
PREPARATION AND CHARACTERIZATION OF 

NANOMATERIALS AS ELECTRODES FOR 

BATTERY APPLICATIONS 

 

 

A THESIS 

 

 

Submitted by 

 

NICHELSON A 

 

in partial fulfillment of the requirements for the degree  of 

 

DOCTOR OF PHILOSOPHY 

 

 
 

FACULTY OF SCIENCE AND HUMANITIES 

ANNA UNIVERSITY 

CHENNAI   600 025 

 

AUGUST 2016 

 



ii 
 

  



iii 
 

  



iv 
 

ANNA UNIVERSITY 

 CHENNAI 600 025  

 

CERTIFICATE 

 

The research work embodied in the present Thesis entitled “PREPARATION 

AND CHARACTERIZATION OF NANOMATERIALS AS 

ELECTRODES FOR BATTERY APPLICATIONS” has been carried out 

in the Department of Physics, PSN College of Engineering and Technology, 

Melathediyoor, Tirunelveli. The work reported herein is original and does not 

form part of any other thesis or dissertation on the basis of which a degree or 

award was conferred on an earlier occasion or to any other scholar. 

I understand the University’s policy on plagiarism and declare that the thesis 

and publications are my own work, except where specifically acknowledged 

and has not been copied from other sources or been previously submitted for 

award or assessment. 

 

 

NICHELSON  A Dr. X. SAHAYA SHAJAN       

RESEARCH SCHOLAR                      SUPERVISOR   

 Professor     

 Department of Physics  

 PSN College of Engineering  

 and Technology,  

 Tirunelveli - 627 152. 



v 
 

 

ABSTRACT 

 

 Energy crisis has become a huge problem in this era. The devices to 

store and supply energy have great demand in the market. Comparing with 

other energy devices such as fuel cells, solar cells and supercapacitors, 

batteries are standing out in the energy conversion and storage. Particularly, 

the secondary batteries were paid more attention due to its recharging ability 

and lifetime. Lithium ion batteries are one among the secondary batteries. 

They have vast applications in electrical appliances such as mobile phones, 

laptops, tablets and notebook computers. In lithium ion batteries, the cathode 

materials play an important role in its performance as well as production cost. 

Various synthesis methods are there for the preparation of cathode materials. 

Among them, the preparation of cathode material by sol-gel method was 

found to be cheap and best.  

 In the present work, lithium rich layer structured cathode materials 

were prepared in different stoichiometric ratios. Three different systems of 

layered cathode materials were prepared. The three systems of lithium rich 

compounds taken up in the present study are, Li(Li0.05Ni0.7-xMn0.25Fex)O2, 

Li(Li0.05Ni0.7-xMn0.25Alx)O2 and  Li(Li0.05Ni0.7-xMn0.25Cox)O2 (x = 0, 0.1, 0.3, 

0.5, 0.7). All the samples were subjected to various analytical techniques such 

as x-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 

Raman spectroscopy analysis, scanning electron microscopy (SEM) and 

energy dispersive spectra analysis (EDS) and impedance spectroscopic 

analysis. The sample with high ionic conductivity among the three systems 

was used to fabricate the coin cell. The cyclic voltammetric analysis and 

charge-discharge cycling studies were carried out for the fabricated coin cell. 
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 All the samples were prepared by sol-gel technique with citric acid 

as chelating agent. As obtained from XRD studies the samples possess 

hexagonal phased α-NaFeO2 layered crystal structure. The crystallite size 

calculated was around 60 nm for all the samples prepared in the present study. 

FTIR spectra gave the information about the metal–oxygen interaction. 

Raman spectroscopy provides the corresponding modes of vibrations as per 

the phase of the crystal structure. The morphology and particle size were 

analyzed from the scanning electron microscope images. The presence of 

elements in the compounds was identified from energy dispersive spectra.  

Impedance analysis of the prepared compounds was done and the sample with 

higher ionic conductivity was used as the cathode material for the fabrication 

of coin cells. The maximum ionic conductivity obtained for 

Li(Li0.05Ni0.04Mn0.25Co0.3)O2 which is in the order of 10
-4

 S cm
-1

.The coin cells 

are subjected to the cyclic voltammetry analysis and charge discharge studies. 

The cycling studies were carried out at 0.5 C rate exhibited highest discharge 

capacity of 167 mAh g
-1

 and a Coulombic efficiency of 83%. The details are 

presented in the thesis. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 LITHIUM ION BATTERIES (LIBs)  

 Energy crisis is one of the major problems of this era. Extensive 

research activities are going on to develop alternate energy source to 

overcome the crisis. Burning of fossil fuels causes increase in carbon dioxide 

level in the atmosphere, leads to global warming and climatic changes. Also, 

the exhaustion of fossil fuel leads to the demand for an alternate energy 

source. Therefore, it is essential to develop an energy source which is 

environmentally benign and cost effective. This leads to the growth of 

electrochemical energy based technological developments in the 21
st
 century. 

Plenty of research in this area has been done and reported, in order to improve 

the present energy storage systems to fulfil the demands of rapid development 

of the electric automotive industry (Tarascon & Armand 2001; Ritchie 2004; 

Armand & Tarascon 2008; Sharma & Wagemaker 2015; Bagotsky et al. 

2015). Comparing with other energy devices such as fuel cells, solar cells, bio 

fuel and supercapacitors, batteries are standing out in the energy conversion 

and storage. Battery has high energy density and capacity. Its portability and 

mobility leads to its occurrence in our day to day life. (Carrette et al. 2001; 

Chamberlain 1983; Fargione et al. 2008; Winter & Brodd 2004). Batteries are 

of two different types, they are (i) primary batteries or non rechargeable 

batteries and (ii) secondary batteries or rechargeable batteries. Of the various 

secondary batteries LIBs are more significant due to its excellent properties. 

LIBs are found to possess the following properties: 
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 High operating voltage 

 Low self discharge rate (less than 10% per month) 

 Wide temperature range of operation 

 High gravimetric and volumetric energy densities 

 No memory effect  

 The important properties of LIBs like, high operating voltage and 

low self discharge have created greater demand for LIB technology and the 

number of cells produced has increased from year to year. In Japan, as far as 

the production is concerned, LIBs surpass all other small sized rechargeable 

batteries for consumer use. LIBs are now essential for cellular phones, 

notebook personal computers, personal digital assistants and portable audio-

visual equipments. This is because LIBs are having significant advantages 

over other batteries available in the market. Few to mention here are, 

 High specific energy and commendable energy density 

 Available in energy cells and power cells 

 Rapid charge and high load capabilities 

 Long cycle and extended self-life; no maintenance 

 High coulombic efficiency; good energy efficiency 

 Low self-discharge (less than half that of NiCd and NiMH) 

1.2 COMPONENTS OF LITHIUM ION BATTERIES 

 In this portion, we present the details of various materials used for 

the components of the lithium ion batteries and their advantages. The 

components of lithium ion battery are a negative electrode called as anode, an 

electrolyte, a separator and a positive electrode or cathode. 
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1.2.1 Materials for Anode 

 Graphite is one of the well known candidates for anode material in 

LIBs due to its long cycle life, enormous material availability and relatively 

low cost. But, low discharge capacity (375 mAh g
-1

) and safety issues related 

to the lithium deposition on graphite limited its use as anode material in 

lithium ion batteries (Winter et al. 1998). Therefore, alternate anode materials 

were identified to overcome the disadvantages of graphite. They are lithium 

metal and alloy anodes of lithium. These alloy anodes are known for their 

high specific capacity and safety characteristics (Winter &Besenhard 1999; 

Benedek &Thackeray 2002; Thackeray et al. 2002; Larcher et al. 2007). 

 Tin based amorphous composite oxide referred as TCO with  

Sn(II)-O, is one of the high capacity lithium storage metal oxide for lithium 

ion batteries. The TCO anode has yielded a high specific capacity for 

reversible lithium adsorption, which was 50 % higher than that of the carbon 

family. When it is coupled with a lithium cobalt oxide cathode, it can highly 

persists even after large number of charge-discharge cycling (Idota et al. 

1997). Table 1.1 shows certain parameters such as the theoretical specific 

capacity, charge density, volume change and onset potential of various anode 

materials (Zhang 2011). 

Table 1.1 Comparison of certain parameters of various anode materials 
(Source: Zhang 2011) 

Materials Li C Si Sn Sb Al Mg Bi Li4Ti5O12 

Density (g cm
−3

)                          0.53 2.25 2.33 7.29 6.7 2.7 1.3 9.78 3.5 

Lithiated phase     Li C6 Li4.4Si Li4.4Sn Li3Sb LiAl Li3Mg Li3Bi Li7Ti5O12 

Theoretical specific 

capacity (mAh g
−1

) 

3862 372 4200 994 660 993 3350 385 175 

Theoretical charge 

density (mAh cm
−3

) 

2047 837 9786 7246 4422 2681 4355 3765 613 

Volume change (%) 100 12 320 260 200 96 100 215 1 

Potential vs. Li(~V) 0 0.05 0.4 0.6 0.9 0.3 0.1 0.8 1.6 
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 Lithium cobalt nitride, Li2.6Co0.4N, is another anode material which 

has shown high capacity of 900 mAh g
−1

,with good cycling performance. It 

has good reversibility and low potential in comparison to lithium metal (0.7 V 

on average) (Takeda et al. 2000). The reaction mechanisms of Li2.6Co0.4N 

anode material has been studied by Shodai et al. The only mobile ion in the 

Li2.6Co0.4N compound is lithium. Here, the capacity depends on the amount of 

amorphous phase formed during the first lithium extraction. In addition, 

cobalt and nitrogen  play an important role in maintaining the charge balance 

(Shodai et al. 1999). A low ratio of manganese and chromium substitution 

rate in LiMn2O4 with a stoichiometry of LiCryMn2-yO4(0 ≤ y≤ 1) was found to 

be beneficial for high specific capacity and energy and to the cyclability of the 

spinel materials (Sigala et al. 1995). The materials of the form LiMVO4  

(M = Co, Ni, Cd, Zn) were identified as negative electrode material. The 

volumetric capacity of LixMVO4 (x close to 8) was found to be 5.5 times 

higher than that of graphite(Guyomard et al. 1997). 

 Lithium electrodes when come in contact with any electrolyte 

solution (polar, aprotic) are covered by surface films of very complicated 

structure. It is found to be very difficult to prevent this type of film formation 

even in electrodes which contain elastomers and also in electrodes which are 

doped with N, As, Al, Mg, Ca etc., to reduce lithium reacting with 

electrolytes. The volume changes of graphite electrodes during Li insertion–

deinsertion are small enough to enable their reasonable passivation in a 

variety of electrolyte solutions. A critical factor that determines the stability 

of graphite electrodes is their morphology. It was found that the shape of 

graphite particles plays a key role in their application as active mass in anodes 

for LIBs (Aurbach et al. 2002).  
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1.2.2 Materials for Electrolyte and Separator 

 An electrolyte for LIBs consists of an inorganic salt dissolved in 

organic solvents with a large stability window. A suitable electrolyte should 

have good ionic conductivity, high chemical stability, low cost and safety 

assurance (Wakihara 2001; Xu 2004). Great attention has been paid on to the 

solid polymer electrolytes in rechargeable batteries in the past decades due to 

their safety, high energy density and design flexibility (Dias et al. 2000; 

Murata et al. 2000). Poly ethylene oxide (PEO) containing lithium salts are 

mainly used in rechargeable lithium polymer batteries. Lithium ion - polymer 

battery was commercially available around 1996. However, these materials 

have a major drawback that the ionic conductivity for practical applications 

could be achievable only at higher temperature, since it has high degree of 

crystallinity at room temperature (Appetecchi et al. 2000). Ionic conductivity 

of at least 10
−3

 S cm
−1

 is needed for an electrolyte to function well in 

consumer battery systems (Park et al. 2010). 

 Nano composite polymer electrolytes (NCPEs) were formed by the 

incorporation of nano ceramic fillers such as TiO2, Al2O3, CeO2 etc., (Johnsi 

&Suthanthiraraj 2015; Sownthari &Suthanthiraraj 2015; Ali et al. 2014) and 

nano bio fillers like chitin, chitosan and cellulose(Stephan et al. 2009; 

Karuppasamy et al. 2013b; Karuppasamy et al. 2013a; Azizi Samir et al. 

2004) into the solid polymer matrix. The effect of plasticizer addition to the 

polymer electrolyte was also studied (Rajendran et al. 2004; Das & Ghosh 

2015). This was found to enhance the ionic conductivity of the solid polymer 

electrolyte.  

 Room temperature ionic liquids (RTILs) are in focus nowadays. 

They are investigated as safe electrolytes for lithium ion batteries. RTILs are 

molten salts which have the suitable characteristics such as low vapour 
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pressure, thermal stability, non flammability and high ionic conductivity 

(Stura &Nicolini 2006; Rao et al. 2012; Le et al. 2015). 

 The separator is an important constituent in liquid electrolyte 

batteries, which is placed between the positive electrode and the negative 

electrode to prevent the physical contact between electrodes while enabling 

free ionic transport and isolating electronic flow. Mostly, it is of a 

microporous layer consisting of either a polymeric membrane, a non-woven 

fabric mat (nonwoven) or inorganic composite membranes. The nonwovens 

are the fabric mats made from long fibres, bonded together by chemical, 

mechanical, heat or solvent treatment. They have high porosity and low cost, 

while the composite membranes have excellent wettability and exceptional 

thermal stability. Basically, it must be chemically and electrochemically 

stable towards the electrolyte and electrode materials (Zhang 2007). 

 Cho et al. investigated widely the microporous polyacrylonitrile 

(PAN) nonwoven separators, which have been developed by using 

electrospun nano-fibers with homogeneous diameter of 380 and 250 nm. The 

PAN nonwovens possessed homogeneous pore size distribution with similar 

pore size to the conventional microporous membrane separator. Moreover, the 

PAN nonwoven mats showed higher porosities and better wettabilities than 

the conventional polyolefin microporous separator (Cho et al. 2008 b). 

Further they have developed silica-composite nonwoven mats using 

polyolefin fiber and nanosize silica powder. The silica-composite nonwovens 

showed better wettability than the polyolefin-based microporous membrane 

and nonwoven. It was confirmed that the silica-composite nonwovens showed 

higher power than that of the commercially available Celgard membrane by 

instantaneous discharging test. The cells with the silica-composite nonwovens 

showed better cycling performances than that of the Celgard membrane at a 

moderate discharge current rate (C-rate) of 0.5. A hot-oven test using charged 
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cells up to 4.2 V exhibited that the cells with the silica-composite nonwovens 

are thermally stable at 150 °C , whereas   the cell with the Celgard membrane 

showed a short circuit probably due to thermal  shrinkage  of the separator 

(Cho et al. 2008 a). 

 Another type of composite nonwoven separator has been developed 

by combining a polyacrylonitrile nano-fiber nonwoven and ceramic 

containing polyolefin nonwoven, investigated by the same research group. 

The separator has shown a mean pore size of about 0.8 μm as well as narrow 

pore-size distribution. Any internal short circuit was not observed for cells 

with the separator during charge–discharge test, and the cells showed stable 

cycling performance. Moreover, the cells showed better rate capabilities than 

cells with the conventional one. On a hot oven test at 150 °C, the composite 

nonwoven separator showed better thermal stability than the conventional one 

(Cho et al. 2010).  

 An inorganic composite membrane as the separator for Li-ion 

batteries was studied by Zhang et al. The membrane consists mainly of 

CaCO3 powder and a small amount of polymer binder. The composite 

membrane has excellent wettability with liquid electrolytes due to its high 

porosity and good capillarity. Ionic conductivity of the membrane can be 

easily achieved by absorbing a liquid electrolyte. They also found that the Li-

ion cell fabricated in this manner not only had stable capacity retention, but 

also showed  high-rate performance (Zhang et al. 2005).  

 Several properties including porosity, pore-size distribution, 

thickness, electrochemical stability and mechanical properties have to be 

optimized before a membrane is qualified as a separator for a lithium-ion 

battery. Separators in lithium-ion batteries must offer the ability to shut down 

at a temperature slightly lower than that at which thermal runaway occurs. 

Shutdown characteristics of the separators were studied by measuring the 

https://en.wikipedia.org/wiki/Thermal_runaway
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impedance of batteries along with the separators in it, as a function of 

temperature. Overcharge tests were also performed to confirm that separator 

shutdown is indeed a useful mechanism for preventing thermal runaway 

situations. Separators containing polyethylene, in particular trilayer laminates 

of polypropylene, polyethylene and polypropylene, appears to have the most 

attractive properties for preventing thermal runaway in lithium ion cells 

(Venugopal et al. 1999). 

 The overall stability of the lithium ion battery separators, under 

potentially extreme battery operating conditions, will require a leading edge 

design and fabrication techniques to exceed manufacturing and end 

performance requirements for large scale applications. This composite 

separator can offer a thermally stable alternative for conventional porous 

polyolefin separators, which shrink significantly at high temperatures. The 

relative affinities between the electrolyte & the submicron inorganic fibers 

and the electrolyte & the polyvinylidene fluoride binder ensure a superior 

wettability of the final separator by the liquid electrolyte. The high porosity 

and the open porous structure of the composite separator resulted in an 

effective ionic conductivity. Coin cells with this composite separator also 

exhibited stable cycle performance and improved rate capabilities, especially 

when discharged at rates greater than C/2 (Huang & Hitt 2013). 

1.2.3 Materials for Cathode  

1.2.3.1 Role of cathode materials in LIBs 

 The positive electrode in LIBs is an insertion material (Winter et al. 

1998) with high reversible lithium storage capacity and rapid solid-state 

lithium and electron transport. The cathode material has more impact on the 

cost of batteries. To find a feasible compromise among high energy density, 
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operational safety and good current delivery, manufacturers of LIBs use 

different cathode materials.  

