 5.4. The asterisk 

(*) mark peak represent carbon of rhombohedral crystal structure. The scan result matches with the 

standard card JCPDS (01-075-0444) and has lattice parameters of a=2.29597, b=2.29597 and 

c=10.15404. The rest of the peaks other than the asterisk marked represent zinc oxide which match with 

the standard card JCPDS (01-070-8070). The lattice parameters for hexagonal zinc oxide are a=3.24890, 

b=3.24890 and c=5.20490. No other peaks are found which indicates the sample has only zinc oxide and 

carbon. The sharp peaks with good intensity assure high quality crystals.   

 



 59 

 

Figure 5.4 Xrd result for ZnO NWs coated carbon cloth. Asterisk (*) peak is for carbon. The rest of the 
peaks belong to ZnO 

The Xrd scan results of graphene and ZnO NWs/graphene in figure 5.5. The asterisk peak around 

26 two theta belongs to graphene as shown in the result. For ZnO/graphene rest of the peaks other than 

asterisk marked belongs to ZnO which matches to standard card JCPDS (01-070-8070). 
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Figure 5.5 Xrd results for graphene and ZnO NWs/graphene. Asterisk (*) peak is for graphene. The rest 
of the peaks belong to ZnO 

 Bare carbon cloth is used as anode against LiCoO2 cathode to analyze the specific capacity and 

cycle performance. Figure 5.6 shows the specific capacity Vs voltage curve found at 100 mA/g current 

rate in a voltage range of 0.01-3.4 V. The capacity does not very significantly after 20 cycles.   
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 Figure 5.6 Voltage Vs Specific Capacity plot for carbon cloth electrode against LiCoO2 at 100 mA/g 
current rate 

ZnO NWs coated carbon cloth is also analyzed at the same current rate of 100 mA/g in the 

voltage range of 0.01-3.5 V against LiCoO2 cathode and shown in figure 5.7. ZnO NWs/ carbon cloth 

electrode can be charged in higher voltage window than bare carbon cloth electrode and shows higher 

specific capacity also. The charge and discharge curves show little decrease in specific capacity after 20 

cycles. 
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Figure 5.7 Voltage Vs Specific Capacity plot for ZnO NWs/carbon cloth electrode against LiCoO2 at 
100 mA/g current rate 

The specific capacities of carbon cloth and ZnO NWs/carbon cloth at charging Vs cycle number 

are shown in figure 5.8. The figure shows that specific capacities of ZnO NWs/carbon cloth are higher 

than bare carbon cloth and do not decrease much over operating cycle as expected. The improvement of 

cyclic performance of carbon cloth for ZnO NWs is very obvious from the results. 
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Figure 5.8 Specific Capacity Vs cycle number for carbon cloth and ZnO NWs/ carbon cloth against 
LiCoO2 at charging at 100 mAh/g  

The specific capacity of graphene anode is analyzed against LiCoO2 cathode at 100 mA/g in 

voltage window of 0.01-3.7 V and results are shown in figure 5.9. The 1st charging cycle shows highest 

specific capacity of 690 mAh/g but low reversibility because of solid electrolyte interface (SEI). But 

graphene anode shows good reversibility after 20 operating cycle. 
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Figure 5.9 Voltage Vs specific capacity of graphene anode against LiCoO2 cathode at 100 mA/g current 
rate 

ZnO NWs/ graphene anode is also analyzed against LiCoO2 cathode at 100 mAh/g current rate in 

0.01-3.7 voltage range. ZnO NWs/graphene anode shows lower specific capacity in the first charge 

discharge cycle than graphene anode as shown in figure 5.10. The reason might be the ZnO NWs, they 

are preventing the graphene layers to form AA stage which decreases the specific capacity. It is 

observed that the specific capacity of ZnO NWs/graphene anode increases as the operating cycle number 

increases and highest specific capacity is found 305 mAh/g after 37 cycle. 
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Figure 5.10 Voltage Vs Specific capacity plot for ZnO NWs/graphene anode against LiCoO2 cathode at 
100 mAh/g current rate 

