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ABSTRACT 

Lithium ion battery discovered since the 1980s has become pivotal to our energy needs. 

With the need for a shift to renewable energy and increased use of portable devices, energy 

storage has become a very important aspect of modern day life and technology.  In the thesis, 

optimization techniques for solid state calcination of lithium olivine batteries are characterized 

and analyzed.  A brief introduction into lithium ion battery is discussed, the chemistry and 

physics of the materials is studied in details. Emphasis is placed on the olivine structure, 

industrially utilized synthesis method and the performance of olivine lithium ion batteries are 

also discussed in details.  

Olivine structure LiFePO4 (LFP) was synthesized via solid state processes, using Li2CO3, 

NH4H2PO4 and FeC2O4·H2O and C12H22O11 as precursor materials. The effects of calendaring in 

terms of charge/discharge capacity, cycle life performance, surface morphology, and ac 

impedance was analyzed. The resulting LFP electrode was divided in part, Part A was left as is 

and Part B was calendared. The calendared electrode exhibited lower impedance under 

electrochemical impedance test. The calendared electrode also exhibited a higher discharge 

capacity of about 130 mAh/g at 0.1C compared to the as-is electrode with discharge capacity of 

about 120mAh/g.  

Olivine structure LiMnPO4 (LMP) was also synthesized via solid state processes, using 

Li2CO3, NH4H2PO4, MnCO3 and C12H22O11 as precursor materials. Comparison of the carbon 

addition process was done by adding sucrose to the initial precursor mix and carbon black at the 

later stages of fabrication. The 3 step carbon addition exhibited the highest specific capacity of 



 

xi 

 

about 72mAh/g, 1 step carbon addition possessed the least capacity of about 45mAh/g, while the 

2 step process had a capacity of about 65mA/g. 
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CHAPTER 1  

INTRODUCTION 

Lithium ion batteries are suitable for mobile and portable applications; they are lighter, due to 

their high gravimetric energy density and, smaller due to high volumetric energy density. The 

boom in the digital and portable device market is partly due to breakthrough in research of these 

batteries. Li-ion batteries are also used for high power and large scale applications due to their 

superior specific energy density which explains why electric vehicles and hybrid electric vehicles 

are being commercialized using lithium ion battery. An illustration highlighting the superior 

capability of lithium ion battery (LIB) is the comparison of the energy storage technology used 

in the Tesla Roadster electric car and the Reva Electric Car. [2]The Tesla Roadster is a two seat 

sport vehicle, with an open top; rear drive roadster powered using a 6831 lithium ion battery, 

requiring 3.5 h of charge time with a maximum driving range of 245 miles. On the other hand, 

the Reva car is a small three-door hatchback car powered by eight lead acid batteries connected 

in series to obtain 48V (9.6kwh) with a 6h charge time and has a maximum driving range of 

50miles. 

At this time the specific energy density achieved by a Li-ion battery is around 200Wh/kg 

and it has been estimated to increase within the next few years [2]. Although lithium ion battery 

technology has been improved over the years, research and development programs are still in 

ongoing towards further increase of the energy density, safety, life cycle etc. to meet future 

needs. A key requirement in achieving this goal will be the use of materials with higher energy 

and power densities and good rate capability for capturing more energy provided in applications 

such as regenerative braking, etc.   Materials with enhance ranging from the electrode to the 
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electrolyte to the separator and superior understanding of the mechanism behind the operation of 

the battery.  

1.1 Chemistry 

During charge and discharge, lithium ions migrate between the two electrodes via an 

organic electrolyte and undergoes redox reactions at the anode and cathode. The electrodes are 

electrically insulated by a separator which allows the flow of ions but prevents flow of electrons. 

During discharge oxidation occurs at the anode (negative terminal), reduction occurs at the 

cathode (positive terminal), and lithium ions move from the anode to the cathode. While 

charging, the anode which is now in an oxidized state is reduced, the cathode in a reduced state is 

oxidized and lithium ions move in the opposite direction. The process of lithium ions moving in 

and out of a host is called intercalation and de-intercalation respectively. Little or no volumetric 

change to the material structure during intercalation and de-intercalation [3] is essential to the 

reversible capacity of the material. 

 

 

Figure 1.1: Charge discharge mechanism of lithium ion battery [2] 



 

3 

 

1.2 Cathodes for Lithium Ion Batteries 

Cathodes for lithium ion battery are constructed with the consideration of the following factors:  

• Specific energy density  

• Specific power density 

• Rate capability  

• Cycling performance  

• Safety and environmental friendliness 

• Cost 

• Life span 

 

Categorized by structure, the conventionally used cathode materials for lithium ion 

batteries are the layered compounds LiMO2 (M = Co, Ni, Mn, etc.), spinel compounds LiM2O4 

(M = Co, Ni, Mn, etc.) and olivine compounds LiMPO4 (M = Fe, Mn, Ni, Co, etc.) [4]. New 

material structures such as silicates Li2MSiO2, borates LiMBO3 and tavorites LiMPO4F are also 

gaining traction. 

