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Abstract 

In this study, we have synthesized LiNixMn2-xO4 (x=0, 0.125, 0.25, 0.375, and 0.5) cathode 

materials for Li-ion battery using metal nitrates and urea as precursors by solution 

combustion method. The samples were characterized by scanning electron microscopy 

(SEM), Thermo-gravimetric Analysis (TGA), and X-Ray diffraction (XRD) results.  X-Ray 

diffraction characterization demonstrated that a basic crystallized spinel phase was already 

formed in the primary product from the direct combustion process, while pure phase 

LiMn2O4 was obtained after further calcination in air at relatively low temperature of 600 ℃. 

The scanning electro-microscopy (SEM) analyzed the spinels revealed essentially spherical 

morphology. The Thermo-Gravimetric Analysis (TGA) showed that the mass loss curve 

exhibited a continuous decrease of mass with temperature. The electrochemical 

performance of all the cathode samples prepared using the solution combustion method is 

comparable to those reported for Nickel-doped LiMn2O4 spinel cathode materials. As a result, 

the as-prepared LiMn2O4 showed a favorable capacity of 114 mAh/g at a current rate of 0.2C 

and still retained a capacity of 84 mAh/g at 5 C. After 100 continuous cycles at 0.1C, a capacity 

of 108 mAh/g was still maintained, compared to 120 mAh/g at the first cycle. The results 

demonstrated that combustion synthesis-derive LiMn2O4 is a promising cathode material for 

lithium ion batteries (LIBs). 

 

 

 

 

Keywords: Solution combustion method, Ni doped LiMn2O4, experimental, COMSOL 

Multiphysics, Li ion  battery
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Chapter 1: Introduction 

1.1 Background of the Study 

A battery is a device that converts chemical energy, which is stored inside of its electrodes, 

into electric power by means of electrochemical redox reactions. Among the various types of 

batteries, Lithium-ion battery (LIB) is one of the most popular types of rechargeable battery 

for portable electronics and power tool equipments, with the best energy densities and a 

slow loss of charge when not in use [1 − 3]. A conventional battery must have three main 

components: cathode, electrolyte and anode. During these decades rechargeable lithium ion 

batteries have been studied and widely applied in all different kinds of electronic products 

such as notebooks, mobile phones and portable electronic devices. Nowadays, they have 

been increasingly used in electric vehicles (EV) and hybrid electric vehicles (HEV) because 

of their high power density, long cycle life and no memory effect are used in practical lithium 

ion batteries on the market. 

LiMn2O4 (LMO) spinel being one of the most promising positive (cathode) materials 

attracted the interest of researchers, due to its low cost, environmental friendliness and good 

safety [4,5]. However, the problem with spinel LiMn2O4 cathode material is it suffers severe 

capacity loss upon repeated charge-discharge cycling at elevated temperature. Some of the 

causes for capacity fading might be related with Mn dissolution in acidic electrolytes via the 

disproportionate reaction: 2Mn3+→ Mn2++ Mn4+  [6] Jahn-Teller distortion of Mn3+ at deeply 

discharge state [4], and oxygen deficiency [7]. In order to tackle this problem, several 

research groups have synthesized cation substituted spinel materials LiMxMn2-xO4 such as 

(M= Ni, Al, Fe, Co) with an intention of getting high-potential plateaus as well as increasing 

the cyclability. The compound LiNi0.5Mn1.5O4 with a cubic spinel structure has been 

characterized as a high potential around 4.9 V cathode materials for lithium ion batteries [8]. 

However, the high amount of nickel in this spinel makes it more expensive than the LMO. 

Thus, it is very crucial to strategically improve the electrochemical performance of LMO by 

substituting it with a very low amount of nickel. In this work, we showed that substituting 
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the LMO with low nickel concentration greatly increase the energy storage, capacity 

retention or cyclability, and lithium ion diffusion ability of the spinel. 

Lithium ion batteries are increasingly used. The improvement of the energetic density allows 

a bigger autonomy for a lower weight. Lithium batteries are even used in aviation with the 

Efan (Fully powered by electricity airplane). The performance and life of a battery pack is 

related to its temperature. To have a maximum efficiency the temperature of the pack must 

be within a specific range. The numerical simulation with thermal effects is a good way to 

develop and improve battery packs at lower cost than experimentation.  

The electrochemical performance of cathode materials varies with the synthesis methods. 

Generally, LiNixMn2-xO4 cathode materials were synthesized by conventional solid-state 

method [10,11]. However, this method needs mixing of lithium sources with manganese 

source mechanically and followed by high temperature reaction which usually takes many 

hours. Besides, the solid-state reaction LiNixMn2-xO4 spinel materials will have impurity and 

poor Control of stoichiometry. Homogeneous dispersion of the cation substituting element 

in crystal lattice is so crucial in the synthesis of substituted LiMxMn2-xO4 (M = substituting 

cation) cathode materials. Unlike solid-state reaction, solution synthesis techniques are 

more preferable to obtain homogeneous composition with minimal or no impurity. Several 

solution synthesis methods of cation-substituted LiMn2O4 spinel structure have been 

reported, such as a spray-drying method [12], emulsion-drying method [13]molten salt 

method [14], sol-gel method [15]. However, most of these methods involve complicated 

treatment processes or expensive reagents, which are time consuming and high cost for 

commercial applications. Solution-combustion method (SCM) has emerged as one of the 

most preferred wet synthetic methods.  

In our present work, we synthesize spherically-shaped spinel LiNixMn2-xO4 (x =0, 0.125, 0.25, 

0.375 and 0.5) cathode materials with superior capacity retention following one-step time 

efficient and cheap SCM. It should be noted that spherically-shaped cathode materials with 

homogeneously distributed microsize particles are preferred to get a better capacity 

performance from spinel cathode materials [16, 17]. 
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1.2 Statement of the problem 

The recent accidents of fires in Li-ion battery packs upon crushed by metal objects in the 

promising Tesla Model S cars highlights the importance of battery safety. Therefore, active 

research is continuing in all aspects of batteries, from anode, cathode, separator, electrolyte, 

safety, thermal control, packaging, to cell construction and battery management.     