 The cathode materials used in LIBs are classified into three 

categories based on their chemical structure. They are: layered oxide (such as 

lithium cobalt oxide), spinel (such as lithium manganese oxide) and polyanion 

(such as lithium iron phosphate). Most of the commercialized LIBs for 

portable applications are cobalt-based, with a graphite negative electrode. The 

system is based on the following reversible reactions at the cathode (a) and 

anode (b): 

 LiCoO2                             Li1-xCoO2 + xLi
+
 + xe

-
                  (a) 

 6C + xLi
+
 + xe

-
                       LixC6                                              (b) 

 Lithium cobalt oxide shows a flat operating voltage of 3.9 V vs. 

Li
+
/Li and high volumetric and gravimetric specific capacity. The high energy 

density, the long runtime and the low self-discharge of this system make it 

more attractive for cell phones, laptops and cameras. Even then, this 

chemistry presents some drawbacks, such as low discharge current and 

increase of internal resistance that occurs with cycling and aging. Moreover, 

the use of cobalt leads to high cost and environmental hazards, due to the 

limited resources and the high toxicity of this metal. The key requirements for 

a material to be successfully used as a cathode in a rechargeable Li-ion battery 

are as follows (Whittingham 2004).  

(1) The material should contain a readily reducible/oxidizable ion, 

for example a transition metal.  

(2) The material reacts with lithium in a reversible manner. This 

dictates an intercalation-type reaction in which the host 

structure essentially does not change as lithium is added. 
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(3) The material reacts with lithium with a high free energy of 

reaction. High voltage, preferably around 4 V (as limited by 

stability of electrolyte). High capacity, preferably, atleast one 

lithium per transition metal. This leads to a high-energy 

storage. 

(4) The material reacts with lithium very rapidly both on insertion 

and removal. This leads to high power density, which is 

needed to replace the Ni/Cd battery or for batteries that can be 

recharged using hybrid electric vehicle (HEV) regenerative 

braking. 

(5) The material should be a good electronic conductor, 

preferably a metal. This allows for the easy addition or 

removal of electrons during the electrochemical reaction. This 

allows for reaction at all contact points between the cathode 

active material and the electrolyte rather than at ternary 

contact points between the cathode active material, the 

electrolyte, and the electronic conductor (such as carbon 

black). This minimizes the need for inactive conductive 

diluents, which take away from the overall energy density. 

(6) The material should be stable. The material should have low 

cost. The material must be environmentally benign. 

1.2.3.2 Why nano sized cathode materials? 

 Bruce et al. described the advantage of nano materials in LIBs (Jiao 

& Bruce 2007), and the effect of particle size on lithium ion insertion and 

extraction. 

 The advantages of using nanomaterials are enumerated as follows 

(Bruce et al. 2008): 
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1. It allows the electrode reactions to occur which cannot occur 

for micro-sized materials of same composition  

2. The rate of lithium insertion/extraction is significantly 

increased as the diffusion path length of the Li-ions are 

reduced. The characteristic time constant for diffusion is             

t = L
2
 / D, the time, t, for Li-ion insertion/extraction decreases 

with the square of the particle size.  

3. Enhancement of electron transport within the particle. 

4. Increase in specific surface area of the active material greatly 

increases the mass specific amount of active material in 

contact with the electrolyte. This results in a higher flux of Li-

ion transport across the electrode/electrolyte interface and as a 

result, less impedance in the charge transfer reaction. 

5. The thermodynamics of very small particles are different from 

larger microparticles, because the chemical potentials of Li-

ions and electrons may be different, resulting in a change of 

electrode potential. 

1.3 TYPES OF CATHODE MATERIAL 

1.3.1 Olivine Cathode Materials 

 LiMPO4 with olivine structure (Pnma) is a class of cathode material 

for Li ion battery (M = Mn, Co, Ni,  Fe), where the phosphorous occupy the 

tetrahedral sites, the transition metal ion M occupy the octahedral sites and 

the lithium ion occupies the one dimensional chain along the (010) direction 

(Padhi et al. 1997). Figure 1.1 shows the diagrammatic representation of the 

structure of olivine phase cathode materials. Reversible extraction and 

insertion of lithium from and into olivine LiCoPO4 at 4.8V vs. lithium have 

shown a charge capacity of 86 mAh g
−1

 and a discharge capacity of              
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70 mAh g
−1

. The crystallinity of the electrode during charge and discharge 

processes was not affected (Amine et al. 2000). The  lithiation/delithiation  in 

olivine phase LiMnPO4  at 4.8 V vs. lithium has delivered a charge capacity 

of 152 mAh g
−1

  in the first discharge and an overall reversible capacity of 

140 mAh g
−1

 attained at room temperature (Li et al. 2002). LiNiPO4 is another 

olivine phase cathode material which had shown high energy density 

(Minakshi et al. 2011; Karthickprabhu et al. 2013).   

 

(Source: http://www. http://rooksheathscience.com/2013/08/18/goldsmiths-2013-5/) 

Figure 1.1 Schematic representation of the structure of olivine phase 

cathode materials 

 When pressure was applied to LiMPO4 (M = Ni and Fe), a phase 

transition was induced. Instead of the well-known olivine to spinel 

transformation, a transition to a new phase (β’) was observed. The 

arrangements of the metal ions (including phosphorus) in the two structures 

were very similar; thus, the main difference between them was due to the 
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oxygen arrangement in a similar matrix. Among the olivines LiMPO4  

(M = Mn, Ni, and Fe), the iron-containing matrix is active up to 5.1 V. On the 

other hand, none of the high-pressure materials was electrochemically active. 

This was explained by the change in the electrostatic field at the transition 

metal position (Garcia-Moreno et al. 2001). 

 LiFePO4 has been synthesized using solid state method by 

Anderson et al.. They have observed a phase transition from triphylite 

(LiFePO4) to heterosite (FePO4) with a phase-ratio of 18:82. In the absence of 

significant absorption effects, this ratio was a true representation of the 

conversion of LiFePO4 to FePO4. The Fe
3+

/Fe
2+

 ratios at each step of cycling 

were measured by them (Andersson &Thomas 2001; Andersson et al. 2000).  

 Croce et al. have described the synthesis and the properties of a 

kinetically improved LiFePO4 cathode material. The novel aspect of their 

synthesis was based on a critical step involving the dispersion of metal such 

as copper or silver, at a very low concentration (1 wt %).This has enhanced 

the electrochemical properties and has been ascribed to the reduction of the 

particle size. Also it has increased the bulk intra- interparticle electronic 

conductivity of LiFePO4 both effects being promoted by the finely dispersed 

metal powders (Croce et al. 2002).  

 LiFePO4 was synthesized in the presence of high-surface area 

carbon black. The carbon was added to the precursors before the formation of 

the crystalline phase. The fine carbon powder reduces the LiFePO4 grain size 

and is ensured a good electronic contact. The specific capacity increases 

proportionately with the increase of temperature. The full capacity             

(170 mAh g
−1

) was delivered when discharging the cell at 80 °C and C/10 

rate. The cyclability of the material was tested at room temperature and C/2 

rate. The cell was cycled for over 230 cycles with an average specific capacity 

of about 95 mAh g
−1 

 (Prosini et al. 2001). 
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 The effect of cell temperature on the electrochemical reaction 

behaviour of LiFePO4 was investigated by Takahashi et al. Both the electron 

transfer activity and the lithium ion diffusion rate in the LiFePO4 electrode 

increased with respect to the increase in operating temperature. The apparent 

activation energy for the lithium diffusion was more than twice that of charge 

transfer. Charged LiFePO4 in contact with an electrolyte solution has not 

exhibited obvious endothermic or exothermic reaction below 340 °C 

(Takahashi et al. 2002). Yamada et al have observed undesirable particle 

growth when the sintering temperature of LiFePO4 went above 600 °C and an 

obstacle due to the presence of a non crystalline residual Fe
3+

 phase at T < 

500 °C. (Yamada et al. 2001) 

 When LiFePO4 was synthesized using hydrothermal method at 

elevated temperatures in the presence of a carbon gel, LiFePO4 retained about 

80 % of the theoretical capacity cycling at room temperature with C/2 

discharge rate. The hydrothermal form shows some iron disorder, which 

impacts its electrochemical and chemical reactions(Yang et al. 2002). Some 

important olivine phase cathode materials reported in the literature are 

presented in Table 1.2. 

Table 1.2 Different kinds of olivine phased cathode materials reported in 

the literature  

Olivine Phased 

Cathode Material 

Preparation 

Method 

Discharge 

Capacity 

( mAh g
−1

 ) 

Operating 

Voltage 

(V) 

References 

LiCoPO4 Solid state 

reaction method 

 

74 

 

3.5 - 6.0 

(Wolfenstine & Allen 

2004) 

LiMnPO4 Polyol method 145 2.5 - 4.25 (Wang et al. 2009) 

LiFePO4 Rapid microwave 

synthesis 

166 2.0 - 4.3 (Murugan et al. 2008) 

LiFePO4 Sol - gel method 146 2.0 - 4.3 (Liu et al. 2010) 

LiFePO4 Solvothermal 

synthesis 

 

154 

 

2.0 - 4.5 

(Rangappa et al. 

2010) 

LiMn0.05Ni0.05Fe0.9PO4 Sol - gel method 144 2.0 – 4.3 (Liu et al. 2009) 

LiZn0.01Fe0.99PO4 Solid state 

reaction method 

133 2.5 – 4.3 (Liu et al. 2006) 
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1.3.2 Vanadium based Cathode Materials 

 Vanadium pentoxide (V2O5) has been investigated for the past four 

decades, V2O5 has a layered structure with weak bonds of vanadium-oxygen 

between the layers. Lithium is intercalated between the layers of  V2O5 by an 

intercalation mechanism:  xLi + V2O5 = LixV2O5  and used as cathode material 

in LIBs (Murphy et al. 1979; Delmas et al. 1994; Walk & Margalit 1996; 

Walk & Margalit 1997; Wang & Cao 2008). LiV3O8 is another vanadium 

based cathode material (Liu et al. 2005).Both these materials are considered 

to be the effective cathode materials for Li-ion batteries due to their low cost, 

high energy density, higher theoretical capacity, less toxic and  low working 

voltage (~3V vs Li
+
). Regarding the structure of Li1+xV3O8 it has a monoclinic 

structure of the space group P21/m. It consists of two basic structural units, 

VO6 octahedra and VO5 distorted trigonal bipyramids interconnected to each 

other by corner-sharing oxygen atoms to form V-O layers. Between the V-O 

layers, there are different octahedral and tetrahedral sites for Li-ions and these 

layers are held together by weak van der walls forces. The immobile lithium 

ions play an important role between the layers and keep the layers strongly 

connected. The excess lithium corresponding to the amount x is 

accommodated at the tetrahedral sites between the layers and take part in 

charge/discharge process (Kawakita et al. 1998; Li et al. 2007; Lu & Li 2007). 

Apart from its advantages, it has the drawback of less cycling stability, which 

is a major problem with respect to the cathode materials. 

1.3.3 Layered Cathode Materials 

1.3.3.1 Chalcogenides 

 In 1970s researchers, discovered a range of electron-donating 

molecules and ions, that could be intercalated into the layered 

dichalcogenides, particularly, tantalum disulfide, TaS2 (Gamble et al. 1971).  
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It was identified that the guest host intercalation reaction led to a modification 

of the physical properties. In another study, it was investigated that the 

formation of the hydrated alkali-metal intercalate of TaS2, recorded the 

highest superconducting transition temperature (Whittingham 1974a). It was 

also found that such intercalation reactions could be accomplished in an 

electrochemical cell either by electrolyzing dissolved salts or by inserting ions 

from the anode. Among all the layered dichalcogenides, titanium disulfide 

was considered to be the most appealing energy storage electrode (Holleck & 

Driscoll 1977; Whittingham 1974b; Rao & Tsang 1974).  

 Titanium disulfide has a hexagonal close-packed sulfur lattice with 

the titanium ions in octahedral sites between alternating sulfur sheets as 

shown in Figure 1.2. The TiS2 sheets are stacked directly on top of one 

another, giving the sulfur anion stacking sequence ABAB. For 

nonstoichiometric sulfide Ti1+yS2 or for TiS2 prepared at high temperatures, 

some of the titanium is found in the empty van der Waals layer.  

 

(Source: Whittingham et al. 2004) 

Figure 1.2 Schematic representation of layer structured cathode 

materials showing the lithium ions between the transition-

metal oxide/sulfide sheets. The actual stacking of the metal 

oxide sheets depends on the transition metal and the anion 
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 These disordered titanium ions prevent the intercalation of large 

molecular ions and impede the intercalation of even small ions such as lithium 

by pinning the TiS2 sheets together, thus reducing their diffusion coefficients 

(Winn et al. 1976). The titanium disorder can be readily measured by 

attempting to intercalate weakly bonding species such as ammonia or 

pyridine. In practice, 1 % of titanium is beneficial to reduce the corrosiveness 

of the sulfur without significantly affecting the cell potential or the lithium 

diffusion coefficient. It is preferable to add this extra metal to the initial 

reaction medium.  

1.3.3.2 Layered Oxides 

 LiCoO2 is one of the layered cathode material which has the 

structure similar to the layered structures of the dichalcogenides recognized 

by Goodenough (Mizushima et al. 1981; Mizushima et al. 1980) and showed 

that the lithium could be removed electrochemically, thus making it a viable 

cathode material. LiCoO2 has the α - phase sodium iron oxide (α-NaFeO2) 

structure with the oxygen atoms in a cubic close-packed arrangement. When 

lithium is completely removed, the oxygen layers reorient themselves to give 

hexagonal close packing of the oxygen in CoO2 (Amatucci et al. 1996). Due 

to the less availability, instability and cost of cobalt, several cathode materials 

with similar structure have been investigated such as LiNiO2, LiMnO2, 

LiRuO2, LiCuO2, LiFeO2 so far (Ohzuku et al. 1993; Armstrong & Bruce 

1996; Balaya et al. 2003; Prakash et al. 2005; Kanno et al. 1996). 

 Further, LiNi1-xCoxO2 has been used to taking into the  advantage of 

the low cost and high capacity of nickel over cobalt (Baskaran et al. 2009; 

Sakamoto et al. 2009; Li et al. 2008) The equal amount of nickel, manganese and 

cobalt in the Li(Ni, Mn, Co)O2  has shown high capacity and good rate capability 

(Stewart et al. 2008; Martha et al. 2009a; Martha et al. 2009b; Ohzukuet al. 

1993). Cobalt is meant for the increase in conductivity and structural stability 
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whereas nickel plays its role to stabilize the structure which in turn improves the 

cycling performance. Meanwhile, lithium rich lithium nickel manganese cobalt 

oxides (LNMCOs) were also brought into limelight (Ito et al. 2008). Table 1.3 

shows the performance of some important LNMCOs. 

Table 1.3  Performance of some important layered cathode materials 

(LNMCOs) 

Layer structured cathode 

material 

Preparation 

method 

Discharge 

Capacity 

(mAh g
-1

) 

Operating 

Voltage 

(V) 

References 

Li[Ni0.17Li0.2Co0.07Mn0.56]O2 Co precipitation 200-250 2-4.8 (Itoet al. 2008) 

 Li[Li0.2Mn0.56Ni0.16Co0.08]O2 Solid state 

synthesis 

265.60 2.0-4.8 (Hao et al. 

2014) 

Li[Li0.2Mn0.54Ni0.13Co0.13]O2 

doped with flourine 

Sol – gel method 263 2.0-4.8 (Zheng et al. 

2013) 

Li[Li0.20Mn0.534Ni0.133 Co0.133]O2 

Doped with Yttrium 

Co precipitation 

method 

349.7 2.0-4.6 (Kang et al. 

2014) 

Li[Li0.2Ni0.13Co0.13Mn0.54]O2 

Doped with Mg 

Sol – gel method 275.8 2.0-4.8 (Jin et al. 2014) 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2  

Surface coated with Sm2O3 

Sol – gel method 214.6 2.0-4.8 (Shi et al. 2013) 

 Li1.17Mn0.48Ni0.23Co0.12O2 surface 

coated with MgO  

Co precipitation 

method 

260.3 2.0-4.8 (Han et al. 

2014) 

 

1.4 THE EFFECT OF DOPING IN LAYERED CATHODE 

MATERIALS  

 Zn-doped LiCo0.3Ni0.4−xMn0.3ZnxO2 cathode materials were 

synthesized via co-precipitation method by Chen et al. They found that 

LiCo0.3Ni0.4−xMn0.3ZnxO2 had stable layered structure with α-NaFeO2 type 

with x ≤ 0.05. Zn-doping has improved the high rate discharge capability and 

thermal stability (Chen et al. 2009b). Fey and his co-workers have 

synthesized Zn-doped LiZnyNi0.8−yCo0.2O2 (0.00 ≤ y ≤ 0.01) compositions by a 
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conventional solid-state method. They got the discharge capacity values in the 

1st and 100th cycles as 170 and 138 mAh g
−1

 and had the charge retention of 

81 %. Meanwhile, the corresponding values for the undoped material 

prepared by them were 158 and 97 mAh g
−1

, with charge retention of 61.4 %. 

The improved electrochemical properties of the doped system were attributed 

to the structural stability derived from incorporating the size-invariant 

Zn
2+

 ions. The Zn-doped    system  also showed improved capacity and 

cyclability when the   cycling was performed in wider   voltage  window (2.5 

– 4.4 V) and at a higher temperature of 55 °C (Fey et al. 2002).  

 Guo et al have woked on ZnO coating over 

LiNi0.5Co0.25Mn0.25O2 cathode material for lithium ion battery via sol–gel 

method to improve the performance of LiNi0.5Co0.25Mn0.25O2. They observed 

that the lattice structure of LiNi0.5Co0.25Mn0.25O2 was not changed distinctly 

after surface coating and part of Zn
2+

 might dope into the lattice of the 

material. Charge and discharge tests showed that the cycle performance and 

rate capability were improved by ZnO coating, however, the initial capacity 

decreased dramatically with      increasing the amount of ZnO (Guo et al. 