 The change of specific capacities of graphene anode and ZnO NWs/graphene anode over cycle 

number are shown in figure 5.11. The specific capacity of graphene decreases as the operating cycle 

increases which means the decrease in reversibility of graphene. For ZnO NWs/graphene anode, specific 

capacity decreases in 2nd cycle but gradually increases after that with the increase of cycle number. This 

is due to the ZnO NWs since all the equipment for assembling both the batteries are same and same 

testing parameter is used. One explanation could be the ZnO NWs which increased the diffusion rate 

and more Li+ can diffuse in the graphene as the cycle number increases. 
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Figure 5.11 Specific capacity Vs cycle number for graphene and ZnO NWs/ graphene anode at 100 
mA/g current in 0.01-3.7 V range 

5.2 PTO-PVDF NANOCOMPOSITES 

The morphology of synthesized PTO nanowires both before and after annealing is analyzed by 

scanning electron microscopy as shown in figure 5.12. The diameter of PTO nanowires is 100 nm and 

length is 10 µm approximately. 
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Figure 5.12 SEM images of PTO nanowires (a) Before annealing (b) After annealing at 600 °C for 2 h 

The X-ray diffraction patterns of lead titanate nanowires before and after the annealing at 600 °C 

for 2 hours are shown in figure 5.13. The scan result before annealing shows the lattice parameters of 

PTO nanowires are a=b=12.358 Å, c=14.541 Å and has tetragonal crystal structure which matches with 

standard card JCPDS of PTO (No. 00-048-0105). This scan result shows that pure perovskite phase is 

absent which indicates the significance of annealing. The XRD scan has been done on PTO nanowires 

after annealing at 600 °C for 2 hours. There are significant changes in peaks before and after the 

annealing. The increased intensity of the scan result after the annealing indicates improvement of 

crystallinity. After the annealing XRD scan shows that PTO nanowires has tetragonal structure and 

lattice parameters are a = b = 3.9024 Å and c = 4.1583 Å which matches with standard card JCPDS of 

PTO (No. 01-074-3218) as found in previous work [84, 153].  
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Figure 5.13 XRD patter of PTO nanowires before and after annealing at 600 °C for 2 hours 

 The SEM images of PTO-PVDF nanocomposites are shown in figure 5.14. The volume fractions 

of PTO nanowires in PVDF are 5, 10, 20 and 30 % . The figure shows the random dispersion of PTO 

nanowires in the PVDF matrix and nanocomposites are free of voids. The amount of nanowires is 

increased as the volume fraction increases in the same magnification of SEM images.  
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Figure 5.14 SEM images of PTO-PVDF nanocomposites of different volume fraction of PTO nanowires 
(a) 5 %, (b) 10 %, (c) 20 % and (d) 30 % 

 The dielectric permittivity is different for each volume fraction of nanocomposites. At least five 

different samples are made for each volume fraction and average has been taken into account. In order to 

measure dielectric constant the following equation is used, 
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dependency of dielectric permittivity. The tests to measure dielectric constants of different volume 

fractions are performed at room temperature (21.67 °C), 40 °C, 60 °C and 80 °C. 

 

 

Figure 5.15 Dielectric permittivity at 1 kHz of nanocomposites at different temperature as a function of 
PTO NWs volume fractions 

The dielectric constant increases as the volume fraction increases because dielectric constants of 

PTO NWs is about two orders of magnitude higher than that of PVDF matrix [154]. Here 0 % volume 

fraction is the pure PVDF without any NWs inclusion. The dielectric constant increases with increase of 

temperature also. The dielectric constant of bulk PTO is 180 at 1 kHz [120] but for nanocomposites the 

highest dielectric constant obtained is 21.67 for 30 % volume fraction at 80 °C. 

The dielectric constants of nanocomposites are measured for 100 Hz to 1 MHz frequency which 

is shown in figure 5.16. Dielectric permittivity decreases with increase of frequency and for 100 Hz to 1 
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kHz, the decrease is sharp but not for 1 kHz to 1 MHz frequency. All this results are obtained at room 

temperature. 