There have been several studies of synthesizing cathode materials (LiNixMn2-xO4) for lithium ion 

battery by using solution combustion to increase energy storage and capacity retention, there is no 

considered due to COMSOL Multiphysics. In this work, based on COMSOL Multiphysics and with 

experimental of solution combustion to synthesis of promising cathode materials (LiNixMn2-xO4) 

for lithium ion battery. Then, the study of this proposal of the project is to investigate the 

synthesis and characterization of promising cathode materials (LiNixMn2-xO4) for lithium ion 

battery by substituting some cation atom using solution combustion and COMSOL Multiphysics 

inorder to increase energy storage and capacity retention.  

1.3 Objectives of the study 

The main objective of this study is to synthesis and characterization of promising cathode 

materials (LiNixMn2-xO4) for lithium ion battery using solution combustion in order to 

increase energy storage and capacity retention.  

The specific objectives of the study are: 

 To synthesis promising cathode materials (LiNixMn2-xO4) for lithium ion   battery 

using doping some amount of cation atom. 

 To characterize promising cathode materials (LiNixMn2-xO4) for lithium ion   

battery using SEM, XRD, and TGA. 

1.4 Thesis Outlines   

This thesis organized into five chapters. Chapter two includes review of related literatures. 

It contains nine sections. It deals with the theory of Lithium ion battery, Cathode materials 

with their types, Anode, Electrolytes, separators, Mechanisms of lithium ion battery, 

Progress in lithium ion battery and COMSOL Multiphysics. Chapter three presents the 
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overall materials and methods by which important data is collected and analyzed. Chapter 

four covers the results and discussion of the study. Chapter five gives the conclusions of 

entire parts of this work and describes the results obtained in chapter 4. 
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Chapter 2: Literature Review 
 

2.1 Lithium -Ion Battery 

A lithium-ion battery is an advanced battery technology that uses lithium ions as a key 

component of its electrochemistry. An electrical battery is one or more electrochemical cells 

that convert stored chemical energy into electrical energy. There are two major types of 

batteries: These are primary and secondary batteries. Primary batteries are those which 

cannot be recharged because the chemical reaction inside the battery cannot be reversed 

and once used it must be discarded. Secondary batteries can be recharged and can be reused 

multiple times. A Li-ion battery usually refers to a secondary battery in which energy is 

stored chemically through redox reactions that employ lithium intercalation between the 

positive (cathode) and the negative (anode) electrodes. They are currently the dominant 

mobile power sources for portable electronic devices, exclusively used in cell phones and 

laptop computers [19].  

Li-ion batteries are considered the powerhouse for the personal digital electronic revolution 

starting from about two decades ago, roughly at the same time when Li-ion batteries were 

commercialized. As one may has already noticed from his/her daily life, the increasing 

functionality of mobile electronics always demand for better Li-ion batteries. For example, 

to charge the cell phone with increasing functionalities less frequently as the current phone 

will improve quality of one’s life. Another important expanding market for Li-ion batteries is 

electric and hybrid vehicles, which require next-generation Li-ion batteries with not only 

high power, high capacity, high charging rate, long life, but also dramatically improved safety 

performance and low cost. Figure 1 is a schematic of a lithium-ion battery. The main 

components are the current collectors, the electrodes, the anode and cathode and the 

separator. The electrodes are made up of active storage particles, binder and filler. 

Electrolyte fills the pores of the structure, including both electrodes and the separator. 

Lithium-ions flow through the separator from the anode to the cathode during discharge and 

vice-versa during the charging process. 
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For the cathode in current technology, these particles consist of materials that are layered at 

the atomic scale, typically Oxides, such as lithium manganate and lithium cobalt oxide. For 

the anode the conventional material in use today is graphite. In both electrodes, the lithium 

is stored in the space between the atomic layers, usually in the form of its Li+ ion with an 

electron localized adjacent to it in the atomic structure, a feature required by electrical 

neutrality. The electrodes are porous structures with storage particles embedded in a 

polymeric binder, e.g. polyvinylidene fluoride (PVDF), with the porosity designed to give the 

electrolyte access to the storage particles. In some cases, carbon black particles are added to 

the cathode to boost the electronic conductivity, while in others carbon black is coated on 

the storage particles. The entire battery, including both electrodes and the separator, is filled 

with the electrolyte. In current technology, this normally consists of a lithium-based ionic 

salt, e.g. LiPF6, dissolved in an organic liquid solvent. 

 

Figure 1. A schematic of the structure of the lithium ion battery [19].  

 

During the discharge process, i.e. the use of the battery to supply electrical energy, lithium 

stored in the anode at the storage particle surface is oxidized to its ionic form by removal of 

the localized electron, is extracted from the particle and replaced by further lithium atoms 

that diffuse from the interior of the particles. The resulting Li+ ions move through the 

electrolyte to the separator and thence to the storage particles in the cathode, whereas the 
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electrons cannot pass through the separator. As a consequence, the electrons flow through 

the graphite particles to the anode current collector and then to an external circuit connected 

to the cathode current collector. From there, the electrons are transported through the 

carbon black in the cathode to the surface of the cathode storage particles, where they 

recombine with lithium ions. 

The lithium is then inserted into the storage particles; through which it diffuses by solid state 

transport until a uniform concentration is reached. During the battery charging process the 

reverse occurs, with lithium leaving storage particles in the cathode and moving into storage 

particles in the anode, while electrons are driven round the external electrical circuit by the 

charging device. The process of inserting lithium ions into the storage particles is known as 

intercalation. This can be defined formally as the insertion of a guest species into normally 

unoccupied interstitial sites in the crystal structure of an existing stable host material [20]. 

Though the chemical composition of the host phase initially present can be substantially 

modified, the basic crystal structure is preserved. The addition of an interstitial species 

causes a change in volume: this leads to strain, and, when it is heterogeneous, this causes 

mechanical stress. 

A Li-ion battery usually refers to a secondary battery in which energy is stored chemically 

through redox reactions that employ lithium intercalation between the positive (cathode) 

and the negative (anode) electrodes i.e. as a battery is charged and discharged the lithium 

ions move back and forth between the cathode and the anode because of this they are also 

referred as “Rocking-chair” batteries [21]. Basically there are four primary components of a 

lithium-ion battery: the anode, cathode, separator and electrolyte for which a variety of 

materials may be used. The cathode acts as a positive electrode which accepts the electrons 

while reducing and the anode acts as a negative electrode which donates the electrons and 

oxidizes during the discharge cycles. The electrodes do not touch each other but are 

electrically connected by the electrolyte while the separator prevents the mixing between 

them but allows ions to flow. 
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Figure 2: Diagram of Li-ion cell during charging and discharging [22]. 