1.2.1 Layered Compounds LiMO2 (M = Fe, Mn, Co, Ni) 

 

 

Figure 1.2: Structural arrangement of layered compound [4] 
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The structural arrangement of layered compound cathode material is showed in the 

Figure 1.2, from the figure it can be seen that, transition metal (M) and oxygen are stacked in 

layers [4].  In these structures the oxygen atoms are arranged in a face centered cubic close-

packed arrangement with the transition metal oxides residing within the oxygen octahedral and 

the lithium atoms contained in the space between the oxygen layers [5]. 

LiCoO2, a Layered compound was the first commercialized lithium ion battery. The 

potential to deliver high capacity makes these type structure an attractive for use in high energy 

applications, the drawbacks are the instability of the compound when more than half of the 

lithium ions are extracted, the cost and presence of cobalt an environmentally dangerous also 

makes it impractical for green applications [6]. Replacement of cobalt with nickel helps solve the 

problem but nickel also has its disadvantages such as its tendency to form Ni-rich, 

nonstoichiometric phases and thermal instability [6]. 

 

1.2.2 Spinel Compounds LiM2O4 (M = Fe, Mn, Co, Ni) 

 

 

Figure 1.3: Structural arrangement of spinel compounds [4] 
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The necessity of more stable lithium ion battery aided the move to spinel compounds. 

The tunnel-like structure of the spinel compound allows the intercalation of lithium ions without 

significant change to the host structure. Its three-dimensional spinel structure improves the flow 

of ions within the electrode, which results in lower internal resistance and improves current 

handling. The advantage of spinel structures are the high thermal stability and enhanced safety. 

LiMn2O4 is one of the most researched of this group. Unlike LiCoO2, LiMn2O4 does not contain 

cobalt which makes it environmentally friendly. The drawbacks are its limited life cycle and 

shelf life due to capacity fade due to permanent structural change closely linked to oxygen 

deficiency [7], the dissolution of manganese in liPF6 electrolyte [6]. It also exhibits two distinct 

voltage plateaus while charging and discharging which makes it impractical for use in electronic 

devices [8]. 

 

1.2.3 Olivine Compounds LiMPO4 (M = Fe, Mn, Co, Ni) 

 

 

Figure 1.4: Structural arrangement of olivine compound [4] 
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The inherent stability of the phosphate-oxygen bond delays and minimizes the oxygen 

loss that occurs in traditional layered and spinel oxide. Although olivine compounds presents less 

risk of thermal breakdown, it exhibits lower potential vs lithium. Hence possesses lower energy 

density which is one of the major drawback of these materials [8] 

1.3 Anode for Lithium Ion Batteries 

 

There are many anode electrode materials available today, all these materials can be broadly 

categorized as lithium based, carbon based, silicon based, and tin based materials. Until the 

1980s, Li metal alloys were used as the anode materials. Due to safety problems resulting from 

the formation of dendrites that punctures the separator after few cycles and leads to thermal 

runaway lithium metal anodes were replaced. Carbon-intercalation materials were solely 

substituted as the anode [2] despite the high capacity of the lithium metal. Anode materials are 

usually constructed to exhibit the following properties: 

 

• High charge/discharge capacity  

• Low initial irreversible capacity loss 

• Excellent charge/discharge cycle properties 

• High electric conductivity and ion diffusion rates within active materials 

• Less change in volume by intercalation/de-intercalation of lithium 

• Eco-friendliness 

• Easy manufacturing process and low prices 

 

 



 

7 

 

1.3.1 Carbon Based Anode 

The first commercially available lithium battery by Sony Corporation contained LiCoO2 

as cathode and a non-crystalline carbon anode. This pioneered the use of carbon based anodes, 

making it one of the most commercially available anodes in the lithium ion battery market due to 

its small surface change, very stable structure, and low cost of purchase [9].  

The ability for lithiation and de-lithiation of carbon based material strongly depends on 

the structure of the material. Hence, there are various forms and structures of carbon based 

anodes used in the construction of lithium ion battery. These various forms, types and structures 

of carbon are broadly categorized into  

 Natural graphite 

 Graphitizable carbon (soft carbon) 

 Non graphitizable carbon (hard carbon) 

 

Figure 1.5: Schematics of various kind of carbon [10] 
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1.3.2 Natural Graphite 

Graphite is a layered intercalation compound with crystallites stacked as shown in figure 

1.5. In the lithiated form natural graphite has a capacity of 372 mAh/g [11] with a stoichiometry 

of LiC6, good cycling stability, a potential close to that of lithium, and is relatively safe when 

compared to other materials [12]. When graphite is used as the anode material, the intercalation 

properties are affected by the formation of solid electrolyte interface (SEI) which is an 

irreversible process as shown in figure 1.6 and figure 1.7B plot A. This interface can be 

advantageous to the operation of the battery, because it prevents continuous reduction of the 

electrolyte as cycling continues and can also prevent solvent co- intercalation [13] [14].  