2009). Multiple substitution compounds with the formula                  

LiNi0.8−yTiyCo0.2O2 (0 ≤ y ≤ 0.1) were synthesized by Liu Hansan et al. using 

sol–gel method with citric acid as a chelating agent. An improved cycling 

performance was observed for titanium-doped cathode materials, which was 

interpreted to a significant suppression of phase transitions and lattice changes 

during cycling. The thermal stability of titanium-doped materials has also 

improved which can be attributed to its lower oxidation ability and enhanced 

structural stability at delithiated state (Liu et al. 2004) . 

 Another divalent metal dopant which has been studied was 

titanium. Layered Li(Ni0.5−xMn0.5−xM2x′)O2 materials (M′ = Co, Al, Ti; x’ = 0, 

0.025) were synthesized using a manganese-nickel hydroxide precursor, and 
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the effect of dopants on the electrochemical properties was investigated by 

Kang and his workers. Li(Ni0.5Mn0.5)O2 exhibited a discharge capacity of 

120 mAh g
−1

 in the voltage range of 2.8 - 4.3 V. Further, doping of 5 mol % 

Ti has increased the discharge capacity to 132 mAh g
−1

. The cathode material 

containing 5 mol % Ti materials had an impedance of 62 Ω cm
2 

(Kang et al. 

2002). LiNi0.8Co0.2−xTixO2 (0 ≤ x ≤ 0.1) powders with a high tap density 

(packing of cathode material with low volume occupancy) have been 

successfully prepared by Tang et al. Charge–discharge tests done by them 

demonstrated that the LiNi0.8Co0.15Ti0.05O2 cathode prepared at 800 °C has an 

initial discharge capacity as high as 169 mAh g
−1

 and excellent capacity 

retention at a current density of 0.2 C in the range of 3.0–4.3 V. A capacity 

of 161 mAh g
−1

 was retained after 50 charge–discharge cycles, with a 

capacity retention of 95.3 % (Tang et al. 2009). Du et al. have made an 

attempt to improve the cyclic stability of LiNi0.8Co0.1Mn0.1O2, which was 

cycled between 2.8 and 4.5 V vs. Li/Li
+
. They have studied the effect of 

incorporation of titanium into LiNi0.8Co0.1Mn0.1O2 at various molar 

concentrations of 1, 2, 3 and 5 % during the synthesis. Among the 

investigated molar concentrations, 2 % Ti-substituted 

LiNi0.8Co0.1Mn0.1O2 exhibited the best multifaceted performances with a 

relatively high capacity (205.7 mAh g
−1

 at 0.1 C) and good rate capability 

(178.2 mAh g
−1

 at 1 C, 155.3 mAh g
−1

 at 5 C) (Du et al. 2015).  

 Zirconium doped lithium nickel cobalt oxide (LNCO) has been 

studied by Sivaprakash and Majumder. They have reported that the discharge 

capacities of LNCO have been scattered and these cathodes are prone to 

capacity fading upon repeated charge–discharge cycling. They have 

demonstrated Zr
4+

 modified LNCO yield considerable discharge capacity and 

excellent cyclability. Based on the analyses, they argued that the positive role 

of Zr
4+

 dopant was realized through its preferential occupancy in lithium site 

(of hexagonal layered LNCO) to impart structural stability during charge–
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discharge cycling. In addition, with repeated charge–discharge cycles 

probably part of Zr migrates to the electrode surface to form a passive layer to 

inhibit Ni
3+

 → Ni
2+

 reduction to improve the cyclability (Sivaprakash & 

Majumder 2009). Takahashi and his co-workers have worked on LiCoO2. 

LiCoO2 cathode was investigated to develop them toward high capacity and 

energy density. They have taken the essential steps to overcome side reactions 

with subsequent cycle degradations caused by higher cathode potential. The 

necessary steps are as follows  (i) limiting the charging cut-off potential 

below 4.5V vs Li/Li
+
 for the  LiCoO2 cathode, (ii) modification of LiCoO2 

particles with zirconium, raising the charging voltage up to 4.4 from 4.2 V for 

a 650 mAh class test .Thereby the cell demonstrated 10 % higher cell capacity 

with 20 % higher LiCoO2capacity of 190 mAh g
−1

 and practical cycle 

performance up to 500 cycles (Takahashi et al. 2008). 

 In addition to the doping effect, zirconium coating on to the layered 

cathode materials were also studied. A modified Zr coating process was 

introduced to improve the electrochemical performance of 

Li(Ni1/3Co1/3Mn1/3)O2 by Huang et al. Electrochemical tests made by them 

indicated that, 1 % ZrO2-modified Li(Ni1/3Co1/3Mn1/3)O2 showed better 

cyclability and rate capability than bare Li(Ni1/3Co1/3Mn1/3)O2. The result 

could be ascribed to the special effect of Zr in ZrO2 modified 

Li(Ni1/3Co1/3Mn1/3)O2. Electrochemical impedance spectra (EIS) results 

showed that the increase of charge transfer resistance during cycling was 

suppressed significantly by ZrO2 modification (Huang et al. 2009). 

 Hu et al have used a modified synthetic process based on co-

precipitation method followed by spray drying process. 

LiNi1/3Co1/3Mn1/3O2 powders prepared by them were modified by coating the 

surface with a uniform and nano-sized layer of ZrO2. The ZrO2-coated 

LiNi1/3Co1/3Mn1/3O2 material exhibited an improved rate capability and 
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cycling stability under a high cut-off voltage of 4.5 V. The interrupt 

charging/discharging test indicated that the ZrO2 coating can suppress the 

polarization effects during the charging and discharging process. From these 

results, they have believed that the improved cycling performance of ZrO2-

coated LiNi1/3Co1/3Mn1/3O2 is attributed to the ability of ZrO2 layer. This in 

turn prevent the direct contact of the active material with the electrolyte 

resulting in a decrease of electrolyte decomposition reactions (Hu et al. 2009). 

 Al substituted LiNi0.5Mn0.5O2 materials were prepared by a 

combination of co-precipitation and solid-state reaction, which was studied by 

Bin Zhang et al. They have noticed that the electrochemical performance of 

LiNi0.5Mn0.5O2 materials can be greatly affected by the change of oxidation 

state of the transition metals by Al substitution. EIS analyses of the electrode 

materials in pristine and charged states indicated a poor electrochemical 

performance of Li(Ni0.45Al0.05)Mn0.5O2 material. This was ascribed to the 

higher charge transfer resistance and surface film resistance, and the observed 

higher current rate capability of LiNi0.5(Mn0.45Al0.05)O2 have empathized due 

to the better charge transfer kinetics (Zhang et al. 2008). Komaba et al have 

been worked on layered metastable lithium manganese oxides. 

Li2/3[Ni1/3−xMn2/3−yMx+y]O2 (x = y = 1/36 for M = Al, Co, and Fe 

and x = 2/36, y = 0 for M = Mg) were prepared by the ion exchange of Li for 

Na in P2-Na2/3[Ni1/3−xMn2/3−yMx+y]O2 precursors. The discharge capacity of 

the Al doped sample was around 200 mAh g
−1

 in the voltage range between 

2.0 and 4.7 V at the current density of 14.4 mA g
−1

 along with a good capacity 

retention (Komaba et al. 2009). Shumei Dou and his co-workers have 

prepared LiNi0.475Mn0.475Al0.05O2 cathode material by solid-state reaction 

using Ni–Mn–Al–O solid solution as precursor. The solid solution was being 

in spinel structure, in which nickel, manganese, and aluminum were 

sufficiently mixed at atomic level. LiNi0.475Mn0.475Al0.05O2 delivered a stable 

capacity of about 206 mAh g
−1

with high reversibility (Dou et al. 2011). 
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 Mladenov et al have performed two synthetic routes, Mg doping 

and MgO-surface modification in the preparation of LiCoO2. It has shown an 

enhanced reversible cycling behavior while it acts as a cathode material in 

lithium ion batteries. Mg-doped LiCoO2 was obtained by the citrate precursor 

method in the temperature range 750-900 °C. The surface of LiCoO2 was 

modified by coating with Mg(CH3COO)2 and subsequent heating at 600 °C. 

Substitution of Co by Mg in the CoO2-layers was found to have a positive 

effect on the cycling stability, while Mg dopants in LiO2-layers have not 

influenced the capacity fade. The accumulation of MgO on the surface of 

LiCoO2 was improved the cycling stability without loss of initial capacity 

(Mladenov et al. 2001). 

 The effect of anionic dopant on LNMCOs was investigated by 

various researchers. Kang et al. have studied the electrochemical properties of 

layered Li(Li0.2Ni0.15 + 0.5zCo0.10Mn0.55 − 0.5z)O2 − zFz  (0 ≤ z ≤ 0.10), synthesized 

by a sol–gel method and investigated by galvanostatic cycling in the voltage 

range of 2.0-4.6 V at room temperature as well as at 55 °C. The initial 

discharge capacity slightly decreased with the increase in the content of 

fluorine dopant. However, cycling performance greatly improved and cell 

impedance was significantly reduced by the fluorine doping. Capacity 

retention after 40 cycles at room temperature and the area specific    

impedance was 79 % and 150 Ω cm
2
 for z = 0, respectively, and 103 % and 

65 Ω cm
2
 for z = 0.05, respectively. The Li(Li0.2Ni0.175Co0.10Mn0.525)O1.95F0.05  

material charged to 4.6 V also exhibited excellent thermal behavior due to the 

stability of the fully charged material   (Kang & Amine 2005). Woo et al. 

have studied the layered Li[Ni0.8Co0.1Mn0.1]O2-zFz ( z = 0, 0.02, 0.04, and 

0.06) materials having spherical morphology. It has been synthesized by a 

hydroxide coprecipitation method. The effect of fluorine content on the 

structure, morphology, electrochemical properties, and thermal stability of 

the Li[Ni0.8Co0.1Mn0.1]O2-zFz were extensively studied. Electrochemical 
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impedance spectroscopy and electron microscopy showed that fluorine 

substitution played an important role in reducing the interfacial resistance 

between cathode and electrolyte, resulting from stabilization of the host 

structure. The fluorine substitution for oxygen substantially improved the 

overall electrochemical properties of Li[Ni0.8Co0.1Mn0.1]O2-zFz, such as the 

capacity retention, rate capability, and thermal stability (Woo et al. 2007). 

1.5 EFFECT OF CARBON COATING ON LAYERED 

CATHODE MATERIALS 

 In addition to the doping, addition of carbon sources to LNMCOs 

with glucose, sucrose can improve the surface of the materials, which has 

influenced on their performances. Sinha and Munichandraiah have worked on 

layered LiNi1/3Co1/3Mn1/3O2, which is isostructural to LiCoO2, considered as a 

potential cathode material. A layer of carbon coating on the particles has 

improved the electrode performance and it has attributed to an increase of the 

grain connectivity and also to protect the metal oxide from chemical reaction. 

The in-situ synthesis of carbon-coated submicrometer-sized particles of 

LiNi1/3Co1/3Mn1/3O2 was prepared using an inverse microemulsion medium, in 

the presence of glucose. The precursor obtained from the reaction was heated 

in air at 900 °C for 6 h to get crystalline LiNi1/3Co1/3Mn1/3O2. The carbon 

coating was found to impart porosity as well as higher surface area in relation 

to bare samples of the compound. The electrochemical characterization of 

carbon-coated LiNi1/3Co1/3Mn1/3O2 samples exhibit improved rate capability 

and cycling performance. The carbon coatings were shown to suppress the 

capacity fade, which was normally observed for the bare compound. 

Impedance spectroscopy data has provided additional evidence for the 

beneficial effect of a carbon coating on LiNi1/3Co1/3Mn1/3O2  particles (Sinha 

& Munichandraiah 2009).  The surface of LiNi1/3Co1/3Mn1/3O2 (LNMCO) 

particles has been modified at 900 °C by a two-step process from a mixture of 
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LiOH·H2O and metal oxalate [(Ni1/3Co1/3Mn1/3)C2O4] obtained by  

co-precipitation, was studied by Hashem et al. They have investigated the 

effect of the heat treatment of particles at 600 °C with organic substances 

such as sucrose and starch. HRTEM images and Raman spectra indicate that 

the surface of particles has been modified. The annealing has lead to the 

crystallization of the thin disordered layer on the surface of 

LiNi1/3Co1/3Mn1/3O2. The beneficial effect has been tested on the 

electrochemical properties of the LiNi1/3Co1/3Mn1/3O2 cathode materials. The 

capacity at 10C rate is enhanced by 20 % for post-treated LNMCO particles at 

600 °C for 30 minutes (Hashem et al. 2011). 

1.6 EFFECT OF CATIONIC AND ANIONIC SUBSTITUTION 

ON LAYERED CATHODE MATERIALS 

 The expensive cobalt was replaced with other metals such as 

aluminium, iron, copper, chromium, gallium, magnesium etc., to get a cost 

effective cathode material. Cobalt free, eco-friendly layered 

Li1.2(Mn0.32Ni0.32Fe0.16)O2 compounds were synthesized using the adipic acid 

assisted sol-gel method by Karthikeyan et al. Galvanostatic charge/discharge 

studies have demonstrated that the cyclic performance and rate capability of 

the materials depends on the presence of carbon and the crystalline nature of 

the material. Among the synthesized materials, the sample prepared with 1 M 

adipic acid exhibited not only a high discharge capacity of 160 mAh g
−1

, but 

also excellent cycling performance with a capacity retention of over 92 % 

after 25 cycles. In addition, electrochemical impedance spectroscopy (EIS) 

was used to confirm the improvement in the electronic conductivity 

(Karthikeyan et al. 2012). 

 A new cobalt free LiFeO2-Li2MnO3 based solid solution with a 

composition of Li(Li0.23Mn0.47Fe0.2Ni0.1)O2 was developed to obtain high 

capacity and better cycling stability by Li et al. A new citric acid assisted sol–
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gel process was proposed. The results have shown that uniform 

Li(Li0.23Mn0.47Fe0.2Ni0.1)O2 solid solution with pure hexagonal phase (or 

monoclinic phase) could be successfully prepared even at temperatures 

around 600 °C. Increasing the annealing temperature could improve the 

crystallization and cation-ordering of Li(Li0.23Mn0.47Fe0.2Ni0.1)O2, but severe 

agglomeration to form large size secondary particles (1–10 μm) over 750 °C 

leads to the decreased capacity. The sample annealed at optimized 

temperature of 700 °C showed uniform fine well-crystallized particles with 

100–200 nm diameters, high capacity of 277.4 mAh g
−1

at 10 mA g
−1

 (0.04C) 

and better cycling stability at different rate. It has been shown a capacity of 

188 mAh g
−1

 at 75 mA g
−1

 (0.3C) and 90.4% capacity retention after 100 

cycles of charging and discharging (Li et al. 2013b). 

 Wang and Manthiram have investigated the different cationic 

substitutions in Li1.2Mn0.6−0.5xNi0.2−0.5xMxO2. The reversible capacity values of 

lithium-rich layered oxide cathodes depend on the length (capacity) of the 

plateau region during the first charge. With an aim to understand the factors 

controlling the length of the plateau region and thereby enhancing the 

reversible capacity, the effects of various cationic substitutions in 

Li1.2Mn0.6Ni0.2O2 have been investigated systematically by them. Specifically, 

substitutions of  M = Al
3+

, Cr
3+

, Fe
3+

, Co
3+

,Ga
3+

, Ti
4+

 , Mg
2+

  

Li1.2Mn0.6−0.5xNi0.2−0.5xMxO2 with x = 0.025, 0.05, and 0.1 have been 

investigated (Wang & Manthiram 2013).  

 Porous layered composite of Li2MnO3 and LiMn0.35Ni0.55Fe0.1O2 with 

a composition of Li1.2Mn0.54Ni0.22Fe0.04O2 was prepared by inverse 

microemulsion method and studied as a positive electrode material. The 

precursor was heat treated at several temperatures between 500 and 900 °C. 

The product samples possess mesoporosity with broadly distributed pores 

around 10∼50 nm diameter. Pore volume and surface area were decreased with 
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increasing temperature of preparation. However, the electrochemical activity of 

the composite samples increased with an increase in temperature. The 

discharge capacity values of the samples prepared at 900 °C were about        

186 mAh g
−1

 at a specific current of 25 mAh g
−1

 with an excellent cycling 

stability. The composite sample also possessed high rate capability. The high 

rate capability was attributed to the porous nature of the material (Penki et al. 

2014). 

 LiNi0.5Mn1.5O4 and LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) powders 

are prepared and systematically investigated as 5 V cathode materials for 

lithium-ion batteries by Zhong et al. The electrochemical cycling performance 

and rate capability at room temperature and 55 °C were characterized and 

compared. Excellent cycle life was measured for these    5 V Co and Fe doped 

electrodes. When cycled at 1C rate, about     95.9 %,     93.1 % and 81.7 % of 

their initial capacities can be retained after 500 cycles for 

LiNi0.45Co0.10Mn1.45O4, LiNi0.45Fe0.10Mn1.45O4 and LiNi0.45Cr0.10Mn1.45O4, 

respectively. Their electrochemical performances at 55 °C are also much 

better than the un-doped sample. Three possible capacity fading mechanisms 

including structural transformation, the dissolution of the spinel into the 

electrolyte, and the oxidation of the electrolyte have been discussed. The 

decomposition of the electrolyte was regarded as the most important 

mechanism (Zhong et al. 2012). 

 Various synthetic methods and the experimental conditions have an 

impact on morphology and particle size which in turn affect the capacity of 

the cathode materials. The materials can be synthesized using the following 

methods which are discussed below: 

 Michalska et al. have synthesized the nanocrystalline lithium–

manganese oxide by a modified sol-gel method. Simple salts of lithium, 

manganese and iron were used as starting reagents and citric acid as a 
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complexing agent. The average crystallite size was found to be around 30 nm. 

Electrical conductivity depends on temperature according to an Arrhenius 

equation with the activation energy of 0.30 eV (Michalska et al. 2011). 