 
To understand this process briefly we can consider the example of a standard LiCoO2 battery 

in which LiCoO2 acts as a cathode. During charging, lithium ions move from cathode to anode 

and electrons are removed from cathode by an external field and then are transferred to 

anode. During discharge, anode supplies the ions to electrolyte and electrons to the external 

circuit where the ions intercalate into cathode and electrons from the external circuit for 

charge compensation.  

 

2.2 Cathode Materials 
 
There are a number of candidates that have been explored as cathode materials for Li‐ion 

batteries. The cathode materials can be categorized based on voltage versus lithium. 

Typically: 2‐Volt cathode materials are TiS2 and MoS2 with 2‐D layered structure; 3‐Volt 

cathode materials are MnO2 and V2O5; 4‐Volt cathode materials are LiCoO2, LiNiO2 with 2‐D 

layered structure and 3‐D spinel LiMn2O4 and olivine LiFePO4; 5‐Volt cathode materials are 

olivine LiMnPO4, LiCoPO4, and Li2MxMn4−xO8 (M = Fe, Co) spinel 3‐D structure. Generally, 

high cathode voltage is desirable as energy stored is proportional to the cell operating 

voltage. However, electrolyte stability has to be taken into consideration in selecting high 

voltage cathode materials. 
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Cathode materials for lithium-ion batteries are mainly responsible for providing lithium-ion. 

At present, the common cathode materials are LiCoO2, LiMn2O4, LiNiO2, ternary composite 

cathode materials and their modified varieties [23]. The structural instability, high cost, and 

non-environmental friendliness of cobalt materials make materials attractive for Li-ion 

batteries [24].  

Over the last two decades there has been intensive research in improving the overall 

performance of Li -ion batteries. Among the different components of the battery mechanism 

one of the main foci has been alternative cathode materials. The graphite anode currently 

used in Li-ion rechargeable batteries have a theoretical capacity of 370mAh/g, which is twice 

the theoretical capacity of the formerly used layered LiCoO2 cathodes, and avoids the use of 

expensive and toxic cobalt. Varieties of positive materials have been developed and are 

available commercially. Cathode materials can primarily be categorized based on structure 

types. LiCoO2, LiNiO2, Li2MnO3, LiNi1-xCoxO2, LiNi1/3Mn1/3Co1/3O2 etc. have the olivine 

structure, and LiMn2O4 and spinel materials have a three- dimensional framework structure.  

 

2.2.1. Lithium Cobalt Oxide (LiCoO2) 

Presently the lithium ion battery industry is dominated by the LiCoO2 carbon anodes first 

introduced by Sony in 1991. This material was first reported by John Goodenough who 

recognized that this material had layered structure and that lithium could be removed 

electrochemically, thus making it a promising cathode material. LiCoO2 has α-NaFeO2 

structure with O atoms present in a cubic closely-packed FCC arrangement, when lithium is 

completely removed; the oxygen layers rearrange themselves to give hexagonal close 

packing in form of CoO2.  Figure 3 below represents the layered structure of LiCoO2. 

 

Figure 3: Layered structure of LiCoO2 [25]. 
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This material shows an initial discharge capacity of 140 mAh/g at an average voltage of 3.7V. 

Cho et al showed that the capacity can be improved by coating a metal oxide or phosphate 

on the surface of the LiCoO2 particles. They found that the capacity could be increased from 

140 mAh/g to 170 mAh/g when cycled between 2.75 V and 4.4V without capacity fade over 

70 cycles. Also improvement was shown in the cyclability for this material when coated with 

metal oxides such as Al2O3. 

Though LiCoO2 cathode material is leading the lithium-ion battery market, there is limited 

availability of cobalt, thereby making it an expensive material. A lot of research is being done 

to find a probable replacement for Co with materials that are abundant and that are 

environmental friendly such as Ni, Mn, Fe and Cr etc. Also, since LiCoO2 capability various 

materials are being researched which form solid solution with LiCoO2 such as LiNiO2-

Li2MnO3-LiCoO2 [25], LiCoO2-Li2MnO3 [26], LiNi1/2Mn1/2O2 -Li2MnO3-LiCoO2 [27, 28], LiNiO2-

LiCoO2 [29]. The high specific energy of this battery type makes it very popular for mobile 

phones, notebooks, tablets and digital cameras. The cathode is made of cobalt oxide and the 

anode of carbon graphite. The main disadvantages are a short useful life, low thermal 

stability, and limited specific power. 

  

2.2.2. Lithium Manganese Oxide (LiMnO2) 

Along with its counterparts such as LiNiO2 and LiCoO2, this material has also been researched 

a lot over the last decade mainly for its prospects of providing not only a low-cost but also 

an environmentally benign cathode material [30, 31]. However, in spite of these advantages 

LiMnO2 was never available cathode mainly because this material is unstable at elevated 

temperatures and cannot be synthesized by the same methods as used for materials like 

NaMnO.  One of the successful attempts for synthesis was accomplished by Na+ ion exchange 

[31] and by low temperature methods such as hydrothermal synthesis [30].  Even when 

LiMnO2 structure LiMn2O4 is synthesized, it tends to revert itself to form a more stable spinel. 

Though initially was not desired, LiMn2O4 has proven to be available cathode material mainly 

because of the three-dimensional framework which adds stability to the structure during 
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delithiation. Additionally, unlike LiNiO2 and LiCoO2 exothermically with the electrolyte 

making it potentially safer than LiNiO2 following figure shows a comparison between 

LiMnO2/LiMn2O4 structures. 

The tunnel like structure for LiMn2O4 allows lithium to move out of the structure without 

collapse even under high charge/discharge rates. However, the main drawback of this 

material is the nature of its discharge which can be divided into 2 regions: one at 4V and the 

other at 3V range with a capacity of 150 mAh/g. After the 4V plateau, it is possible for one or 

more lithium ions to be present because the reaction is not in equilibrium leading to Jahn-

Teller distortion which is associated with the phase transition from cubic to a tetragonal 

crystal structure. Additionally, this material also tends to self-discharge at elevated 

temperature [33].  There have been several attempts in improving the capacity fade by 

coating the material with different oxides [34-36] and also techniques like cation 

substitution and surface treatments have been employed to address the problem with self-

discharging. The components of this battery form a tridimensional structure that allows a 

better flow of electrons in the electrodes generating a smaller internal resistance and a better 

current management. 