 

 

Figure 5.16 Dielectric permittivity of nanocomposites for different frequency at room temperature 

Dielectric losses of nanocomposites of different volume fractions at various temperatures are 

shown in figure 5.17. All these results are obtained at 1 kHz frequency. Dielectric loss tangents are 

decreased as the volume fraction increased at room temperature, 40 °C, 60 °C as expect but shows 

different trend at 80 °C. It might be because of high temperature the PVDF matrix gets soft and loses its 

electrical properties. It has been observed that the dielectric constants and dielectric loss tangents show 

consistent results at less than 60 °C. 
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Figure 5.17 Dielectric loss tangent of different volume fraction nanocomposites at different temperature 

Breakdown strengths of nanocomposites of various volume fractions at different temperatures 

are shown graphically in figure 5.18. Breakdown strength is breakdown voltage divided by thickness of 

the sample. The maximum voltage that the sample can withstand until it becomes conductive is called 

the breakdown voltage. From this curve, it is observed that pure PVDF composite has the highest 

breakdown strength of 299.7421 MV/m at room temperature. As the volume fraction of PTO NWs 

increases the breakdown strength decreases because the NWs create channel for current to flow through 

the sample. Also at higher temperature the breakdown strengths get lower because of the thermal energy 

which assists the current flow. 
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Figure 5.18 Breakdown strengths of nanocomposites at various temperatures 

Energy densities of nanocomposites of various volume fractions at different temperatures are 

shown in figure 5.19. Energy density is a function of dielectric permittivity and breakdown strength. The 

dielectric constants of nanocomposites at 1 kHz is considered to calculate energy densities.  Even though 

pure PVDF matrix shows highest breakdown strength has low energy density than 5 % volume fraction 

PTO-PVDF nanocomposites. As the energy densities for 10 and 20 % volume fraction get lower because 

of the lower breakdown strengths and gets higher for 30 % volume fraction even though lowest 

breakdown strength is found for 30 % volume fraction sample. Highest energy density is found for 5 % 

volume fraction PTO-PVDF sample at room temperature which is 3.80 J/cc. It is observed that energy 

density is decreased as the temperature of the nanocomposites increased. That’s because breakdown 
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strength has second order in the energy equation but dielectric constant has one order. For this reason 

energy density is lower at higher temperature.   

 

 

Figure 5.19 Energy density of nanocomposites at different temperatures at 1 kHz frequency 

Specific energy of nanocomposites at 1 kHz frequency is shown in figure 5.20. The results are 

obtained at room temperature. The highest specific energy of 1.84 J/g is obtained for 5 % volume 

fraction of PTO nanocomposites. The specific energy of nanocomposites decrease with the increase of 

volume fraction of PTO nanowires but start increasing at 30 % volume fraction nanocomposites. The 

specific energies at higher temperatures are not shown because the maximum energy is found at room 

temperature. 

 



 75 

 

Figure 5.20 Specific energy of nanocomposites of different volume fractions at 1 kHz at room 
temperature 
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Chapter 6: Conclusion 

Zinc oxide nanowires have improved the performance of carbon cloth anode and graphene anode 

of lithium ion battery. The specific capacity of LIB has increased for the zinc oxide nanowire coated 

anode than anodes without nanowires. The cyclic performances of zinc oxide nanowire coated carbon 

cloth and graphene are also better than bare carbon cloth and graphene. The specific capacity of 

graphene anode decreases as the operation cycle increase but reverse happens for zinc oxide nanowire 

coated graphene.  

Energy densities of PTO NWs/PVDF dielectric capacitor at different temperature has 

determined. The energy densities decrease as the o

 

 

 

 C). Highest energy density measured was 3.80 J/cc for 5 % volume fraction PTO NWs/PVDF composite at room temperature at 1 kHz operating frequency. Energy density keeps decreasing as the volume fraction of PTO NWs increases in the composites from 5 to 10 % and 10 to 20 %. The highest specific energy density was measure 1.84 J/g for 5 % volume fraction of PTO NWs composite at 1 kHz frequency at room temperature.    
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