 Layered LiMg0.1Co0.9O2 was synthesized using microwave assisted 

solution technique by Zaheena et al.. The precursor has been subjected to 

thermo-gravimetric/differential thermal analysis (TG/DTA) and calcined at 

850 °C. The charge/discharge characteristics of the coin cells were evaluated 

galvanostatically in the potential range 2.7-4.3 V. The results obtained by 

them indicated that LiMg0.1Co0.9O2 delivered an average discharge capacity of 

~135 mAh g
−1

 over 20 cycles and being a potential candidate for use as 

cathode material in lithium rechargeable cells (Zaheena et al. 2009). Xiang et 

al. have been synthesized LiNi0.8Co0.2O2 and Mg-doped LiNi0.8Co0.2O2  as 

cathode materials for lithium secondary battery via the rheological phase 

reaction route. Charge-discharge tests show that the Mg-doped 

LiNi0.8Co0.2O2 exhibits both improved capacity and cycling stability compared 

to the undoped sample (Xiang et al. 2009).  

 Ghosh et al. have prepared lanthanum-doped LiCoO2 composite 

cathode materials, containing 0.1-10 mol % of La by citric acid aided 

combustion technique. Thermal analyses showed that the sharp 

decomposition reaction for pristine LiCoO2 became sluggish upon addition of 

lanthanum. Electron microscopy revealed that a distinct grain growth with 

increasing La content. An increase of about two orders of magnitude in the 

electrical conductivity (1.09 × 10
−3

 S cm
−1

) was observed for 1.0 mol % La-

doped LiCoO2. An excellent cycling performance with capacity retention by a 

factor of ∼10 in comparison to the pristine LiCoO2 was observed for the 

composite cathode containing 5.0 mol % La, at 5C rate. This has been 

ascribed to the structural stability induced by La doping and presence of the 

ion-conducting phase La2Li0.5Co0.5O4 which acts as a solid electrolyte for 
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Li
+
 ions. A negligible growth of impedance upon repeated cycling has been 

observed. Cyclic voltammetry showed a remarkable improvement in 

reversibility and stability of the La-doped electrodes (Ghosh et al. 2009).   

1.7 VARIOUS SYNTHESIS METHODS OF LAYERED 

CATHODE MATERIALS 

 Layered high manganese cathode materials 

Li1+n[NimComMn1−2m]O2  (m < 0.25;n > 0.3) were prepared by coprecipitation 

method. The manganese and lithium content in the system are controlled at a 

high level. The results indicate that the excess lithium in the cathode material 

system tends to stabilize the high-Mn layered structure and improve 

electrochemical performance. (Li et al. 2013a). A simple solid-state method 

has been successfully applied to synthesize LiNi1/3Co1/3Mn1/3O2 cathode 

material. The results indicate that the suitable temperature of synthesizing 

LiNi1/3Co1/3Mn1/3O2 is 850–900 °C. The sample calcined at 900 °C using α-

MnO2 nanorods as the raw material which has shown the best electrochemical 

performance and have a particle size in the range of 150 – 200 nm (Tan & Liu 

2010). In addition, combustion method, pechini method and hydrothermal 

method, (Julien et al. 2000; Liu et al. 1996; Xu et al. 2002) were used for the 

preparation of cathode materials. Amongst these methods, the materials 

prepared by sol-gel method served as a promising candidate due to its good 

stoichiometry and uniform particle size (Park et al. 2004).  

1.8 PRESENT STUDY 

 In the background of the scientific results presented so far in the 

thesis, the present investigation is focused on the preparation of layer 

structured cathode materials with α- NaFeO2 structure. Three different 

systems of layered cathode materials were prepared. The lithium rich 

LNMCOs were prepared in different stoichiometric ratios by changing the 
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concentration of nickel and cobalt. Then the remaining systems were prepared 

by substituting the cobalt with aluminium and iron. This study is to identify 

the sample showing higher conductivity in each system and to study their 

electrochemical impedance and cyclic voltammetry, followed by the charge - 

discharge studies by fabricating a coin cell. 

 The main objectives of the present study are as follows: 

 To synthesize three different system of  samples   

Li(Li0.05Ni0.7-xMn0.25Cox)O2, Li(Li0.05Ni0.7-xMn0.25Alx)O2 and 

Li(Li0.05Ni0.7-xMn0.25Fex)O2 (x = 0, 0.1, 0.3, 0.5, 0.7)  by sol-gel 

method, 

 To study the structural and morphological behaviour of the 

synthesized samples by x-ray diffraction analysis and 

scanning electron microscope, 

 To understand the complexation behaviour of the samples 

using vibrational analyses such as FTIR spectroscopy and 

laser Raman spectroscopy, 

 To determine the ionic conductivity of the samples, 

 To know the electrical and electrochemical behaviour of the 

samples, 

 To study the charging-discharging mechanism and cycling 

stability of the highly conducting sample by fabricating a coin 

cell (CR2032).  

The thesis is divided into six chapters, 

 Chapter 1 gives an introduction to batteries with special emphasize 

to the  LIBs. It reviews the importance of the battery components such as 
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negative electrode, positive electrode, electrolyte and separator and discusses 

their application in LIBs. The role of nano sized positive electrode in LIBs is 

discussed. As nano sized positive electrode materials are the key subject of 

the thesis, this chapter covers the cathode material in a greater extent. The 

literature review is provided focused on the theme of research taken for the 

study. 

 Chapter 2 describes the method of preparation of the cathode 

materials Li(Li0.05Ni0.7-xMn0.25Fex)O2, Li(Li0.05Ni0.7-xMn0.25Alx)O2 and 

Li(Li0.05Ni0.7-xMn0.25Cox)O2  (x = 0, 0.1, 0.3, 0.5, 0.7) and covers the different 

experimental techniques used for the characterizations in the present work are 

also discussed. The characterization techniques include, X-ray diffraction 

(XRD), Fourier transform infra red (FTIR), Laser Raman spectra  , Scanning 

electron microscopy (SEM), Energy dispersive analysis (EDS), impedance 

spectroscopy, dielectric analysis, electric modulus analysis,  cyclic 

voltammetry and galvanostatic charge-discharge analysis.  

 Chapter 3 elaborates the effect of various concentration of nickel 

and iron in  Li(Li0.05Ni0.7-xMn0.25Fex)O2 (x = 0, 0.1, 0.3, 0.5, 0.7) compound. 

The structural,  morphological, vibrational, electrical and electrochemical 

properties are studied and discussed. The Li(Li0.05Ni0.7-xMn0.25Fex)O2 is 

prepared by sol-gel technique. The XRD result shows the formation of 

layered structure with hexagonal lattice. The functional group analysis of the 

compound is done using the FTIR spectra. The corresponding vibrational 

modes observed from Raman spectra shows the formation of layered 

structure. From SEM analysis it is observed that the particle sizes are in the 

range of    250-300 nm.  

 The presence of corresponding element in the compound is 

confirmed from EDS spectra. Out of the various composition of the sample, 

the sample with x = 0.1 shows high ionic conductivity in the order10
-6

 S cm
-1

. 
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The relaxation of dipole in Li(Li0.05Ni0.7-xMn0.25Fex)O2 (x = 0.1) has been 

studied by dielectric relaxation and electric modulus spectroscopy over a wide 

range of frequency.  

 Chapter 4 discusses the effect of aluminium and nickel over           

Li(Li0.05Ni0.7-x Mn0.25Alx)O2 (x = 0, 0.1, 0.3, 0.5, 0.7) compound. The samples 

prepared by sol-gel method were studied by XRD analysis to get the 

information about their structure and crystallite size. The vibrational 

spectroscopic studies such as FTIR and Raman are done to obtain the metal-

oxygen interaction and peak shift due to varying concentration of elements. 

The morphology and the presence of elements were identified using the SEM-

EDS analyses.  

 Chapter 5 reports the effect of various concentration of nickel and 

cobalt in  Li(Li0.05Ni0.7-xMn0.25Cox)O2 (x = 0, 0.1, 0.3, 0.5, 0.7) compound. 

The structural, morphological, vibrational, electrical and electrochemical 

properties are presented. The Li(Li0.05Ni0.7-xMn0.25Cox)O2 is prepared by sol-

gel technique. The XRD results show the formation of layered structure. The 

crystallite size of the samples is found to be around 60 nm, which favours 

lithium ion motion. FTIR analysis shows the functional group analysis of the 

synthesized compound. Raman spectra give information about vibrational 

modes to identify the formation of layered structure. From SEM studies it is 

observed    that the particle size is in the range of 200 - 250 nm. Energy 

dispersive spectra show the presence of corresponding atoms in the 

compounds. Out of the different concentration of the sample taken, the 

sample with   x = 0.3 shows higher ionic conductivity which is of about       

10
-3.4

 S cm
-1

. The relaxation of dipole in Li(Li0.05Ni0.7-xMn0.25Cox)O2 (x = 0.3) 

is studied by dielectric relaxation and electric modulus spectroscopy over a 

wide range of frequency. The coin cell is fabricated using the sample with 

higher ionic conductivity among the samples of the three systems. The redox 
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potential of the sample has been analysed using cyclic voltammetry. The 

galvanostatic charge-discharge analysis has carried out on the fabricated cell.  

 Chapter 6 summarizes all the results reported in the thesis and 

provides conclusions along with some recommended potential research 

directions based on this study. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1            PREPARATION OF CATHODE MATERIALS 

 In the present study, cathode materials were prepared using sol-gel 

method. The compounds used for synthesis were lithium nitrate (LiNO3), 

manganese nitrate (Mn(NO3)2.6H2O), nickel nitrate (Ni(NO3)2.6H2O) and 

cobalt nitrate (Co(NO3)2.6H2O). Also, (Al(NO3)39H2O), (Fe(NO3)39H2O) 

were added instead of (Co(NO3)2.6H2O) in the respective systems.  Citric acid 

(C6H8O7) was used as chelating agent. All the chemicals used in the present 

work were of AR grade reagents purchased from Merck. The Millipore water 

was used as solvent. Before preparation, the compounds were dried in 

vacuum at a temperature around 50 °C. Thereafter, dried compounds were 

dissolved in deionised water with slow stir rate for duration of 7 h. Citric acid 

was added drop wise while the compound is stirred. The pH of the solution 

was reduced to 2.0 ± 0.05 due to the addition of citric acid as chelating agent. 

Therefore, liquid ammonia was added to increase the pH value to 7.0 ± 0.1. 

The reaction mixture was heated to 80 ˚C under continuous stirring to form a 

gel. The gel was transformed to an alumina crucible and preheated to 500 ˚C 

for 4 h. Finally, the obtained powder was grounded well for 2 h and then 

heated at 850 ˚C for 15 h. Figure 2.1 shows the flow chart of sol-gel method 

synthesis of cathode materials. 

 



35 

 

 

2.2 PREPARATION OF COIN CELL 

 The positive electrode laminates were prepared by coating 80 wt-% 

LNMCO, 10 wt-% carbon black and 10 wt-% polyvinilidine fluoride (PVDF) 

on an aluminium foil. The coin cells (CR2032 size) with LNMCO/Li were 

fabricated in argon filled glove box (MIKROUNA, China) with a porous 

polypropylene membrane (Celgard 2400) as separator. The electrolyte was a 

solution of 1M LiPF6 dissolved in ethylene carbonate (EC) and dimethyl 

carbonate (DMC) (1:1 vol-%). Lithium metal was used as the negative 

electrode. The charge-discharge studies were done in the voltage range of 2.5 

V– 4.5 V. Figure 2.2 shows the CR 2032 size coin cells prepared in the 

present study. 

 

Figure 2.1 Flow chart of sol-gel synthesis for the preparation of 

cathode materials adopted in the present study 
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Figure 2.2 Coin cells (CR 2032) prepared in the present study. 

2.3 POWDER X-RAY DIFFRACTION (PXRD) 

 X-ray diffraction is a well established method used for material 

analyses. Many researchers have used the X-ray diffraction technique to 

identify the nature of a material whether it is amorphous or crystalline. The 

crystallite size of the sample can also be determined using this technique.  

 XPERT-PRO-X ray diffractometer PW 3050/60 (with Cu Kα 

radiation) at 2θ in the range of 10° to 80° at 25 °C with a step of 0.05° was 

used in the present study to obtain the X-ray diffraction data for the prepared 

samples. 

2.4 INFRARED SPECTROSCOPY 

 FTIR is a broadly applied spectroscopy method to identify the 

chemical functional groups present in a compound. FTIR spectrometer is an 

analytical instrument used to study materials in both liquid and solid phase.  

In the present investigation, the infrared spectrum of cathode materials is 

recorded in a JASCO FT/IR-4100 Fourier transform infrared spectrometer in 

the wave number region between 400 and 4000 cm
-1

.  
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2.5 RAMAN SPECTRA ANALYSIS 

 Raman spectroscopy is a spectroscopic technique based on inelastic 

scattering of monochromatic light, usually from a laser source. Inelastic 

scattering means that the frequency of photons in monochromatic light 

changes upon interaction with a sample. Photons of the laser light are 

absorbed and reemitted by the sample. Frequency of the reemitted photons is 

shifted up or down in comparison with original frequency of the 

monochromatic light, which is called the Raman Effect. This shift provides 

information about vibrational, rotational and other low frequency transitions 

modes in molecules. In the present study, Raman spectra were recorded by 

Laser Confocal Raman Spectroscopy with RENISHAW INVIA Raman 

microscope using the 514 nm line of Argon laser source.   

2.6 SCANNING ELECTRON MICROSCOPY AND EDS 

 The scanning electron microscopy (SEM) is a versatile tool to 

characterize microstructures of the samples. SEM makes use of point to point 

scanning of the solid surface, which provides a clear image of specimens, and 

records the information about their size which lies in the range of micro-

meter. In a typical SEM, an electron beam is emitted from an electron gun 

fitted with a tungsten filament cathode. When the primary electron beam 

interacts with the sample, the electron loses energy by repeated random 

scattering and absorption by the specimen. The energy exchange between the 

electron beam and the sample results in the reflection of high energy electrons 

by elastic scattering, emission of secondary electrons by inelastic scattering 

and the emission of electromagnetic radiation, each of which can be detected 

by specialized detectors . 
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 In the present study, morphology and chemical composition of the 

prepared powders were studied using the JEOL-6390 type computer 

controlled scanning electron microscope which is attached to the energy 

dispersive spectrum to identify the elements present in the compound. 

2.7 IMPEDANCE SPECTROSCOPY STUDIES 

 Impedance spectroscopy is used to study the electrical properties of 

super ionic conducting (SIC) materials, where the response of a system to an 

applied sinusoidally varying alternating voltage is recorded as a function of 

frequencies. Impedance analysis of ionic solids identifies the basic process 

such as, ion transport, bulk conduction, grain boundary conduction, electrode-

electrolyte interface process in the measured frequency domain. It is a non-

destructive technique and also can provide the dynamic properties to 

understand the microscopic nature of the SIC materials.  

 Pellets of the synthesized samples were prepared by applying a 

pressure of about 6000 kg/cm
2
 with a thickness of about 1.5 mm and 10 mm 

dia. For impedance measurements, silver was deposited on both sides of the 

pellets which act as blocking electrodes. AC impedance measurements were 

carried using Zahner IM6 electrochemical workstation in the frequency range 

of 1 mHz to 1 MHz 

2.8 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 

 In the electrochemical impedance measurement, the coin cell to be 

tested is considered as a circuit consisting of a capacitance (Cp) and an ohmic 

resistance (Rp) in parallel. The relationship between current and applied 

voltage of a circuit can be characterized by the amplitudes of current, the 

voltage, and the phase shift. These quantities can also be represented as a 

complex number, thus the impedance response is usually characterized by a 
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real part-imaginary couple. The data from impedance measurement is plotted 

as a complex plane with the frequency as a parameter.  

 The measurement of impedance is often carried with a frequency 

response analyzer. The capacitance and large time constant involved in 

electrochemical process dictate that the measurement of impedance has to be 

applied in a very wide frequency range (e.g. from 100 kHz to 0.001 Hz). The 

impedance changes between its high-frequency limit and low-frequency limit. 

The high-frequency limit refers to the contact resistance, and the low-

frequency limit refers to charge transfer resistance.  

 In the present study, the electrochemical impedance measurements 

on the assembled batteries were carried out using the Bio Logic 300 

electrochemical analyzer at open potential. The frequency range used was 

between 100 kHz and 0.001 Hz with the amplitude of 5 mV.   

2.9 CYCLIC VOLTAMMETRY 

 Cyclic voltammetry (CV) is a widely used method for studying 

electrode processes. It is often employed as the first method to characterise 

new systems. The cell is cycled in a potential window, where the potential 

applied on the working electrode is continuously changed with a constant rate 

(Equation 2.1) 

                              (2.1) 

    
   

  
                     (2.2) 

where,    is the  potential at the beginning ‘ ’ is the sweep rate (Equation 2.2) 

and ‘t’ is time. Other important parameters are the maximum and the 

minimum potential, which define the potential window. The choice of this 
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potential window must take the stability of the electrolyte into account, so as 

to avoid its decomposition. The current that flows is measured and plotted 

versus the potential. In this plot we observe an increase in the current 

response at the potential where an electrochemical reaction takes place. For a 

positive electrode the part of the curve under the zero line is the discharge (or 

cathodic) curve, the one above the charge (or anodic) curve. The surface 

under the curve is proportional to the total amount of charge flow. A positive 

sweep rate causes the oxidation of the working electrode, and the resulting 

current has a positive sign. With a negative sweep rate we have the reduction 

of the working electrode and a negative current. In the present study the cyclic 

voltammetry studies were done on the synthesized samples using bio-logic 

battery testing system (Bio Logic 300 electrochemical analyzer) 

2.10 GALVANOSTATIC CHARGE-DISCHARGE TESTS 

 Generally, the capacity of the electrode material was calculated by 

galvanostatic charge and discharge testing. The measurement has conducted 

under a constant current density. The charge-discharge capacities (Q) can be 

calculated using the formula mentioned in (Equation 2.3) 

 Q = I × t               (2.3) 

where I is current density and t is the charge-discharge time. The 

galvanostatic testing voltage cut-offs for LIBs were 2.0-5.2 V for cathode 

materials and 0.01-3.0 V for anode materials. In lithium-ion battery testing, 

the C-rate performance was used to evaluate the capacity of the electrode at 

different charge/discharge current densities. Charge-discharge the cell at C/n 

rate means completely charge-discharge the cell within n h. In this work, the 

galvanostatic charge-discharge measurements were collected on a computer-

controlled bio-logic battery testing system (Bio Logic 300 electrochemical 

analyzer). 
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CHAPTER 3 

SYNTHESIS AND CHARACTERIZATION OF  

Li(Li0.05Ni0.7-xMn0.25Fex)O2  CATHODE MATERIALS 

 

 The cathodic material Li(Li0.05Ni0.7-xMn0.25Fex)O2 was prepared by 

sol-gel method. The crystalline structure of the material is identified using  

X-ray diffraction. The surface morphology was studied with the help of 

Scanning electron microscope. The presence of elements in the compounds 

was identified using EDS analysis. The complexation behaviour of the 

prepared samples was studied using the FTIR spectroscopy. Raman 

spectroscopy was used for the phase identification of the samples. The ionic 

conductivity of the samples was analysed using Impedance spectroscopic 

analysis and the sample which shown higher ionic conductivity is subjected to 

study the dielectric analysis and electric modulus analysis. This chapter 

includes the discussion of obtained results.  