 

2.2.3. Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2 or NMC) 

The NMC Li-ion battery uses a cathode combination of nickel, manganese, and cobalt. Nickel 

has high specific energy but poor stability, while manganese forms a strong structure but 

offers a low specific energy; making this combination complementary. These types of 

batteries have good performance and high specific energy. Also, it has the lowest self-heating 

rate, making it a good candidate for electric vehicles. 

2.2.4. Lithium Iron Phosphate (LiFePO4) 

This chemistry can withstand high temperatures; hence it is stable in overcharge or short 

circuit conditions.  Among its advantages it is possible to mention the environmental 

benignity, high temperature capability and potential low-cost synthesis.  
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2.2.5. Lithium Nickel Cobalt Aluminium Oxide (LiNiCoAlO2) 

This battery provides great performance in terms of a long lifetime and high power density. 

Given this advantage, NCA batteries result as a good candidate for electric power trains. 

However, it presents a safety and security risk when used in large quantities, increasing its 

cost synthesis.  

 

2.2.6. Lithium Titanate (LiTi5O12) 

This type of cell has a good electrochemical stability. Main advantages of this cell type are:  

fast recharge time, high efficiency, and long lifetime.  Also, this type of battery is considered 

to be safer. Furthermore, it has a wider operating temperature range. 

2.2.7 LiNi1-yMnyO2 

Lithium nickel manganese oxides have been of great interest among researchers for 

advanced lithium-ion batteries and as a possible replacement for LiCoO2 [28, 37-45]. 

Material compounds of this type were first reported by Dahn et al in 1992 [39]. They 

reported a solid solution for y=0.5 but a deterioration of the electrochemical behavior with 

increasing manganese content.  

The main advantage of this material is the fact that there is no Co content which is very 

expensive and a toxic compound compared to Ni and Mn. The most successful material of 

this group has been LiNi1/2Mn1/2O2. Saphr et al [40] repeated the work of Dahn and showed 

maximum solubility of 0.5Mn, he was the first one to report the electrochemical behavior on 

LiNi1/2Mn1/2O2 material. They showed that the Ni and Mn were present in +2 and +4 oxidation 

states rather the +3 and +3 respectively through XPS and magnetic data and also that this 

material showed a capacity of 150 mAh/g falling to 125 mAh/g after 25 cycles and to 75 

mAh/g after 50 cycles when prepared at 700 ℃  

The active element in this material is Ni, which cycles between the Mn+2 and Mn+4 valences 

states, while manganese remains as Mn+4, thereby leaving with no concern for Jahn-Teller 

distortion associated with the Mn+ ion. This material is commonly referred as “550” material 

(0.5 Ni, 0.5 Mn, 0 Co) was rediscovered by Ohzuku in 2001 [38]. Ohzuku reported an initial 
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discharge capacity of 150 mAh/g for 30 cycles using top-up charging at 4.3V when prepared 

at 1000 C. Recently, Ohzuku reported the cycle tests of lithium cells with LiNi1/2Mn1/2 

O2operated in voltages of 2.5-4.5V of about 200mAh/g of rechargeable capacity for 30 cycles 

[37]. 

2.3 Anode Materials 

Anode materials are the negative electrode in lithium-ion batteries and are paired with 

cathode materials in a lithium-ion cell. The anode materials in lithium-ion cells act as the 

host where they reversibly allow lithium-ion intercalation /deintercallation during charge / 

discharge cycles. General criteria for selection of suitable intercalation-based anode 

materials include (i) low first cycle irreversible loss, (ii) high coulombic efficiency, (iii) fast 

lithium-ion diffusion into and out of the anode, (iv) high ionic and electronic conductivity, 

(v) minimum structural changes upon charge and discharge, (vi) high specific capacity 

(mAh/g), and (vii) the ability to form and maintain a stable SEI (Solid Electrolyte Interface) 

layer upon cycling. 

2.4 Electrolytes 

In batteries, electrochemical processes are responsible for storage and release of electric 

energy (charging and discharging). To transport the electric charge between the 

electrodes, electrolytes are necessary. Electrolytes can be liquid, but polymer- or solid-state 

electrolytes exist. Ionic liquids are interesting electrolytes for a series of electrochemical 

cells, due to their outstanding properties, like: 

 High electrochemical stability against reduction and oxidation (wide electrochemical 

window) 

 Electric conductivity: for pure ionic liquids lies at up to 27 mS/cm at 25 oC, for 

mixtures it can reach up to 70 mS/cm. 

 Thermal stability 

 Low vapour pressure 

 Low flammability 
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Many manufacturers are represented with their new developments on numerous cell types 

in market, but there is no unified state of the art technical design. That means, each particular 

electrode material will set very strict restrictions on specific properties of electrolytes, that 

should be combined with it. The additional demand for further development stems from the 

fact, that there are serious safety issues coupled to the use of some batteries. 

2.5 Separators 

Separators are essential components of Li‐ion batteries. In fact, separators are commonly 

used in most electrochemical systems with liquid electrolyte, including fuel cells, capacitors 

and various kinds of batteries based on different chemistry. The separator in a Li‐ion battery 

plays the critical roles to avoid direct physical contact between the cathode and anode, and 

prevents short circuit to occur. At the same time, the separator allows lithium ions in the 

electrolyte to pass through it. The separators must be chemically stable and inert in contact 

with both electrolyte and electrodes. At the same time, it is required to be mechanically 

robust to withstand the tension and puncture by electrode materials and the pore size should 

be less than 1 μm. Although various separators, including microporous polymer membranes, 

nonwoven fabric mats and inorganic membranes have been explored, the microporous 

polyolefin materials based polymer membranes are dominantly used in commercial Li‐ion 

batteries with liquid electrolyte. 

2.6 Battery lifetime 

Rechargeable battery life is typically defined as the number of full charge-discharge cycles 

before significant capacity loss. Inactive storage may also reduce capacity. Manufacturers' 

information typically specify lifespan in terms of the number of cycles (e.g., capacity 

dropping linearly to 80% over 500 cycles), with no mention of chronological age. On average, 

lifetimes consist of 1000 cycles, although battery performance is rarely specified for more 

than 500 cycles. This means that batteries of mobile phones, or other hand-held devices in 

daily use, are not expected to last longer than three years. Some batteries based on carbon 

anodes offer more than 10,000 cycles. As a battery discharges, its voltage gradually 

diminishes. When depleted below the protection circuit's low-voltage threshold (2.4 to 
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2.9V/cell, depending on chemistry) the circuit disconnects and stops discharging until 

recharged. As discharge progresses, metallic cell contents plate onto its internal structure, 

creating an unwanted discharge path.  

It is also important to maintain safe operating temperature to avoid thermal destruction. For 

lithium-ion batteries the best operating temperatures are in the range between 25°C and 40 

°C [8]. To avoid the occurrence of an excessive temperature rise [9]  leading to the 

degradation in their lifetime or even worse to the thermal runaway phenomenon, local 

temperature of lithium-ion batteries should be carefully monitored. 

Defining battery life via full discharge cycles, is the industry standard, but may be biased, 

since full depth of discharge (DoD)/recharge may itself diminish battery life, compared to 

cumulative Ah partial discharge/charge performance.  

 

2.7. Mechanisms of Constructing Lithium Ion Battery 

A Li- ion battery is constructed by connected basic Li- ion cells in parallel (to increase 

current), in series (to increase voltage) or combined configurations. Multiple battery cells 

can be integrated into a module. Multiple modules can be intergrade into a battery pack. For 

example, the 85 kWh battery pack in a typical Tesla car contains 7104 cells. Typically, a basic 

Li- ion cell consists of a cathode (positive electrode) and an anode (negative electrode) which 

are contacted by an electrolyte containing lithium ions. The electrodes are isolated from each 

other by a separator, typically microporous polymer membrane, which allows the exchange 

of lithium ions between the two electrodes but not electrons. In addition to liquid electrolyte, 

polymer, gel, and ceramic electrolyte have also been explored for applications in Li- ion 

batteries. 

 Figure  illustrates the basic operating principle of a typical Li- ion battery cell. The basic 

design of Li- ion cells today is still the same as those cells Sony commercialized two decades’ 

age, although various kinds of electrode materials, electrolyte, and separators have been 

explored. 
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Figure 4.  Illustration to show the basic components and operation principle of a Li- ion cell.  Reproduced 

with permission [46]. 

The commercial cells are typically assembled in discharged state. The discharged cathode 

materials (e.g., LiCoO2, LiFePO4) and anode materials (e.g., carbon) are stable in atmosphere 

and can be easily handled in industrial practices. Yohsino made a significant contribution to 

the commercial production of Li-ion batteries by using discharged electrode materials in full 

cells for the first time. 

During charging process, the two electrodes are connected externally to an external 

electrical supply. The electrons are forced to be released at the cathode and move externally 

to the anode. Simultaneously the lithium ions move in the same direction, but internally, 

from cathode to anode via the electrolyte. In this way the external energy are 

electrochemically stored in the battery in the form of chemical energy in the anode and 

cathode materials with different chemical potentials. The opposite occurs during discharging 

process: electrons move from anode to the cathode through the external load to do the work 

and Li ions move from anode to the cathode in the electrolyte. This is also known as “shuttle 
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chair” mechanism, where the Li ions shuttle between the anode and cathodes during charge 

and discharge cycles. 

Electrochemical reactions at the two electrodes released the stored chemical energy [46]. 

The total Gibbs free energy change due to the electrochemical reactions on the two 

electrodes is determined by the electrode materials selected. Given the overall 

electrochemical reaction and charges transferred, one can estimate the theoretical cell 

voltage (∆E = -∆G/nF). The performance of Li- ion batteries can be evaluated by a number of 

parameters, such as specific energy, volumetric energy, specific capacity, cyclability, safety, 

abuse tolerance, and the discharge/charging rate. Specific energy (Wh/kg) measures the 

amount of energy that can be stored and released per unit mass of the battery. It can be 

obtained by multiplying the specific capacity (Ah/kg) with operating battery voltage (V). 

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

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

atomic weight of the host. 

Cyclability measures the reversibility of the Li- ion insertion and extraction processes, in 

terms of the number of charge and discharge cycles before the battery loses energy 

significantly or can no longer sustain function of the device it powers. Practically, the cycle 

life of Li-ion batteries is affected by depth of discharge (DOD) and state of charge (SOC), as 

well as operating temperature, in addition to the battery chemistry. Cycle life is enhanced 

with shallow DOD cycles and less SOC swing, and avoiding elevated temperature. Li dendrite 

formation on graphite anode can occur at low-temperature charge which should be avoided. 

Safety requirement is very high for Li-ion batteries with multiple cells. Battery management 

systems (BMS) are typically employed in battery cells/packs/modules to prevent any 

possible thermal runaway. For example, in the case of battery cell failure inside a battery 

pack, the BMS could detect and isolate the particular cell. 

 

2 .9. COMSOL Multiphysics 

COMSOL Multiphysics is finite element simulation software. It is able to couple different kind 

of physics by using modules such as electrical, mechanical, fluid and chemical. One of 
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these modules is called Batteries & Fuel Cells and can simulate the heat generation of a 

Lithium-Ion battery. This module allows modeling the underlying electrochemical behavior 

in the electrodes and electrolytes. In the following, we present the modeling of the battery of 

the Cal Poly electric race car inorder to determine the heat behavior of the battery pack in a 

discharge case. For a battery manufacturer, modeling and simulations improve the design of 

cells and modules. By describing the involved processes on a detailed level in a model, the 

designer may apply different hypotheses and relate these with the observed and simulated 

behavior of a given cell. This results in the intuition for a system that is required for making 

vital improvements. This COMSOL Multiphysics is used to evaluate the efficiency of battery. 

 

2.9.1 COMSOL Model of the Cell 

Two COMSOL Multiphysics modules are necessary to figure out the heat generation of the 

battery. The first, Batteries and Fuel Cells, simulates the chemical reaction between the 

anode, the cathode and the separator in one dimension. The second, Heat Transfer in Solids 

simulates the heat conduction in all the battery. The coupling between these two physics is 

illustrated by the Figure . The chemical reaction is dependent on the temperature 

distribution; the temperature distribution evolves due to the chemical heat generation. 