3.1 X -RAY DIFFRACTION STUDIES 

 The XRD pattern of Li(Li0.05Ni0.7-x Mn0.25Cox)O2  calcined at      

850 ˚C is shown in Figure 3.1. The diffraction peaks observed are indexed 

based on the hexagonal α-NaFeO2 structure with a space group of R  m (166) 

[JCPDS file no 44-0145] (Laha et al. 2013; Hewston & Chamberland 1987). 

This shows the presence of alternate layers of Li atom and MO6 octahedra 

(M= Ni, Fe, Mn) indicating pure phase layered crystal structure (Jeong et al. 

2006).The peak splitting observed near 38˚(006/102) and 65˚(018/110), shows 

that the layered structure is well developed as reported by Kim et al. (Kimet 
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al. 2007; Xi et al. 2007). In the α-NaFeO2-type structure, the oxygen sub 

lattice forms a close-packed face centered cubic (fcc) lattice with a distortion 

in the ‘c’ direction, results in clear splitting between the (0 0 6)/(1 0 2) and          

(1 0 8)/(1 1 0) peaks in the XRD patterns. When this distortion in the ‘c’ 

direction is absent, the (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) peaks combine to 

form single peaks in the XRD pattern (Gao et al. 1998). 

 

Figure  3.1 XRD patterns of Li(Li0.05Ni0.7-xMn0.25Fex)O2 (a) x = 0  

(b) x = 0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 
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 From the X-ray diffraction data, the value of interplanar spacing 

dhkl was calculated using the Bragg’s relation (Kittel & McEuen 1976; 

Velumani et al. 1998) as follows,  

       
 

     
              (3.1) 

 The lattice parameters a and c were calculated using the equation 

mentioned below (Thanikaikarasan et al. 2009). 

 
 

  
   

 
 

 
 
        

  
   

  

  
             (3.2) 

 The unit cell is the parallelepiped built on the vectors a, b, c of a 

crystallographic basis of the direct lattice. Its volume is given by the scalar 

triple product, V = (a, b, c) and corresponds to the square root of the 

determinant of the metric tensor. The total volume of the unit cell (V) is 

calculated using the following Equation (3.3) 

   
     

 
               (3.3) 

 The lattice parameter a and c value changes with respect to the 

increase in value of x in the stoichiometric compound Li(Li0.05Ni0.7-

xMn0.25Fex)O2 as given in Table 3.1. The lattice parameters ‘a’ and ‘c’ 

changes with respect to the increase in ‘x’ value, which is reflected in the c/a 

ratio and in the unit cell volume ‘V’. The intensity ratio of the peaks with 

lattice planes I003 and I104 gives the information about cationic mixing in the 

cathode material. The critical value of I003/ I104  ratio is 1.2 for the layer 

structured material (Valanarasu et al. 2011). In general, I003/ I104  ratio is less 

than the critical value, there is significant amount of cationic mixing and the 

cationic mixing is absent for the I003/ I104 values greater than critical value. 
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The ratio of I003/ I104 is found to have lower values as the ‘x’ value increases 

from 0 to 0.7, which is observed from Table 3.1.  

Table 3.1  Crystal parameters of Li(Li0.05Ni0.7-xMn0.25Fex)O2 for  

x = 0,0.1,0.3,0.5,0.7 

Sample 
Crystallite 

size(nm) 
a(Å) c(Å) c/a V(Å

3
) I003/I104 

Li(Li0.05Ni0.7Mn0.25)O2 53 2.885 14.07 4.876 101.42 0.947 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 45 2.896 14.160 4.889 102.87 0.557 

Li(Li0.05Ni0.4Mn0.25Fe0.3)O2 62 2.901 13.799 4.755 100.63 0.591 

Li(Li0.05Ni0.2Mn0.25Fe0.5)O2 44 2.932 14.407 4.912 107.20 0.261 

Li(Li0.05Mn0.25Fe0.7)O2 --- -- -- -- -- --- 

 

 The crystallite size was estimated using Scherrer’s formula as given 

in the following equation, 

     
   

     
               (3.4)  

where, the constant K is 0.9, λ is the wavelength of X-ray used                      

(λ = 1.5406 Å), and β is the full width at half- maximum of the diffraction 

peak corresponding to 2θ. Using above equation the crystallite sizes obtained 

were found to be in the nanometer range. The crystallite size was measured by 

taking the average of three main line widths from the XRD patterns. The 

average crystallite size of the samples calculated using the Scherrer formula is 

in the range between 44 to 62 nm excluding the sample 

Li(Li0.05Mn0.25Fe0.7)O2, which can be observed from Table 3.1.  

3.2 FTIR SPECTROSCOPIC STUDIES 

 The vibrational spectra of the samples Li(Li0.05Ni0.7-xMn0.25Fex)O2 

synthesized were recorded in the wave number range 400 - 4000 cm
-1

. In this 
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study the metal oxide peaks are expected to be present in the range between 

400 
 
and 1000 cm

-1
 and the same is presented in Figure 3.2. The  strong peak 

are obtained at 570 cm
-1

, 568 cm
-1

, 576 cm
-1

, 618 cm
-1

, 620 cm
-1

 respectively 

for the synthesized material  Li(Li0.05Ni0.7-xMn0.25Fex)O2 with  (i) x = 0 (ii) x = 

0.1   (iii) x = 0.3 (iv) x = 0.5 (v) x = 0.7. 

 

Figure 3.2 FTIR spectra of Li(Li0.05Ni0.7-xMn0.25Fex)O2 (a) x = 0  

(b) x = 0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 

 The corresponding values are assigned to asymmetric stretching 

modes of   M-O (M = Ni/ Fe/ Mn). The peak shift in the spectra may be due to 

the increase in elemental concentration of Iron. The weak peaks obtained 

around 530 cm
-1

 may be ascribed to Li-O stretch which suggests the presence 

of Li in the material. Further, a peak in the far infra-red region 271 cm
-1

 is 
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expected, but it was not covered in the present study. Moreover, the 

corresponding less intense peaks observed at 419 cm
-1

 , 421 cm
-1

 , 418 cm
-1

 , 

413 cm
-1

  and 415 cm
-1

 in Figure 3.2 (a-e) could be assigned to the bending 

modes of O-M-O chemical bonds (Suresh et al. 2005; Julien et al. 2000). The 

corresponding peaks mentioned in Figure 3.2 (b-e) are also correlate with the 

values of Fe-O stretching and bending modes (Sahoo et al. 2010). From the 

vibrational spectra analysis, it is concluded that, there is a good interaction 

between metal and oxygen. 

3.3 RAMAN SPECTROSCOPY ANALYSIS 

 Raman spectroscopy of the prepared samples has been analyzed           

using Renishaw InVia Raman spectrophotometer. Raman spectra of                        

Li(Li0.05Ni0.7-xMn0.25Fex)O2 samples prepared at various compositions are 

shown in Figure 3.3. 

 

Figure 3.3 Raman spectra of Li(Li0.05Ni0.7-x Mn0.25Fex)O2 (a) x = 0  

(b) x = 0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 
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 It is observed from Figure 3.3(a-e) the observation of peaks around 

575 cm
-1 

and 480 cm
-1

 may correspond to the Metal Oxide symmetric 

stretching and bending modes, respectively. For the layered structure cathode 

material with a space group R  m which is similar to the compound LiCoO2 

(Gu et al. 2005).  

 Therefore the corresponding optical vibration modes are: 

                    (Huang & Frech 1996). The first two 

modes are visible only by Raman while the second two modes can be seen by 

IR. Theoretically, two Raman bands and four IR bands should be visible for 

the layer structured material with space group R  m. Figure 3.3(a-c) shows the 

peaks around 575 cm
-1 

and 480 cm
-1 

which corresponds to the active M-O 

symmetrical stretching and bending vibrational Raman modes of A1g and Eg. 

The samples are clearly showing the two active Raman modes except          

the compounds with x = 0 and x = 0.7, which shows additional peaks              

other than the two modes. The additional peaks observed for the            

Li(Li0.05Ni0.7-xMn0.25Fex)O2 compound with x = 0 reflects the display of single 

peak at the 2θ values 38˚ and 68˚. This may correspond to the cubical sub 

lattice of oxygen in the α-NaFeO2 type structure. For x = 0.7, the humps 

observed around 420 cm
-1

 may be due to the absence of nickel in the 

compound (Riley et al. 2011). 

3.4 SCANNING ELECTRON MICROSCOPE AND ENERGY 

DISPERSIVE ANALYSIS 

 Surface morphology of Li(Li0.05Ni0.7-xMn0.25Fex)O2 was studied by 

scanning electron microscopy. SEM image of Li(Li0.05Ni0.7-xMn0.25Fex)O2 is 

presented in Figure 3.4. The agglomeration of particles is more in the 
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Li(Li0.05Ni0.7-xMn0.25Fex)O2 for x = 0.7 as it is non crystalline as observed from 

the XRD pattern. Similar pattern of particles are observed for the samples 

Li(Li0.05Ni0.7-xMn0.25Fex)O2 (x = 0, 0.1, 0.3 and 0.5). Furthermore, the particles 

are observed to be formed in different sizes mostly in the range of              

200-250 nm for the samples mentioned in Figure 3.4 (a-d). 

 

Figure 3.4 SEM images of Li(Li0.05Ni0.7-xMn0.25Fex)O2  (a) x = 0   

(b) x = 0.1  (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 
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 The addition of citric acid as chelating agent, while preparing the 

precursor leads to the even distribution of particles, which in turn helps to 

keep the particle size small after calcination. The large surface area of the 

material will be obtained from smaller particle size, which could shorten the 

diffusion path of lithium ion and be helpful to improve the electrochemical 

performance of the cathode material (Zheng et al. 2011). The EDS spectra of 

the synthesized Li(Li0.05Ni0.7-x Mn0.25Fex)O2 are presented in Figure 3.5. 

 

Figure 3.5 Energy dispersive spectra of Li(Li0.05Ni0.7-xMn0.25Fex)O2  

(a) x = 0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 
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 The spectra confirm the presence of Ni, Mn, Co and O in the 

prepared samples. Lithium is not detected in the EDS spectrum due to its low 

atomic number (Jin et al. 2013). 

3.5 IONIC CONDUCTIVITY MEASUREMENTS 

 The ionic conductivity of the prepared samples was calculated from 

the conductance spectra by the extrapolation of dc conductivity. The conductance 

spectra of the samples at room temperature are given in Figure 3.6.  

 

Figure 3.6 Conductance spectra of Li(Li0.05Ni0.7-xMn0.25Fex)O2 at room 

temperaturefor (a) x = 0 (b) x= 0.1 (c) x= 0.3 (d) x = 0.5 (e) 

x=0.7   

 Among the samples of Li(Li0.05Ni0.7-xMn0.25Fex)O2 at different 

concentration x = 0, 0.1, 0.3, 0.5, 0.7, the sample with x = 0.1 has shown 

higher ionic conductivity of 1 x 10
-6

 S cm
-1

. The sample with x = 0 which is 

common for all the three systems shows the ionic conductivity of               

1.74 x 10
-5

 S cm
-1

. The detailed study of the sample was done and the results 

are discussed herein. 
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 The ionic conductivity of the prepared Li(Li0.05Ni0.6Mn0.25Fe0.1)O2  

was calculated using the following Equation (3.5) 

 
AR

t

b

                                                                                       (3.5) 

where t and A are the thickness and area of the Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 in 

contact with the gold blocking electrodes respectively. Thickness of the 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 pellet was measured with the help of micrometer 

screw gauge. Rb represents the bulk resistance which is obtained from 

extrapolation of semicircular region to highest frequencies. Figure 3.7 represents 

the Cole-Cole impedance plot of Li(Li0.05Ni0.6Mn0.25Fe0.1)O2. It is inferred from 

the plot that at high frequencies a compressed semicircle was obtained. This may 

due to distribution of relaxation times. Figure 3.8 displays the equivalent circuit 

for the impedance plot of Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 at room temperature. It is 

the combination of parallel connection of a resistance and constant phase element 

with the values of Rb = 0.3718 MΩ and CPE = 56.35 nF. 

 

Figure 3.7 Cole-Cole impedance plot of  Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 at 

different temperatures 
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Figure 3.8 Equivalent circuit for the impedance plot of 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 at room temperature 

 It was observed from the Figure 3.9 that ionic conductivity 

increases with increase in temperature. This spectrum displays two regions: 

the plateau at low frequency region which is independent of the applied 

frequency which is attributed to the dc conductivity and conductivity 

dispersed region at high frequency.  The low frequency plateau region appears 

due to the hopping motion of Li ions, i.e. the long range transport of Li-ions 

in the response of applied field.  The extrapolation of this plateau to Y-axis 

gives the dc conductivity of the sample. The dc conductivity value is also 

obtained from the nonlinear curve fit using Origin 8 software.  

 The dc conductivity of Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 is found to be 

8.44 x 10
-6

 S cm
-1 

at 100 ºC (650 °C sintered sample). The higher values of 

conductivity in the high frequency region are attributed to interrelated 

forward-backward motions of ions (Mariappan & Govindaraj 2004; Funke 

1993).  The observed behavior is in good agreement with the jump relaxation 

model (Baral & Sankaranarayanan 2009; Dyre 1988).  According to this 

model, at lower frequencies an ion can jump from one site to other site 

successfully and contribute to dc conductivity (Funke 1997).  
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Figure 3.9 Conductance spectra for Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 at 

various temperatures  

 The ac conductivity shows the high frequency dispersion region 

that is typical of UDR (Universal Dielectric Response) and the electrical 

network response (Bowen & Almond 2006). The typical frequency 

dependence conductivity spectrum exhibits three distinct regions (i) Low 

frequency dispersed (ii) an intermediate plateau and (iii) conductivity 

dispersion at high frequency. At the low frequency region, the variation  may 

be ascribed to the polarization effects at the electrode-electrolyte interface. At 

very low frequencies, large amount of charge accumulation occurs and hence 

leads to drop in conductivity. In the intermediate frequency region, 

conductivity is almost found to be frequency independent and is equal to the dc 

conductivity. Meanwhile, at the high frequency region, the conductivity 

increases with frequency. The frequency dependence of electrical conductivity 
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of solid electrolytes is explained by a simple expression given by Jonscher’s 

power law. The power law mentioned in Equation (3.6) relates the frequency 

dependent conductivity or universal dynamic response (UDR) of ionic 

conductivity and frequency (Jonscher 1977). 

 
n

dc A )(               (3.6) 

 Here ‘   ’ is the dc conductivity ‘A’ is the pre exponential factor 

and ‘n’ is the fractional exponent. The calculated conductivity values are given 

in Table 3.2. The domination of dc conductivity at higher temperatures is 

observed from the Table 3.2. The increase in conductivity with increase in 

temperature, is due to the mobile ions that acquire more thermal energy and have 

a feasible movement of ions to cross the potential barriers (Pal et al. 2009).The 

exponent ‘n’ represents the degree of interaction between mobiles ions and the 

environments surrounding them (Hannachiet al. 2010; Chenet al. 2009a) 

According to Funke (Funke 1993), ‘n′ has a  physical meaning and it is given by  

   
             

                    
             (3.7) 

where, back hop rate is the backward motion of an ion to its initial site due to 

either bad site or by coulomb repulsive interaction between mobile ions. The 

site relaxation time is the time required for an ion to come to rest when site 

potential is minimum to the position of the ion that is caused by a 

rearrangement of neighboring ions. When the value of ‘n’ is less than 1, the 

hopping motion involved is a translational motion with a long hop (Oueslatiet 

al. 2010). Further, the measure of ‘n’ value represents degree of order of the 

system. If n < 1, it is said to be ordered system and if n >1 means, the disorder 

of the system increases. The computed ‘n’ values are presented in Table 3.2.  

In this case, the ‘n’ values ranges from 0.75- 0.87 which is less than one. 
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Further it is seen that the ‘n’ value decrease gradually with increase of 

temperature for Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 sintered at 650 °C. It may be due 

to formation of free sites for Li ion migration, which in turn reduces the back 

hop rate and hence decreases ‘n’.  

 The dielectric and electric modulus studies are done for the 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 pellet sintered at 650 °C, 5 h because it shows 

higher conductivity compared to other samples. 

Table 3.2  Calculated conductivity value for Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 

at different temperatures 

Temperature (K) Conductivity σ (Scm
-1

) n 

303 1.04E-06 0.75259 

313 1.14E-06 0.77266 

323 1.28E-06 0.78243 

333 1.45E-06 0.78948 

343 2.09E-06 0.79417 

353 3.08E-06 0.80769 

363 7.91E-06 0.87622 

373 8.72E-06 0.87255 

 

 It was observed from the Figure 3.9 that ionic conductivity 

increases with increase in temperature. The ionic conductivity of 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2  obeys Arrhenius law of conduction mechanism.  