 

Figure 5. Coupling variables in the thermal modelingof a Li-Ion battery cell. 
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2.9.2 COMSOL model of the battery pack 

The electric race car battery pack is composed of 40 battery cells connected together with 

two long screws. To model the battery pack, the current collector tabs will be neglected as 

the closure and the two folds on each side of the battery. 

2.9.3 Battery pack geometry 

The 3D model has been drawn on Solid Works and then imported on Comsol in “.STEP” 

format. It includes from 10 to 40 cells inorder to see the evolution of the heat versus the 

length of the pack. For the sake of simplicity, Figure 8 shows a pack of ten battery cells. 

 

Figure 6. Pack of ten elements 
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Chapter 3: Materials and Methods 

3.1 Materials and Equipment’s 

3.1.1. Materials and chemical 

Lithium nitrate (LiNO3), Nickel nitrate (NiNO3), manganese nitrate tetrahydrate 

(Mn(NO3)2.H2O, urea (CO (NH2)2  , carbon black, lithium metal (50μm thick), lithium hexa 

fluorophosphate (LiPF6), ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl 

carbornate (DMC) were purchased from Sigma-Aldrich and used without further 

purification. Aluminum foil (50μm thick) was obtained from MTI Corporation. 

3.1.2 Equipments 

X-ray diffraction (XRD), Scanning electron microscopy (SEM), Thermo-gravimetric analysis 

(TGA), Beaker, Magnetic stirrer, Hot plate, Furnace and Grinding were used.  

3.2. Methods of the Experiment 

LiNO3 (0.550 gm, 0.016 mol.), Mn(NO3)2·4H2O (4.00 g, 0.032 mol.), Ni(NO3)2·6H2O and urea 

((NH2)2CO) (1.435 gm, 0.047 mol.) were used as precursors. All nitrates were dissolved in 

deionised water (20.00 ml) and kept under magnetic stirring for 30 min at room 

temperature and until the starting materials were completely dissolved. The solution was 

then heated on hot-plate for 30 min. The combustion reaction is a chemical reaction that 

depends on the fuel material and the purity of the starting reactants. Figure  illustrated steps 

of procurer the combustion reaction.  
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Figure 7. Schematic of combustion reaction 

To obtain the maximum energy released during the combustion synthesis process, the 

stoichiometric compositions of the redox mixtures for the combustion reaction are 

calculated using the total oxidizing (O) and reducing (R) valencies of the components. The 

equivalent ratio, Re = O/R, was kept unity (O/R = 1). The atoms H, C, Li, Mn, and Ni are 

considered reducing agents with valencies +1(H), +4(C), +1(Li), +2(Mn), and +2(Ni), 

respectively. The oxygen atom is considered an oxidizing agent with a valency of -2. For the 

pristine LiMn2O4 sample synthesis the stoichiometric reaction equation can be put as [52, 

53]: 

LiNO3+2Mn (NO3)2+4.2NH2-CO-NH2→LiMn2O4+6.7N2+ 4.2CO2+8.4H2+3.4O2 

 
Accordingly, based on the stoichiometric ratios, appropriate masses of the precursor 

materials (see Table 1) were dissolved into20 ml of deionised water in a 100 mL beaker and 

stirred at ambient temperature for about 30 min to obtain homogeneously mixed solution. 

After that, the precursor solution was introduced into a furnace, preheated at 500 ℃ and the 

exothermic reaction took place and completed within 10 minutes to obtain a black powdered 

product. In the synthesis mechanism, essentially there are about three steps, first the 

solution boils and undergoes dehydration followed by decomposition, and it involves 

generating traces of NOx and other combustible such as NH3 and N2H4, and finally the 
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formation of metal oxides.  In order not to be exposed to the toxic gases being released, we 

have added extra 10 minutes after completion of the reaction to allow possible toxic NOx  

gases completely leave from the furnace [52]. And then finally, the product powder was 

collected and calcined at 700 ℃ for 10 h to form spinel LiMn2O4 crystal structure. To 

investigate the effect of Ni ion on the structural and electrochemical properties of LiMn2O4 

cathode materials, Ni substituted samples (with Ni-ion concentration of 0.125, 0.25, 0.375, 

and 0.5) were prepared under atmospheric pressure and then calcined at 700℃ in air for 

10h. The voluminous and foamy combustion ash was easily milled to obtain the final 

LiNixMn2-xO4 cathode materials. 

Table 1 Mass of the precursor materials in gram calculated according to the stoichiometric 

ratio. 

Sample                           Mass of precursor materials used in the synthesis (gm) 

                                        LiNO3              Mn(NO3)2.4H2O     Ni(NO3)2·6H2O      (NH2)2CO 

LiMn2O4                                    0.550             4.000                         0                           1.435 

LiNi0.125Mn1.875O4           0.550             3.750                         0.370                   1.435 

LiNi0.25Mn1.75O4                 0.550             3.500                        0.750                    1.435 

LiNi0.375Mn1.625O4             0.550             3.250                         1.120                   1.435 

LiNi0.5Mn1.5O4              0.550             3.000                         1.500                   1.435 

 

The structural properties of the samples were investigated by X-ray diffraction analysis 

using a PANalytical X’Pert PROP W3040/60 X-ray diffractometer with Fe-filtered Cu-K𝛼 (𝜆 

=1.5479026 nm) monochromated radiation source. Data were collected in the 2Ѳ range of 

5 ̊-70 ̊ at a scan rate of 2 ̊ /min. The morphology of the products was obtained using a high-

resolution scanning electron microscope (JEOL, JSM-7600F, operated at an accelerating 

voltage of 5 kV).  
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3.3. Electrochemical characterization 

Electrochemical cells were configured in the following way; coin cells of 2032 were 

assembled using lithium metal as anode, Celgard 2400 as separator,1 M solution of LiPF6 in 

50:50 (v/v) mixture of ethylene carbonate (EC) and diethylene carbonate (DEC) as the 

electrolyte. The cathode was made through a slurry coating procedure from a mix containing 

active material powder, conducting black and poly (vinylidene fluoride) binder in N-methyl-

2-pyrrolidone in the proportion 80:10:10, respectively. The slurry was coated over 

aluminium foil and dried at 120 ℃ overnight for 12 h. 18 mm diameter slurry-coated 

aluminium foils electrodes were punched out and used as cathode. 