 The Arrhenius equation is given by, 

       
   

                                                                             (3.8) 
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where A and K are constants. Ea is the energy of activation of the sample. It is 

calculated from the slope of the linear fit of Arrhenius plot (figure 3.10) and 

its value is found to be 0.29 eV. Further, the increase in ionic conductivity is 

also due to the availability of conducting ions in the material. It is inferred 

from the Figure 3.9 that, the maximum ionic conductivity of prepared sample 

was in the order of 10
-6

 S cm
-1

  

 

Figure 3.10. Arrhenius plot of Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 compound 

3.6 DIELECTRIC STUDIES 

 Study of the dielectric process is an important tool for valuable 

information about conduction process. The dielectric property indicates the 

amount of charge that can be stored by a material and it can be used as an 

indicator to prove, the increase in ionic conductivity is due to increase in 
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charge carriers. A wide frequency dielectric relaxation spectroscopy is a tool 

to study the relaxation of dipoles. The complex permittivity ε* or dielectric 

constant of a system is evaluated by means of following expression,                   

                                                                                          (3.9) 

where ε’ is the real part of dielectric constant and ε" is the imaginary part of 

dielectric constant of the material 

 i.e.     
  

   
            (3.10)     

    
  

   
             (3.11) 

where    is the real part of conductivity (S cm
-1

),  

 C is the parallel capacitance (F);  

 d  is the thickness of the pelletized sample (cm)   

 A is the area of the pelletized sample (cm
2
)  

 ω is the angular frequency and  

 εo is the permittivity of free space which is equal to 8.856x 10
-14

 F/cm.  

 Figure 3.11 represents the variation of real part of dielectric 

constant      with respect to the logarithmic variation of frequency for 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2. Figure 3.12 represents the variation of    as a 

function of log frequency for Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 at different 

temperature. 
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Figure 3.11 Logarithm of ω versus dielectric constant ε’ of 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 at different temperatures   

 

Figure 3.12 Logarithm of ω versus dielectric loss ε’’ of 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 at different temperatures   
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 The dispersion of dielectric constant is high at low frequency for all 

temperatures and this may be attributed to the formation of space charge 

region at the electrode interface, which is commonly known as         

variation or non-Debye nature of the behaviour, where the space charge 

regions with respect to the frequency are explained in terms of ion diffusion 

(Karuppasamy et al. 2013 a). At higher frequencies the change in the direction 

of the electric field lines is too fast to be followed by the charged ions and 

hence the dielectric constant decreases. From Figure 3.12 it is identified that 

the dielectric constant increases with increase in temperature. 

3.7 MODULUS SPECTRA ANALYSIS 

 The modulus spectra mainly reflect the bulk properties of the 

sample. Electric modulus relaxation studies was carried out between 303K 

and 403K in the complex modulus M* formalism. The complex modulus is 

given by the inverse of the complex dielectric permittivity 

    
 

  
                  (3.12) 

 Variation of real ( ′) and imaginary ( ′′) parts of the electric 

modulus as functions of frequency at various temperatures for 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 are shown in Figures 3.13 and 3.14. As the 

temperature increases, the peaks of  ′ and  ′′decrease gradually due to 

plurality of relaxation mechanism. The value of  ′ and  ′′tends to be zero in 

the vicinity of lower frequency which proposes that the electrode polarization 

at interface is negligible at lower frequencies. The presence of long straight 

line in the low frequency region confirms a large equivalent capacitance 

associated with electrode interface. In the mean time the value of M" 

decreased slowly at higher temperature due to decrease in charge carrier 

density at the space accumulation region. 
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Figure 3.13 Logarithm of ω versus real part of modulus of 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 at different temperatures 

 

Figure 3.14 Logarithm of ω versus imaginary part of modulus of 

Li(Li0.05Ni0.6Mn0.25Fe0.1)O2 at different temperatures 
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CHAPTER 4 

SYNTHESIS AND CHARACTERIZATION OF      

Li(Li0.05Ni0.7-x Mn0.25Alx)O2  CATHODE MATERIALS 

 

 The Li(Li0.05Ni0.7-xMn0.25Alx)O2  cathode material prepared by sol-

gel method. The structural and morphological studies of the samples were 

carried out using XRD and SEM. The presence of elements in the compound 

was identified using   EDS analysis. The complexation behaviour of the 

prepared samples was studied using the FTIR spectroscopy analysis. Raman 

spectroscopy was used for the phase identification of the samples. The ionic 

conductivity of the samples was analysed using Impedance spectroscopic 

analysis and the sample which shown higher ionic conductivity is subjected to 

study the dielectric analysis and electric modulus analysis. The results 

obtained were discussed herein. 

4.1 X-RAY DIFFRACTION STUDIES 

 Figure 4.1 shows the XRD pattern of Li(Li0.05Ni0.7-xMn0.25Alx)O2  

(x = 0, 0.1, 0.3, 0.5, 0.7) calcined at 850 ˚C. The observed diffraction peaks 

for the different composition x are indexed based on the hexagonal α–NaFeO2 

structure with a space group of R  m (166) which contains the alternate layers 

of Li atom and MO6 octahedra (M= Ni, Al, Mn) indicating pure phase layered 

crystal structure. As the concentration of aluminium increases the X-ray 

diffraction pattern shows some additional peaks along with the existing peaks 

of the layer structured compound. This can be due to the formation of 

aluminium oxide. The peak splitting observed near 38˚(006/102) and 
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65˚(018/110), shows that the layered structure is well developed as reported 

by Kim et al. (Kim et al. 2007). The appearance of peaks for the 2θ values at 

38˚and 65° correspond to well grown layered structure. The oxygen sub 

lattice in the α-NaFeO2 type structure forms a close-packed face centered 

cubic (fcc) lattice with a distortion in the ‘c’ direction, results in clear splitting 

between the (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) peaks in the XRD patterns.  

 

Figure  4.1 XRD patterns of Li(Li0.05Ni0.7-xMn0.25Alx)O2 (a) x = 0  

(b) x =0.1 (c) x =0.3 (d) x = 0.5 (e) x = 0.7 , * = Al2O3 
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 When this distortion in the ‘c’ direction is absent, the (0 0 6)/(1 0 2) 

and (1 0 8)/(1 1 0) peaks combine to form single peaks in the XRD pattern 

(Gao et al. 1998).  

 The peak splitting is not observed for the compound with lower 

value of composition ‘x = 0’. The formation of ideal layered structure can be 

observed for the higher values of ‘x’. Similar formation of layered structure 

with molecular formula LiNi1/3Mn1/3Co1/3O2 has been reported before by Kim 

et al. (Kim et al. 2007). Further, the intensity ratio of the peaks with lattice 

planes I003 and I104 gives the information about cationic mixing in the cathode 

material. The critical value of I003/ I104  ratio is 1.2 for the layer structured 

material (Valanarasu et al. 2011). When it is less than the critical value, there 

is significant amount of cationic mixing and the cationic mixing is absent for 

the I003/ I104 values greater than critical value. The ratio of I003/ I104 is found to 

be increase from 0.87 to 1.08 as the ‘x’ value increases from 0 to 0.7. 

 From the X-ray diffraction data, the value of interplanar spacing 

dhkl was calculated using the Bragg’s relation (Equation 3.1), (Kittel & 

McEuen 1976; Velumani et al. 1998). The lattice parameters a and c were 

calculated by Equation (3.2) (Thanikaikarasan et al. 2009). The total volume 

of the unit cell (V) is calculated using the Equation (3.3). 

 The lattice parameter ‘a’ and ‘c’ value changes with respect to the 

increase in value of x in the stoichiometric compound Li(Li0.05Ni0.7-

xMn0.25Alx)O2 which in turn reflects in the c/a ratio and unit cell volume, as 

obtained from Table 4.1. From Table 4.1, for sample Li(Li0.05Mn0.25Al0.7)O2, it 

is noticed that there is a great change in values of crystal parameters such as a, 

c, c/a and volume V. This may be due to the occupancy of aluminium to the 

interstitials of the hexagonal lattice. The crystallite size is estimated using 

Scherrer’s formula as given in Equation (3.4). The crystallite size for all the 

samples are found to be in the range of 50 nm. 
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Table 4.1  Crystal parameters of Li(Li0.05Ni0.7-xMn0.25Alx)O2 for  

x = 0, 0.1, 0.3, 0.5, 0.7               

Sample 
Crystallite 

size(nm) 
a(Å) c(Å) c/a V(Å

3
) I003/I104 

Li(Li0.05Ni0.7Mn0.25)O2 53 2.885 14.07 4.876 101.42 0.95 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 51 2.857 13.980 4.893 98.83 0.87 

Li(Li0.05Ni0.4Mn0.25Al0.3)O2 52 2.864 14.190 4.953 100.82 1.08 

Li(Li0.05Ni0.2Mn0.25Al0.5)O2 52 2.868 13.880 4.838 98.88 0.99 

Li(Li0.05Mn0.25Al0.7)O2 50 3.193 11.880 3.719 104.94 0.88 

 

4.2 FTIR SPECTROSCOPIC STUDIES 

 Figure 4.2 shows the vibrational spectra of the samples             

Li(Li0.05Ni0.7-xMn0.25Alx)O2 synthesized were recorded in the wave number 

range 400-4000 cm
-1

. The  intense peak for the synthesized material  

Li(Li0.05Ni0.7-x Mn0.25Alx)O2 with (i) x = 0 (ii) x = 0.1 (iii) x = 0 .3 (iv) x = 0.5 

(v) x = 0.7 are obtained at 570 cm
-1

,  585 cm
-1

, 617 cm
-1

, 642 cm
-1

, 653 cm
-1

 

respectively which is assigned to asymmetric stretching  modes of M-O  

(M = Ni/Mn/Al). The spectra show the shift in peak which indicates the 

increase in concentration of Aluminium. 

 The weak peaks obtained around 530 cm
-1

 may be attributed to Li-

O stretch which suggests the presence of Li in the material. Furthermore, the 

corresponding less intense peaks observed at 419 cm
-1

 , 420 cm
-1

 , 444 cm
-1

 , 

449 cm
-1

  and 450 cm
-1

 in Figure 4.2 (a-e) could be assigned to the bending 

modes of O-M-O chemical bonds (Suresh et al. 2005; Julien et al. 2000). 

Especially, for the spectra in Figure 4.3 (b-e) the peaks obtained at 777 cm
-1

, 

779 cm
-1

, 806 cm
-1

 and  807 cm
-1

 are assigned to the complex AlO4 and AlO6 

interactive vibrations (Saniger 1995). From the vibrational spectra analysis, it 

is concluded that, there is a good interaction between metal and oxygen. 
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Figure 4.2 FTIR spectra of Li(Li0.05Ni0.7-xMn0.25Alx)O2 (a) x = 0  

(b) x = 0.1 (c) x = 0.3  (d) x = 0.5 (e) x = 0.7 

4.3 RAMAN SPECTROSCOPY ANALYSIS 

 Figure 4.3 shows the Raman spectra of Li(Li0.05Ni0.7-xMn0.25Alx)O2 

samples prepared at various compositions. From Figure 4.3 a-e the peaks are 

observed around  571 cm
-1 

and 476 cm
-1

 which may corresponds to the metal 

oxide symmetric stretching and bending modes of vibration. The observed 

peaks are corresponding to the layered structure cathode material with a space 

group R  m (166) which is similar to the compound LiCoO2. Therefore the 

corresponding optical vibration modes are: 

                     (Huang & Frech 1996)  
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 The first two modes are visible only by Raman while the second 

two modes can be seen by IR. Theoretically, two Raman bands and four IR 

bands should be visible for the layer structured material with space group 

R  m (166). Figure 4.3 a-e shows the peaks around which are corresponding 

to the active M-O symmetrical stretching and bending vibrational Raman 

modes of A1g and Eg.  

 

Figure 4.3 Raman spectra of Li(Li0.05Ni0.7-xMn0.25Alx)O2 (a) x = 0  

(b) x = 0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 
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 The samples are clearly showing the two active Raman modes. The 

shift in peaks occurs around 470 cm
-1

 and 580 cm
-1 

are due to the increase in 

concentration of aluminium in the compound. The samples are clearly 

showing the two active Raman modes except the compounds with x = 0 and  

x = 0.7, which shows additional peaks other than the two modes. The 

additional peaks observed for the Li(Li0.05Ni0.7-xMn0.25Fex)O2 compound with 

x = 0 reflects the display of single peak at the 2θ values 38˚ and 68˚. This may 

correspond to the cubical sub lattice of oxygen in the α-NaFeO2 type 

structure. For x = 0.7, the humps observed around 300 cm
-1

 may be due to the 

absence of nickel in the compound (Riley et al. 2011). 

4.4 SCANNING ELECTRON MICROSCOPE AND ENERGY 

 DISPERSIVE ANALYSIS 

 Surface morphology of Li(Li0.05Ni0.7-xMn0.25Alx)O2 was studied by 

scanning electron microscopy. Figure 4.4 shows the SEM images of 

Li(Li0.05Ni0.7-xMn0.25Alx)O2. 

 The images show that particles are found to be agglomerated with 

spherical morphology. Similar pattern of particles are observed for all the 

samples. Moreover, the particles are found to be formed in different sizes 

mostly in the range of 200-350 nm. During the preparation of the precursor, 

the addition of citric acid as chelating agent leads to the even distribution of 

particles, which helps the particle size to be smaller after calcination. The 

large surface area of the material will be obtained from smaller particle size, 

which could shorten the diffusion path of lithium ion and be helpful to 

improve the electrochemical performance of the cathode material (Zheng et 

al. 2011). 
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Figure 4.4 SEM images of Li(Li0.05Ni0.7-xMn0.25Alx)O2 (a) x = 0   

(b) x = 0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 

 The EDS spectra of the synthesized Li(Li0.05Ni0.7-xMn0.25Alx)O2 are 

presented in Figure 4.5.  
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Figure 4.5 Energy dispersive spectra of Li(Li0.05Ni0.7-xMn0.25Alx)O2  

(a) x = 0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 

 The presence of Ni, Mn, Al and O in the prepared samples is 

confirmed from the EDS spectra. Lithium is not detected in the EDS spectrum 

due to its low atomic number (Jin et al. 2013). 
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4.5 IONIC CONDUCTIVITY MEASUREMENTS 

 From the conductance spectra of the samples ionic conductivity 

was calculated. Figure 3.6 shows the conductance spectra of the samples at 

room temperature. Among the samples of Li(Li0.05Ni0.7-xMn0.25Alx)O2 at 

different concentration x = 0, 0.1, 0.3, 0.5, 0.7, the sample with x = 0.1 has 

shown higher ionic conductivity of 3.244 x 10
-7

 S cm
-1

 excluding the sample 

with x = 0 as mentioned in section 3.5. The detailed study of the sample was 

done and the results are discussed herein. 

 

Figure 4.6 Conductance spectra of Li(Li0.05Ni0.7-xMn0.25Alx)O2 at room 

temperature for (a) x = 0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.5  

(e) x = 0.7  

 The ionic conductivity of the prepared Li(Li0.05Ni0.6Mn0.25Al0.1)O2 

was calculated by means Equation (3.5). 
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 The Cole-Cole impedance plot of Li(Li0.05Ni0.6Mn0.25Al0.1)O2 is 

given in Figure 4.7. The compressed semicircle was obtained at high 

frequencies which may due to distribution of relaxation times. The equivalent 

circuit for the impedance plot of Li(Li0.05Ni0.6Mn0.25Al0.1)O2 at room 

temperature is mentioned in figure 4.8. It is the combination of parallel 

connection of a resistance and constant phase element with the values of  

Rb = 0.84356 MΩ and CPE = 21.61 μF. 

 

Figure 4.7 Cole-Cole impedance plot of Li(Li0.05Ni0.6Mn0.25Al0.1)O2 at 

different temperatures 

 Figure 4.9 shows the frequency dependent of ac conductivity of 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 pellet at different temperatures. It shows the 

behaviour of an ionic material. The spectrum consists of two region: the 

plateau at low frequency region which is independent of the applied 
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frequency which is attributed to the dc conductivity and dispersed 

conductivity region at high frequency. The low frequency plateau region 

appears due to the hopping motion of Li ions.  i.e. the long range transport of 

Li-ions in the response of applied field.  The extrapolation of this plateau to 

Y-axis gives the dc conductivity of the sample. The dc conductivity value is 

also been obtained from the nonlinear curve fit using Origin 8 software. 

 

Figure 4.8  Equivalent circuit for the impedance plot of 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 at room temperature 

 The dc conductivity of Li(Li0.05Ni0.6Mn0.25Al0.1)O2 is found to be 

2.41×10
-7

 S cm
-1 

at 100 ºC (650 °C sintered sample). The higher values of 

conductivity in the high frequency region are attributed to interrelated 

forward-backward motions of ions (Mariappan & Govindaraj 2004; Funke 

1993).  The observed behavior is in good agreement with the jump relaxation 

model (Baral & Sankaranarayanan 2009; Dyre 1988).  According to this 

model, at lower frequencies an ion can jump from one site to other site 

successfully and contribute to dc conductivity (Funke 1997).  
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Figure 4.9 Conductance spectra of Li(Li0.05Ni0.6Mn0.25Al0.1)O2 at 

various temperatures 

 The ac conductivity shows the high frequency dispersion region 

that is typical of UDR (Universal Dielectric Response) and the electrical 

network response (Bowen &Almond 2006). The typical frequency 

dependence conductivity spectrum exhibits three distinct regions (i) Low 

frequency dispersed (ii) an intermediate plateau and (iii) conductivity 

dispersion at high frequency. At the low frequency region, the variation may 

be ascribed to the polarization effects at the electrode-electrolyte interface. At 

very low frequencies, large amount of charge accumulation occurs and hence 

leads to drop in conductivity. In the intermediate frequency region, 

conductivity is almost found to be frequency independent and is equal to the 

dc conductivity. Meanwhile, at the high frequency region, the conductivity 

increases with frequency. The frequency dependence of electrical 

conductivity of solid electrolytes is explained by a simple expression given by 

Jonscher’s power law (Equation 3.6). The power law relates the frequency 

dependent conductivity or universal dynamic response (UDR) of ionic 

conductivity (Jonscher 1977).     
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 The calculated conductivity values are given in table 4.2.  The 

domination of dc conductivity at higher temperatures is observed from the 

table 4.2. The increase in conductivity with increase in temperature, is due to 

the mobile ions that acquire more thermal energy and have a feasible 

movement of ions to cross the potential barriers (Pal et al. 2009).The 

exponent ‘n’ represents the degree of interaction between mobiles ions and 

the environments surrounding them (Hannachi et al. 2010; Chen et al. 2009) 

According to Funke (Funke 1993), ʹn′ might have a physical meaning as given 

by Equation (3.7). 