Thermal analysis of the powder sample was made using the thermo-gravimetric analyzer 

(TGA) from lenses German. The heating rate was set at 10 ℃/min while atmospheric 

pressure was maintained during the measurements. The aim of the thermal analysis is to 

find the optimum temperature at which elimination of contaminants and phase formation 

along with crystallization take place. 
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Chapter 4: Results and Discussion 

This chapter deals with the analysis, discussion and the results of the thesis. The 

morphological and structural characterization of LiNixMn2-XO4 were analyzed. 

4.1 Morphology and structural characterization 

The morphologies of the as-prepared LiNixMn2-xO4 crystalline materials were examined by 

SEM. Figure  a-d shows SEM morphological structure of LiMn2O4, LiNi0.125Mn1.875O4, 

LiNi0.25Mn1.85O4 and LiNi0.375Mn1.625O4 samples, respectively. The SEM structural analysis 

display that the synthesized spinel LiNixMn2-xO4 (x = 0, 0.125, 0.25, 0.375) cathode materials 

have spherical or spherical like morphology with particle size of micrometers. Generally, 

spinel LiMn2O4 cathode materials with spherical morphology showed Zero stress deviation 

on structures during charge-discharge reaction because the Jahn-Teller distortions from a 

certain side can be counteracted by the opposite side of the spherical particles [13]. The 

formation of microsized spherical particles is able to enhance the cycle life time of all the as-

synthesized cathode materials including the pristine LiMn2O4. The estimated particle size 

range for the compositions for x=0.125, x=0.25 and x = 0.375 are 3.4–8 μm, 4.2–10 μm, and 

6.5–10 μm, respectively. 
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Figure 8.Top-view SEM micrographs of the products (a) LiMn2O4 (b) LiNi0.125Mn1.875O4 (c) LiNi0.25Mn1.75O4 and 

(d) LiNi0.375Mn1.625O4. 
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4.2. XRD structural characterization 

The structural properties of the LiNixMn2-xO4 crystalline materials were analyzed by X-ray 

diffraction. Figure  represents a typical X-ray diffraction pattern of as synthesized samples. 

The examination of the diffraction patterns confirms that all recognizable reflection peaks 

including (111), (311), (400), (511) and (440) can be clearly indexed to the single phase of 

the spinel cubic structure of LiMn2O4 with space group Fd3 m and with some impurity peaks. 

There is increase crystal structure after the Ni substitution. This indicates that the Ni2+ 

substituting ions have seated at Mn3+ site in LiMn2O4 and thus no other phase is formed. 

When Ni substitution increase the peaks are become very sharp, and this indicating a high 

crystallinity of the powders. 

 

Figure 9. X-ray pattern of synthesized LiNixMn2-xO4 (x= 0, 0.125, 0.25, 0.375, and 0.5) spinel cathode materials 
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Table 2 compares the lattice parameters (a-value/Å and unit cell volume/A˚3) of the pristine 

and Ni-doped spinel materials. The calculated values from the XRD follows same trend with 

the ab initio calculation. As the amount of nickel is increased, the lattice parameter is 

decreased. This is expected considering that there is increase in the concentration of small 

Mn4+ (0.53 Å) ions in the spinel structure as big Mn3+ (0.645 Å) ions are substitutes by 

smaller Ni3+ (0.53 Å) ions.  

Table 2 Structural parameters obtained for the LiNixMn2-xO4 (x = 0, 0.125, 0.25, 0.375, and 

0.5) samples from both XRD (Rietveld refinement) and DFT calculations. 

Sample                      XRD Rietveld refinement                                  DFT calculation 

                                      a (Å)     Unit cell volume (Å3)                 a (Å)              Unit cell volume (Å3) 

LiMn2O4                     8.2242          556.264                                   8.3232                           576.595 

LiNi0.125Mn1.875O4    8.2231         556.041                                   8.3228                            576.512 

LiNi0.25Mn1.75O4        8.2099         553.367                                   8.28                                567.664 

LiNi0.375Mn1.625O4      8.2086         553.105                                  8.26                                563.559 

LiNi0.5Mn1.5O4             8.1757         546.480                                  8.24                                 559.476 

 

 

4.3 Electrochemical Characterization and results  

Generally, the theoretical capacity,𝐶𝑇 , can be expressed as follows [62]: 
 

𝐶𝑇 = 26.8
𝑝

𝑀
, (1) 

  
where 𝒑 and 𝑴 denote the number of Mn(III) and the molecular weight of ion-doped 

LiMn2O4, respectively. Employing Eq. (1), the theoretical capacity of LiNixMn2-xO4 is found to 

be 148, 132.2, 115.6, 98.3, and 80.3 mAhg-1 for x = 0, x = 0.125, x = 0.25, x = 0.375, and x = 

0.5, respectively. The trend of the first cycle discharge capacity of the LiNixMn2-xO4 cathode 

materials in relation to the Nickel content is displayed in Figure 4 a. The first cycle discharge 

capacity of pristine LiMn2O4 and LiNi0.125Mn1.875O4 samples did not much vary significantly. 
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Also, as displayed in Figure 4 b, the calculated lattice parameter of LiNi0.125Mn1.875O4 (8.3228 

Å parameter of pristine LiMn2O4) is almost equal to the lattice (8.3232 Å). These 

experimental and theoretical results indicate that both pristine LiMn2O4 and small Ni-

content-doped LiNi0.125Mn1.875O4 samples exhibit high first cycle discharge capacity and 

larger lattice parameters compared with other high Ni-content doped samples. The larger 

the lattice parameter, the easier the Li ions can more freely [32–34], thereby increasing the 

discharge capacity. As expected, beyond x = 0.125 (in our case for x = 0.25, 0.375, and0.5) 

the first cycle discharge capacity of the doped LiMn2O4 cathode material becomes much less 

than that of the pristine LiMn2O4.  A higher degree of Ni doping can therefore be correlated 

with a decreased lattice parameter, which in turn leads to a lower discharge capacity. This 

finding indicates that the discharge capacity is not only correlated exclusively to the 

molecular weight of ion-doped LiMn2O4, but also to its lattice parameter. 