 Where, back hop rate is the backward motion of an ion to its initial 

site due to either bad site or by coulomb repulsive interaction between mobile 

ions. The site relaxation time is the time required for an ion to come to rest 

when site potential is minimum to the position of the ion that is caused by a 

rearrangement of neighboring ions. When the value of ‘n’ is less than 1, the 

hopping motion involved is a translational motion with a long hop (Oueslati et 

al. 2010) .Further, the measure of ‘n’ value represents degree of order of the 

system. If n<1, it is said to be ordered system and if n>1 means, the disorder 

of the system increases. The computed n values are presented in   Table 4.2. 

In this case, the ‘n’ values ranges from 1 to 1.2 which is greater than one and 

it also signifies the well localized and/or the reorientation of hopping motion 

in charge carriers. An uniform variation of “n” value is not observed for the 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 pellet sintered at 650 °C which indicates that the 

presence of unequal potential barriers.  

 The dielectric and electric modulus studies are done for the 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 pellet sintered at 650 °C, 5 h because it shows 

higher conductivity compared with other samples. 

 The ionic conductivity of Li(Li0.05Ni0.6Mn0.25Al0.1)O2 obeys Arrhenius 

law (Equation 3.8) of conduction mechanism since ionic conductivity increases 

with increase in temperature. The energy of activation of the sample is calculated 
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from the slope of the linear fit of Arrhenius plot (Figure 4.10) and its value is 

found to be 0.015 eV. Further, the increase in ionic conductivity is also due to the 

availability of conducting ions in the material.   

Table 4.2  Calculated conductivity value for Li(Li0.05Ni0.6Mn0.25Al0.1)O2 

at different temperatures 

Temperature (K) Conductivity σ (Scm
-1

) n 

303 1.85E-07 1.21604 

313 1.87E-07 1.10192 

323 1.95E-07 1.06042 

333 2.07E-07 1.13183 

343 2.08E-07 1.07308 

353 2.11E-07 1.09095 

363 2.22E-07 1.10621 

373 2.41E-07 1.10376 

 

 

Figure 4.10  Arrhenius plot of  Li(Li0.05Ni0.6Mn0.25Al0.1)O2 compound 
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4.6 DIELECTRIC STUDIES 

 The dielectric spectra analysis has a significant role, from which we 

obtain the valuable information about conduction process. The dielectric 

property reveal the storage of charge in the material, which can be used as an 

indicator to prove, the increase in ionic conductivity is due to increase in 

charge carriers. A wide frequency dielectric relaxation spectroscopy is a tool 

to study the relaxation of dipoles. The complex permittivity ε* or dielectric 

constant of a system is evaluated using Equation (3.7).                   

 The variation of real part of dielectric constant      with respect to 

the logarithmic variation of frequency for Li(Li0.05Ni0.6Mn0.25Al0.1)O2 is 

shown in Figure 4.11. Figure 4.12 represents the variation of    as a function 

of log frequency for Li(Li0.05Ni0.6Mn0.25Al0.1)O2 at different temperature. 

 

Figure 4.11 Logarithm of ω versus dielectric constant ε’ of 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 at different temperatures 
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 The dispersion of dielectric constant is high at low frequency for all 

temperatures and this may be attributed to the formation of space charge 

region at the electrode interface, which is commonly known as         

variation or non-Debye nature of the behavior, where the space charge regions 

with respect to the frequency are explained in terms of ion diffusion 

(Karuppasamy et al. 2013). The change in the direction of the electric field 

lines at higher frequencies is too fast to be followed by the charged ions and 

hence the dielectric constant decreases. From Figure 4.11 it is identified that 

the dielectric constant increases with increase in temperature. 

 

Figure 4.12 Logarithm of ω versus dielectric loss ε’’ of 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 at different temperatures  

4.7 MODULUS SPECTRA ANALYSIS 

 The bulk properties of the sample is reflected by the modulus 

spectra. Electric modulus relaxation studies was carried out between 303 K 

and 403 K in the complex modulus M* formalism. The complex modulus is 

given by the inverse of the complex dielectric permittivity as mentioned in 
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Equation (3.10). Figures 4.13 and 4.14 show the variation of real ( ′) and 

imaginary ( ′′) parts of the electric modulus of Li(Li0.05Ni0.6Mn0.25Al0.1)O2 as 

functions of frequency at various temperatures. 

 

Figure 4.13 Logarithm of ω versus real part of modulus of 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 at different temperatures 

 

Figure 4.14 Logarithm of ω versus imaginary part of modulus of 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 at different temperatures 
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 As the temperature increase, the peaks of  ′ and  ′′has decreased 

gradually due to plurality of relaxation mechanism. The value of  ′ and 

 ′′tends to be zero in the vicinity of lower frequency which proposes that the 

electrode polarization at interface is negligible at lower frequencies. The 

presence of long straight line in the low frequency region confirms a large 

equivalent capacitance associated with electrode interface. In the mean time 

the value of M" decreased slowly at higher temperature due to decrease in 

charge carrier density at the space accumulation region. 
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CHAPTER 5 

SYNTHESIS AND CHARACTERIZATION OF  

Li(Li0.05Ni0.7-xMn0.25Cox)O2  CATHODE MATERIALS 

 

 The lithium rich Li(Li0.05Ni0.7-xMn0.25Cox)O2 cathode materials were  

prepared by sol-gel method. The structural and morphological behaviour of 

the samples were identified using XRD and SEM. The presence of elements 

in the compound was confirmed from the EDS analysis. The vibrational 

analysis using FTIR spectroscopy was used to find the interaction of metal - 

oxygen. Raman spectroscopy was used for the phase identification of the 

samples. The samples were subjected to impedance spectroscopic analyses. 

Coin cells were fabricated using the sample with higher ionic conductivity. 

The cyclic voltammetry analysis and charge - discharge analysis were carried 

out using the coin cells. In this chapter, we present the results obtained and 

detailed discussion.  

5.1 X-RAY DIFFRACTION STUDIES 

 Figure 5.1 displays the image of XRD pattern of Li(Li0.05Ni0.7-

xMn0.25Cox)O2  calcined at 850 ˚C. The diffraction peaks observed are indexed 

based on the hexagonal α–NaFeO2 structure with a space group of R  m (166) 

[JCPDS file no 44-0145] (Laha et al. 2013; Hewston & Chamberland 1987). 

This shows the presence of alternate layers of Li atom and MO6 octahedra 

(M= Ni, Co, Mn) indicating pure phase layered crystal structure (Jeong et al. 

2006). The peak splitting observed near 38˚(006/102) and 65˚(018/110), 

shows that the layered structure is well developed as reported by Kim et al. 
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(Kim et al. 2007). The appearance of peaks for the 2θ values at 38˚and 65° 

correspond to well grown layered structure. In the α-NaFeO2 type structure, the 

oxygen sub lattice forms a close-packed face centered cubic (fcc) lattice with a 

distortion in the ‘c’ direction, results in clear splitting between the  

(0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) peaks in the XRD patterns. Meanwhile, in the 

absence of distortion in ‘c’ direction, the (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) 

peaks combine to form single peak in the XRD pattern (Gao et al. 1998).  The 

peak splitting is not observed for the compounds with lower values of 

composition ‘x’.  

 The formation of ideal layered structure can be observed for the 

higher values of ‘x’. Similar formation of layered structure with molecular 

formula LiNi1/3Mn1/3Co1/3O2 has been reported earlier by Kim et al (Kim et al. 

2007). The intensity ratio of the peaks with lattice planes I003 and I104 gives the 

information about cationic mixing in the cathode material. The critical value of 

I003/ I104  ratio is 1.2 for the layer structured material (Valanarasu et al. 2011). 

When it is less than the critical value, there is significant amount of cationic 

mixing and the cationic mixing is absent for the I003/ I104 values greater than 

critical value. In this study the ratio of I003/ I104 is found to be increase from 0.94 

to 1.25 as the ‘x’ value increases from 0 to 0.7 obtained from Table 5.1. 

 From the X-ray diffraction data, the value of interplanar spacing 

dhkl was calculated using the Bragg’s relation (Equation 3.1), (Kittel & 

McEuen 1976; Velumani et al. 1998). The unit cell is a parallelepiped built on 

the vectors  a, b, c of a crystallographic basis of the direct lattice. Its volume 

is given by the scalar triple product, V = (a, b, c) and corresponds to the 

square root of the determinant of the metric tensor (Drenth 2007). The lattice 

parameters ‘a’ and ‘c’ were calculated using the Equation (3.2), 

(Thanikaikarasan et al. 2009). The total volume of the unit cell (V) is 

calculated by Equation (3.3). The lattice parameter ‘a’ and ‘c’ value changes 



82 

 

 

with respect to the increase in value of x in the stoichiometric compound 

Li(Li0.05Ni0.7-xMn0.25Cox)O2 which in turn reflects in the c/a ratio and unit cell 

volume, as obtained from Table 5.1.  

 

Figure  5.1  XRD patterns of Li(Li0.05Ni0.7-xMn0.25Cox)O2 (a) x = 0  

(b) x = 0.1 (c) x = 0.3   (d) x = 0.5 (e) x =0.7 

 It is also noticed that there is a gradual decrease in unit cell volume 

with respect to the concentration of cobalt and nickel in the samples prepared. 
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This is because; the ionic radius of Co
3+

 (0.545 Å) is smaller than the Ni
2+ 

(0.69 Å). The crystallite size was estimated using Scherrer’s formula 

(equation 3.4), (Holzwarth & Gibson 2011). Using the Scherrer’s equation the 

crystallite sizes obtained were found to be in the nanometer range. The 

crystallite size was measured by taking the average of three main line widths 

from the XRD patterns. From Table 5.1, it is seen that the crystallite size 

increases with increase in x except for sample with x = 0.5, which may be due 

to the agglomeration of crystallites. The average crystallite size of the samples 

calculated using the Debye Scherrer formula were around 60 nm. 

Table 5.1  Crystal parameters of Li(Li0.05Ni0.7-xMn0.25Cox)O2 for  

x = 0, 0.1, 0.3, 0.5, 0.7 

Sample 
Crystallite 

size(nm) 
a(Å) c(Å) c/a V(Å

3
) I003/I104 

Li(Li0.05Ni0.7Mn0.25)O2 53 2.885 14.07 4.876 101.418 0.948 

Li(Li0.05Ni0.6Mn0.25Co0.1)O2 48 2.892 14.04 4.854 101.693 0.955 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 57 2.872 14.01 4.877 100.084 0.995 

Li(Li0.05Ni0.2Mn0.25Co0.5)O2 88 2.823 14.04 4.973 96.905 1.23 

Li(Li0.05Mn0.25Co0.7)O2 60 2.814 13.92 4.949 95.507 1.25 

 

5.2 FTIR SPECTROSCOPIC STUDIES 

 The vibrational spectra of the Li(Li0.05Ni0.7-x Mn0.25Cox)O2 samples  

synthesized were recorded in the wave number range 400-1000 cm
-1

 and 

presented in Figure 5.2. The  intense peak for the synthesized material 

Li(Li0.05Ni0.7-x Mn0.25Cox)O2 with (i) x = 0  (ii) x = 0.1 (iii) x = 0 .3 (iv) x = 0.5 

(v) x = 0.7 are obtained at 570 cm
-1

,  576 cm
-1

, 591 cm
-1

, 606 cm
-1

, 609 cm
-1

 

respectively which is assigned to asymmetric stretching  modes of  M-O      

(M = Ni/Co/Mn). The peak shift in the spectra is indicating the increase in 
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concentration of cobalt. The weak peaks obtained around 530 cm
-1

 may be 

attributed to Li-O stretch which suggests the presence of Li in the material. 

 

Figure 5.2 FTIR spectra of Li(Li0.05Ni0.7-xMn0.25Cox)O2 (a) x = 0  

(b) x = 0.1 (c) x = 0.3  (d) x = 0.5 (e) x = 0.7 

 Furthermore, the corresponding less intense peaks observed at  

419 cm
-1

, 420 cm
-1

 , 425 cm
-1

 , 426 cm
-1

  and 431 cm
-1

 in Figure 5.3 (a-e) 

could be assigned to the bending modes of O-M-O chemical bonds (Suresh et 

al. 2005; Julien et al. 2000). From the vibrational spectra analysis, it is 

concluded that, there is a good interaction between metal and oxygen. 
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5.3 RAMAN SPECTROSCOPY ANALYSIS 

 Raman spectra of  Li(Li0.05Ni0.7-x Mn0.25Cox)O2 samples prepared at 

various compositions are shown in Figure 5.3. It is observed from Figure 5.3 

(b) that the peaks around 571 cm
-1 

and 476 cm
-1

 correspond to the metal oxide 

symmetric stretching and bending modes, respectively. The layered structure 

cathode material with a space group R  m (166) is similar to the compound 

LiCoO2 (Gu et al. 2005).Therefore the corresponding optical vibration modes 

are:                    (Huang & Frech 1996).  

 

Figure 5.3 Raman spectra of Li(Li0.05Ni0.7-xMn0.25Cox)O2  (a) x  = 0  

(b) x = 0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 
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 The first two modes are visible only in Raman spectra while the last 

two modes are visible in IR spectra. Theoretically, two Raman bands and four 

IR bands should be visible for the layer structured material with space group 

R  m. Figure 5.3 (b-e) shows the peaks around 585 cm
-1 

and 480 cm
-1

 which 

are corresponding to the active M-O symmetrical stretching and bending 

vibrational Raman modes of A1g and Eg. The samples are clearly showing the 

two active Raman modes except for the samples with composition  x = 0 and 

x = 0.7, which shows additional peaks other than the two modes. The 

additional peaks observed for the Li(Li0.05Ni0.7-xMn0.25Cox)O2 compound with 

x = 0 reflects the display of single peak at the 2θ values 38˚ and 68˚. This may 

correspond to the cubical sub lattice of oxygen in the α-NaFeO2 type 

structure. For x = 0.7, the hump observed near 420 cm
-1

 can be due to the 

absence of nickel in the compound (Riley et al. 2011).  

5.4 SCANNING ELECTRON MICROSCOPE AND ENERGY 

 DISPERSIVE ANALYSIS 

 Surface morphology of Li(Li0.05Ni0.7-xMn0.25Cox)O2 was studied by 

scanning electron microscopy.SEM images of Li(Li0.05Ni0.7-xMn0.25Cox)O2 are 

presented in Figure 5.4. The images show that particles are found to be 

agglomerated with spherical morphology. Similar pattern of particles are 

observed for all the samples. Moreover, the particles are found to be formed 

in different sizes mostly in the range of 200-250 nm. When preparing the 

precursor, the addition of citric acid as chelating agent leads to the even 

distribution of particles, which in turn helps to keep the particle size small 

after calcination. The large surface area of the material will be obtained from 

smaller particle size, which could shorten the diffusion path of lithium ion and 

be helpful to improve the electrochemical performance of the cathode 

material (Zheng et al. 2011).  
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 The EDS spectra of the synthesized Li(Li0.05Ni0.7-xMn0.25Cox)O2 are 

presented in Figure 5.5. The spectra confirm the presence of Ni, Mn, Co and 

O in the prepared samples. Lithium is not detected in the EDS spectrum due 

to its low atomic number (Jin et al. 2013). 

      

        

 

Figure 5.4 SEM images of Li(Li0.05Ni0.7-xMn0.25Cox)O2 (a) x = 0 (b) x = 

0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 
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Figure 5.5 Energy dispersive spectra of Li(Li0.05Ni0.7-xMn0.25Cox)O2  

(a) x = 0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.5 (e) x = 0.7 
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5.5 IONIC CONDUCTIVITY MEASUREMENTS 

 The ionic conductivity of the prepared samples was calculated from 

the conductance spectra. The conductance spectra of the samples at room 

temperature are given in Figure 5.6. Among the samples of Li(Li0.05Ni0.7-x 

Mn0.25Cox)O2, the sample with  x = 0.3 has shown higher ionic conductivity of 

1.27x10
-4

 S cm
-1

 excluding the sample x = 0 as mentioned in section 3.5. The 

detailed study of the sample was done and the results are discussed herein. 

 

Figure 5.6 Conductance spectra of Li(Li0.05Ni0.7-xMn0.25Cox)O2 at room 

temperature for (a) x  = 0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.5  

(e) x = 0.7  

 The ionic conductivity of the prepared Li(Li0.05Ni0.4Mn0.25Co0.3)O2  

was calculated using the relation mentioned in Equation (3.5). 
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 Figure 5.7 represents the Cole-Cole impedance plot of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2. It is inferred from the plot that at high 

frequencies a compressed semicircle was obtained. This may due to 

distribution of relaxation times. Figure 5.8 shows the equivalent circuit of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2  at room temperatures. The equivalent circuit 

represents the parallel combination of resistance and capacitance. The bulk 

resistance Rb value decreased with increase in temperature. The values of Rb  

and CPE are 1105 Ω and 19.97 μF. 

 

Figure 5.7 Cole-Cole impedance plot of Li(Li0.05Ni0.4Mn0.25Co0.3)O2  at 

different temperatures 

 

Figure 5.8 Equivalent circuit of Li(Li0.05Ni0.4Mn0.25Co0.3)O2  material at 

room temperature 
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 Figure 5.9 shows the conductance spectra of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 pellet at different temperatures. It shows the 

behavior of an ionic material. This spectrum displays two regions: the plateau 

at low frequency region which is independent of the applied frequency and is 

attributed to the dc conductivity and the dispersion of conductivity at higher 

frequency region.  The low frequency plateau region appears due to the 

hopping motion of Li ions.  i.e. the long range transport of Li-ions in response 

to applied field.  The extrapolation of this plateau to Y-axis gives the dc 

conductivity of the sample. The dc conductivity value is also been obtained 

from the nonlinear curve fit using Origin 8 software.  