 

 

Figure 4(a) First cycle discharge capacity of LiNixMn2-xO4  and (b) the calculated lattice parameter of the 

composition LiNixMn2-xO4  (x= 0,  0.125,  0.25,  0.375,  0.5). 
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Figure  (a) represents the change in discharge capacity (50th cycle discharge capacity/first 

discharge capacity) for the LiNixMn2-xO4 cathode materials. Compared with the pristine 

LiMn2O4 cathode material, the LiNi0.125Mn1.875O4 composition did not improve the cyclability, 

whereas the other doped spinel compositions do retain their initial capacities for many 

cycles; for example, Nickel doped compositions LiNi0.25Mn1.75O4, LiNi0.375Mn1.625O4, and 

LiNi0.5Mn1.5O4, respectively, retain 1.5, 1.6, and 1.3 times that of pristine LiMn2O4. It is 

apparent that the samples with Ni-ion concentration of x = 0.375 exhibit higher capacity 

retention about 85% after 50 cycles. The enhanced cyclability of the sample 

LiNi0.375Mn1.625O4 in the present study is primarily attributed to the optimum Ni ion doping 

which results in stabilizing the spinel structure. As shown in Figure  b, an increase in Ni-

dopant corresponds to more negative intercalation energy which implies easy Li-ion 

movement.  

 

Figure 11 (a) Discharge capacity retention of LiNixMn2-xO4 after 50 cycles at C-rate = 0.2C, (b) the 

computational intercalation energy per Li atom. 
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4.4. Thermo-gravimetric Analysis (TGA) 

The mass (weight) loss curve with temperature is analyzed by Thermo-Gravimetric Analysis 

(TGA). Figure   shows the TGA and its derivative curves with a heating rate of 10 ℃/min in 

inert atmosphere. First order derivative of TGA curves reveals the temperature at which the 

maximum decrease of mass occurs. Three apparent weight loss at 96.5 ℃, 494 ℃ and 

543 ℃ were observed, which might be attributed to the desorption of adsorbed water and 

decomposition of functional groups including hydroxyl and carboxylic groups respectively. 

The mass loss curve exhibited a continuous decrease of mass with temperature. 

 

Figure 12 TGA curves with a heating rate of 10 

℃/min. 
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4.5 The COMSOL Multiphysics (MP) 3.5a model 

4.5.1 The thermal effect on the cell voltage 

The cell voltage provides more discharge capacity when it is placed in a better heat isolation 

environment (i.e. adiabatic condition). In a better isolated environment, the cell temperature 

increases faster during the 1 C discharge process which results in the higher diffusion 

coefficient for the binary electrolyte and reduces the diffusion limitations. Figure  shows a 

comparison of the constant current discharge curves. The first load cycle differs from the 

rest significantly due to different initial values. For cycles 2 through 10 there is a gradual 

decrease of the battery voltage for each cycle. 

 

Figure 13: Discharge current comparison: battery voltage versus time for cycles 2, 4, 6, 8, 

and 10 
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4.5.2 Discharge   Curves 

A first modeling approach is to simulate discharge at various current densities and then 

display the discharge curves. The results show the capacity of the battery at different 

discharge rates. This model defines end-of-discharge as the time when the cell voltage drops 

below 3 V.  Figure  shows that the maximum discharge capacity of 17.5 Ah/m2 is obtained 

for a current density of 1.75 Ah/m2 (0.1 C). It can also be seen that the 3 V discharge capacity 

decreases slightly when applying a 1 C discharge current and dramatically when going above 

that. At 4 C, the battery delivers approximately 50% of the 

theoretical capacity before it reaches a cell voltage of 3 V. 

 

 

Figure 14 Discharge curves for various discharge rates. 
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Chapter 5: Conclusion 

Pristine(LMO) and Ni-doped lithium manganese oxide (LiNixMn2-xO4) spinel cathode 

materials were successfully synthesized using metal nitrates and urea as precursors by 

solution combustion method. We studied the use of low nickel as 

a substituting for LiMn2O4 spinel cathode material for lithium ion battery. The samples were 

characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), Thermo-

gravimetric analysis (TGA) and charge/discharge battery tester as well as using COMSOL 

Multiphysics software. The SEM analyzed structure display that the synthesized spinel 

LiNixMn2-xO4 (x = 0, 0.125, 0.25, 0.375, 0.5) cathode materials have spherical or spherical like 

morphology with particle size of micrometers. The examination of the X-Ray Diffraction 

patterns confirms that all the peaks are very sharp, indicating a high crystallinity of the 

powders. 

First order derivative of TGA curves reveals the temperature at which the maximum 

decrease of mass occurs. The mass loss curve exhibited a continuous decrease of mass with 

temperature. The first cycle discharge capacity of pristine LiMn2O4 and LiNi0.125Mn1.875O4 

samples did not vary significantly. The first cycle discharge capacity of LiNi0.125Mn1.875O4 is 

comparable to that of the pristine LiMn2O4, just as the values of their lattice parameter are 

essentially the same. The larger the lattice parameter, the easier the Li ions can more freely, 

thereby increasing the discharge capacity. The variation in lattice parameter as a result of Ni 

doping greatly increased the cyclability of discharge capacity of the LiMn2O4 spinel.  

Compared with the pristine LiMn2O4 cathode material, the LiNi0.125Mn1.875O4 composition did 

not improve the cyclability, whereas the other doped spinel compositions do retain their 

initial capacities for many cycles; for example, Nickel doped compositions LiNi0.25Mn1.75O4, 

LiNi0.375Mn1.625O4, and LiNi0.5Mn1.5O4, respectively, retain 1.5, 1.6, and 1.3 times that of 

pristine LiMn2O4. In addition, the LiNi0.375Mn1.625O4 sample exhibited the more stable 

discharge capacity than the other samples. For cycles 2 through 10 there is a gradual 

decrease of the battery voltage for each cycle. It can also be seen that the 3 V discharge 

capacity decreases slightly when applying a 1 C discharge current and dramatically when 
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going above that. At 4 C, the battery delivers approximately 50% of the 

theoretical capacity before it reaches a cell voltage of 3 V. 
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