 

Figure 5.9 Conductance spectra for Li(Li0.05Ni0.4Mn0.25Co0.3)O2  at 

various temperatures 

 The dc conductivity of Li(Li0.05Ni0.4Mn0.25Co0.3)O2 is found to be 

5.44×10
-4

 S cm
-1 

at 110 ºC (650 °C sintered sample) which is similar to the  

previous reports available for the parent compound LiCoO2 (Rao et al. 2014; 

Khatun et al. 2014). The higher values of conductivity in the high frequency 
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region are attributed to interrelated forward-backward motions of ions 

(Mariappan & Govindaraj 2004; Funke 1993).  The observed behavior is in 

well agreement with the jump relaxation model (Baral & Sankaranarayanan 

2009; Dyre 1988).  According to this model, at lower frequencies an ion can 

jump from one site to other site successfully and contribute to dc conductivity 

(Funke 1997).  

 The ac conductivity from the conductance spectra (Figure 5.9) 

shows that the high frequency dispersion region is typical of UDR (Universal 

Dielectric Response) and the electrical network response (Bowen & Almond 

2006). The typical frequency dependence conductivity spectrum exhibits 

three distinct regions (i) low frequency dispersed (ii) an intermediate plateau 

and (iii) conductivity dispersion at high frequency. The variation of 

conductivity in the low frequency region may be attributed to the polarization 

effects at the electrode-electrolyte interface.  

 At very low frequencies, more charge accumulation occurs and 

hence leads to drop in conductivity. In the intermediate frequency region, 

conductivity is almost found to be frequency independent and equal to dc 

conductivity and at the high frequency region, the conductivity increases with 

frequency. The frequency dependence of electrical conductivity of solid 

electrolytes is explained by a simple expression given by Jonscher’s power 

law (Equation 3.6). This power law relates the frequency dependent 

conductivity or the so-called universal dynamic response (UDR) of ionic 

conductivity and frequency (Jonscher 1977). The calculated conductivity 

values are listed in the Table 5.2. 
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Table 5.2 Calculated conductivity value for Li(Li0.05Ni0.4Mn0.25Co0.3)O2  

at different temperatures 

Temperature 

(K) 

Conductivity σ 

(Scm
-1

) 
n 

303 1.02E-04 0.27496 

323 1.35E-04 0.2676 

343 2.43E-04 0.28442 

363 3.20E-04 0.27689 

383 4.10E-04 0.29097 

403 5.44E-04 0.32828 

 

 It is also evident that dc conductivity becomes dominant at higher 

temperatures. This increase in conductivity at higher temperature is due to the 

mobile ions which acquire more thermal energy and can easily cross the 

potential barriers (Pal et al. 2009). The exponent ‘n’ represents the degree of 

interaction between mobile ions and the environments surrounding them 

(Hannachi et al. 2010; Chen et al. 2009). According to Funke (Funke 1993), 

ʹn′ is given by Equation (3.7).  

where, back hop rate is the backward motion of an ion to its initial site due to 

either bad site or by coulomb repulsive interaction between mobile ions. The 

site relaxation time is the time required for an ion to come to rest when site 

potential is minimum to the position of the ion that is caused by a 

rearrangement of neighboring ions. When the value of ʹnʹ is less than 1, the 

hopping motion involved is a translational motion with a long hop (Oueslati et 

al. 2010) .Further, ‘n’ value measure the degree of order of the system. If n<1, 

it is said to be ordered system and if n>1 means, the disorder of the system 

increases. The computed n values are presented in Table 5.2. In this case, the 

‘n’ values ranges from 0.25 to 0.33 which is less than one show that the 

system is ordered. The dielectric and electric modulus studies are done for the 
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Li(Li0.05Ni0.4Mn0.25Co0.3)O2 pellet sintered at 650 °C for  5 h because it shows 

higher conductivity compared with other samples. 

 Figure 5.9 shows the temperature dependent dc conductivity of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2  pellet sintered at 650 °C for  5 h . The dc 

conductivity values are extracted from the conductance spectra (Figure 5.9) 

and it is presented in Table 5.2. The ionic conductivity of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 obeys Arrhenius law(Equation 3.8) of conduction 

mechanism since ionic conductivity increases with increase in temperature. It 

is found that the conductivity increases with increase of temperature. The 

Arrhenius plot (Figure 5.10) is drawn using the obtained conductivity values 

and their corresponding temperature. The energy of activation Ea of the 

sample is calculated from the slope of the linear fit of Arrhenius plot and its 

value is found to be 0.16 eV. Moreover, the increase in ionic conductivity is 

also due to the availability of conducting ions in the material. 

 

Figure 5.10. Arrhenius plot of Li(Li0.05Ni0.4Mn0.25Co0.3)O2 compound 
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5.6 DIELECTRIC STUDIES 

 Study of the dielectric process is an important tool for valuable 

information about conduction process. The dielectric property indicates the 

amount of charge that can be stored by a material. It can be used as an 

indicator to prove the increase in ionic conductivity due to increase in charge 

carriers. A wide frequency dielectric relaxation spectroscopy is a tool to study 

the relaxation of dipoles. The complex permittivity ε* or dielectric constant of 

a system is evaluated by means of the Equation (3.9). Figure 5.11 represents 

the variation of real part of dielectric constant ε’ for 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 with respect to the logarithmic frequency.                      

Figure 5.12 represents the variation of ε" as a function of log frequency for 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2  at different temperatures.  

 

Figure 5.11 Logarithm of ω versus dielectric constant ε’ of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at different temperatures  

 The dispersion of dielectric constant is high at low frequency for all 

temperatures and this may be attributed to the formation of space charge 

region at the electrode interface, which is commonly known as         

variation or non - Debye nature of the behaviour, where the space charge 
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regions with respect to the frequency are explained in terms of ion diffusion 

(Karuppasamy et al. 2013). At higher frequencies the change in the direction 

of the electric field lines is too fast to be followed by the charged ions and 

hence the dielectric constant decreases. From Figure 5.11 it is identified that 

the dielectric constant increases with increase in temperature. 

 

Figure 5.12 Logarithm of ω versus dielectric loss ε’’ of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at different temperatures   

5.7 MODULUS SPECTRA ANALYSIS 

 The modulus spectra mainly reflect the bulk properties of the 

sample. Electric modulus relaxation studies was carried out between 303 K 

and 403 K in the complex modulus M* formalism. The complex modulus is 

given by the inverse of the complex dielectric permittivity is given by 

Equation (3.12). Variation of real (M′) and imaginary (M′′) parts of the 

electric modulus as function of frequency for Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at 

various temperatures are shown in Figures 5.13 and 5.14. As the temperature 

increase, the peaks of M′ and M′′has decreased gradually due to plurality of 

relaxation mechanism. 
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Figure 5.13 Logarithm of ω versus real part of modulus of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at different temperatures 

 

Figure 5.14 Logarithm of ω versus imaginary part of modulus of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at different temperatures 

 The value of M′ and M′′tends to be zero in the vicinity of lower 

frequency which proposes that the electrode polarization at interface is 

negligible at lower frequencies (Rao et al. 2006). The presence of long 

straight line in the low frequency region confirms a large equivalent 

capacitance associated with electrode interface. In the mean time the value of 
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M" decreased slowly at higher temperature due to decrease in charge carrier 

density at the space accumulation region. 

5.8          ELECTROCHEMICAL STUDIES 

 Among the samples studied,  Li(Li0.05Ni0.7-xMn0.25Cox)O2 the 

sample with  x = 0.3 was found to have the maximum ionic conductivity  

(10
-3.4

 Scm
-1

). Therefore, the coin cell was fabricated using 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2  as the cathode. The same sample was used as the 

positive electrode in the preparation of coin cell and the electrochemical 

impedance of the cell Li/ Li(Li0.05Ni0.4Mn0.25Co0.3)O2  was studied.  

 Figure 5.15 shows the impedance spectroscopy of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 before and after cycling at 1 C rate. AC 

impedance was measured to explore the difference in cycling characteristics. 

The impedance spectra after cycling constitute two semicircles which show an 

inclined line in the lower frequency range which are attributed to Warburg 

impedance that is related to the lithium ion diffusion through the cathode. As 

observed the resistance of Li(Li0.05Ni0.4Mn0.25Co0.3)O2  after cycling is much 

smaller than the resistance before cycling. Figure 5.16 shows the equivalent 

circuit of the impedance plot obtained before and after cycling. Before cycling 

the equivalent circuit (Figure 5.16 a) displays the parallel combination of 

constant phase element (CPE) and charge transfer resistance (Rct) connected 

series to the electrolyte resistance (Re). Where the values of Re and Rct are   

5.488 Ω and 32.843 Ω respectively. From Figure 5.16 (b) it is observed that 

there is an addition of parallel combination of resistance and CPE connected 

series to the equivalent circuit obtained for impedance before cycling. The 

three resistance obtained are electrolyte resistance Re, surface layer resistance 

Rsl and charge transfer resistance Rct. The values of Re, Rsl and Rct are 2.628 

Ω, 10.89 Ω and 16.45 Ω. From this it is clear that the conductivity of the cell 

is improved after cycling. 
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 Figure 5.17 shows the cyclic voltammogram for 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2  cathode in the potential range of 2.8-4.7 V vs. 

Li/Li
+ 

at a scan rate of 1 mV s
-1

. The CV shows a cathodic peak at 3.9 V 

which represents the lithiation followed by an anodic peak at 3.6 V. Similar 

results were observed in the studies reported earlier (Riley et al. 2011). 

 

Figure 5.15 Electrochemical impedance spectra of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 before  and after  20 cycles at 1C 

rate 

 

Figure 5.16 Equivalent circuit of impedance plot of 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2 (a) before cycling and (b) after 

cycling 
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Figure 5.17 Cyclic voltammogram of Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at a 

scan rate of 1 mV s
-1

  for  seven cycles at room temperature 

 The peak observed can be attributed to the redox couple of 

Ni
2+/4+

,whereas the Mn
4+

 are recognized to be electrochemically inactive. The 

weak peak around 4.0 V represents the Li
+
 extraction from the LiMO2  

(M = Ni, Mn, Co) component associated with the oxidation of transition metal 

ions, which corresponds to the voltage slope below 4.5 V. Meanwhile the pair 

of Co
3+/4+

 couple appears due to its redox reaction taking place at a potential 

of 4.6 V (Hsieh et al. 2013). Therefore within the potential range, the redox 

peaks of Ni
2+/4+

 and  Co
3+/4+ 

can be observed for the cathode. The CV curve 

recorded in the succeeding cycles almost showed the same trace as in the first 

cycle, which illustrate good reversibility of lithiation /delithiation process.       

  Prepared coin cells using Li(Li0.05Ni0.4 Mn0.25Co0.3)O2 are subjected 

to charge discharge studies with different current rates such as  0.5, 1 and 2 C  

for 20 cycles in the voltage range between 2.8 and 4.7 V. Galvanostatic 

charge-discharge characteristics at 0.5 C rate is shown in figure 5.18. Similar 

behavior is exhibited for profiles obtained at different current rates such as 1, 

2 C is shown in Figure 5.19 and 5.20.  
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Figure 5.18 Charge-discharge curves of Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at   

0.5 C rate for 20 cycles 

 

 

Figure 5.19 Charge-discharge curves of Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at     

1 C rate for 20 cycles 
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Figure 5.20 Charge-discharge curves of Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at     

2 C rate for 20 cycles 

 At initial stage, the discharge capacity value is found to be in the 

range of 167, 159 and 123 mAh g
-1

 for three different current rates 0.5,1 and 2 

C. At the final stage (20
th

 cycle) the value of discharge capacity is found to be 

in the range of 161,154 and 120 mAh g
-1

. This may be due to movement of Li 

ion taking place slowly while increasing the number of cycles. The initial 

discharge capacity at different current rates is shown in Figure 5.21. 

 Variation of discharge capacity with number of cycles is shown in 

Figure 5.22. The fading rate is found to be in the range between 0.25 and 0.15 

mAh g
-1

. The discharge capacity and capacity fading rate value for the sample 

obtained at 0.5 C are found to be 167 mAh g
-1

, 0.25 mAh g
-1

, respectively 
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Figure 5.21 Initial discharge capacity of Li(Li0.05Ni0.4Mn0.25Co0.3)O2 at 

0.5 C, 1 C and 2 C rate  

 

Figure 5.22 Capacity versus cycle number of Li(Li0.05Ni0.4Mn0.25Co0.3)O2 

at 0.5 C, 1 C and 2 C rate  



104 

 

 

 The process of finding coloumbic efficiency is just a comprehensive 

performance of charge discharge process. They are based on irreversibile 

capacity (difference in value between charge and discharge capacity), and the 

value of capacity. The relationship between coloumbic efficiency, irreversible 

capacity and charge capacity is given by the following equation, 

      
   

  
              (5.1) 

 The parameters Q, CIR and CC are the initial Coulombic efficiency, 

irreversible capacity and charge capacity, respectively. In fact, the ratio of 

CIR/CC is the main parameter for the initial Coulombic efficiency (Yu & Zhou 

2012). Here, the Coulombic efficiency is about 84 % for 2 C rate and 83 % 

for 1 C and 0.5 C rates.  

 From the impedance spectroscopic analysis it is found that the 

resistance value of the cell prepared using Li(Li0.05Ni0.4 Mn0.25Co0.3)O2 as 

cathode materials shows improvement after cycling. The cyclic 

voltammogram shows the corresponding redox potentials which results good 

reversibility of lithiation and delithiation process. The charge-discharge 

studies shows a high discharge capacity of 167 mAh g
-1

 at 0.5 C rate and 

Coulombic efficiency of 83 %.  
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 

 In the present study, we have prepared three different system of               

Li(Li0.05Ni0.7-xMn0.25Fex)O2, Li(Li0.05Ni0.7-xMn0.25Alx)O2 and Li(Li0.05Ni0.7-

xMn0.25Cox)O2  (x = 0, 0.1, 0.3, 0.5, 0.7) cathode materials by citric acid 

assisted sol-gel technique. The samples prepared were subjected to XRD 

analysis and the structural properties were studied in detail. From the 

vibrational spectroscopy analysis such as FTIR and Raman the metal oxygen 

interaction were observed. The morphological behavior of the samples were 

studied from SEM analysis. The presence of elements were identified from 

the EDS analysis. In each system the sample with higher ionic conductivity 

was identified using impedance spectroscopic analysis and subjected to the 

detailed study of dielectric spectra and electric modulus spectra. Coin cells 

were fabricated using the cathodic material which showed higher ionic 

conductivity. EIS analysis, Cyclic voltammetry and charge – discharge 

analysis were carried out on these coin cells. 

 XRD analysis of Li(Li0.05Ni0.7-xMn0.25Fex)O2, Li(Li0.05Ni0.7-

xMn0.25Alx)O2 and Li(Li0.05Ni0.7-xMn0.25Cox)O2  (x = 0, 0.1, 0.3, 0.5, 0.7) 

cathode materials possessed layered hexagonal α-NaFeO2 structure with the 

space group of R  m (166). In the prepared compounds (Li0.05Ni0.7-

xMn0.25Fex)O2 and  Li(Li0.05Ni0.7-xMn0.25Alx)O2 at higher values of x, there was 

a change in diffraction pattern due to the increase in concentration of Fe and 
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Al respectively. The crystallite size of the samples prepared were between 44 

- 88 nm as calculated by Scherrer’s formula. The intensity ratio of the crystal 

planes I003/I104 gave the information about the cationic mixing in the layered 

oxide materials. 

 From FTIR and Raman spectroscopic analysis it was observed that 

the samples exhibit the vibrational modes of asymmetric stretching of M-O 

and bending modes of O-M-O revealed the formation of layered structure 

compounds. In FTIR spectra the peaks appeared between 420 cm
-1 

& 450 cm
-1 

were allotted to the asymmetric stretching mode of M-O and the peaks 

between 570 cm
-1 

& 650 cm
-1 

were attributed to the bending modes of O-M-

O. Whereas in Raman spectroscopy it displayed two Raman modes of 

vibration around 480 cm
-1 

& 580 cm
-1 

were assigned to the stretching and 

bending modes of metal and oxygen except the lower and higher values of x. 

The SEM analysis showed a good morphological behavior and the particle 

sizes between 200 – 300 nm which favours the lithium ion motion. EDS 

displayed the presence of elements in the corresponding compounds. 

 The samples were subjected to impedance analysis and the sample 

showed higher ionic conductivity was identified from each systems. The 

samples with higher ionic conductivity in the three systems of compound 

Li(Li0.05Ni0.7-xMn0.25Fex)O2, Li(Li0.05Ni0.7-xMn0.25Alx)O2 and Li(Li0.05Ni0.7-

xMn0.25Cox)O2 (x = 0, 0.1, 0.3, 0.5, 0.7) are Li(Li0.05Ni0.6Mn0.25Fe0.1)O2, 

Li(Li0.05Ni0.6Mn0.25Al0.1)O2 and Li(Li0.05Ni0.4Mn0.25Co0.3)O2  respectively. The 

ionic conductivity values of these compounds are in the order of 10
-6

, 10
-7

 and 

10
-4 

S cm
-1

.  
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 Among all the three systems the cathode material 

Li(Li0.05Ni0.4Mn0.25Co0.3)O2  showed the maximum ionic conductivity. Using 

this compound as cathode material the coin cell was fabricated. The coin cell 

was subjected to EIS analysis, Cyclic voltammetry and charge-discharge 

analysis. From EIS spectroscopic analysis it is found that the resistance value 

of the cell prepared using  Li(Li0.05Ni0.4Mn0.25Co0.3)O2 as cathode materials 

shows improvement after cycling. The cyclic voltammogram shows the 

corresponding redox potentials which results good reversibility of lithiation and 

delithiation process. The charge-discharge studies were carried out at different 

current rates such as 0.5, 1 and 2 C rates. The high discharge capacity observed 

was 167 mAh g
-1

 at 0.5 C rate and Coulombic efficiency of 83 %. 
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