Continuous growth of this layer however reduces the reversible capacity of the battery. 

Unfortunately the large irreversible capacity loss as shown is a major downside to the use of 

natural graphite anodes.  

Furthermore, natural graphite has poor compatibility with common electrolytes like 

propylene carbonate electrolyte solutions. Propylene carbonate has very suitable characteristics 

such as low cost, lower temperature performance, and lower voltage, when used together with 

natural graphite as anode they co intercalate with the lithium ion which leads to exfoliation and 

damages the anode and the battery as a whole [12]. Together with other unfavorable properties 

such as poor cycling caused by the high anisotropy of the graphite surface, imperfect structures 

of hybridized carbon atoms, carbon chains and edge carbon atoms and some impurities [15] 

makes it unsuitable for some commercial application. 

Synthetic graphite with poorly ordered crystallite structures obtained by heat treatment 

shows better properties as anode materials. With its relatively low cost, low operating potential, 

higher capacity, remarkable structural and interfacial stability, a vast majority of the industry 
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now uses synthetic graphite materials as the negative electrode material [16]. Carbon with poor 

crystalline structure that includes synthesized graphite was found to be compatible with common 

electrolyte.  

 

 

Figure 1.6: The first cycle of a graphite/lithium cell [13] 

 

Figure 1.7: (a) Plot of reversible capacity for lithium vs. heat-treatment temperature for a variety 
of carbon samples (open symbols, hard carbons; solid symbols, soft carbons). (b) Plot of voltage 
vs. capacity for  the commercial carbon based anode synthetic carbon (B-plot A) petroleum pitch 

heat-treated at 500 °C (B plot B) resole resin heat-treated at 1000 °C. (B plot C) [17] 
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As shown in figure 1.7 the reversible capacity of carbon materials is largely dependent on the 

temperature of heat treatment. Variety of carbon materials can be obtained, graphitizable carbon 

as the name implies can be graphitize at by heat while non- graphitizable carbon does not get 

graphitize by heat treatment.  

1.3.3 Graphitizable Carbon 

Soft carbon possesses irregularly arranged crystalline structure and considerably high 

hydrogen content. The heat treatment during synthesis of soft carbon strongly determines its 

ability to be graphitized and its capacity as anode material as show in figure 1.7 A. Generally 

soft carbon are gotten from heat treatment above 700 C. Despite the impressive features of soft 

carbon, its manufacturing flexibility, soft carbon is not suitable for many application as anode 

materials because of its high overpotential and voltage loss as show in figure 1.7B plot B.  These 

problems are mainly associated to the presence of considerably high hydrogen content in the soft 

carbon [18] [19]. 

 

1.3.4 Non-Graphitizable Carbon 

Unlike soft carbon it is more difficult to graphitize hard carbon by pyrolysis. Hard carbon 

is gotten by heat treatment between 800- 1200 C and generally contains less hydrogen. As shown 

in figure 1.5 hard carbon exhibits higher levels of irregularly ordered graphite crystalline 

structure and this provides many points for the interlinking of the graphite layer and a more 

stable structure.   This morphology results in less expansion during intercalation when compared 

with graphite and also increases the speed at which intercalation occurs when compared to the 

soft carbon with higher degree of order [20]. Hard carbon exhibits good reversibility and less 
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over voltage and voltage loss, making it applicable for most operations as shown in figure 1.7B 

plot C [17].   

1.4 Physics of Li-Ion Battery 

The reactions that occurs at the interface between the cathode, anode and within the 

electrolytes during charge and discharge process is critical to the performance of the li-ion 

batteries. Some factors are favorable to the operation of the battery while other decreases the 

capacity of the battery over time, hence understanding the kinetics such as diffusion, mass 

transport, polarization etc. occurring within battery is very important. 

1.4.1 Potential Difference across the Battery 

Like every change that occurs in nature, the change or chemical reaction that occurs in a battery 

is driven by energy.  In a battery energy is released when charges move from point A to B. the 

work done is  

                                                                                                                                      (1.1) 

When work is done there is a change in free energy 

                                                                                                                                 (1.2) 

The in free energy is proportional to the work done by the battery 

                                                                                                                                      (1.3) 

Using faraday’s constant  

                                                                                                                                           (1.4) 

Therefore  
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                                                                                                                                     (1.5) 

The equation above is the Gibbs equation, where the change in Gibbs energy (∆G) is the change 

in energy that can be used to do work [21]. In the case of the chemical reaction in the battery, the 

free energy is the energy used to move charged particles. 

The standard state of free energy for a chemical reaction is  

                                                                                                             (1.6) 

For a battery the reaction occurs in form of electrode potential on the cathode and the anode, 

there fore  

                                                                                                                               (1.7) 

And  

                                                                                                             (1.8) 

Where    represent standard electrode potential 

The theoretical standard voltage of a battery can be gotten by calculating the difference 

between the standard electrode potential at the cathode and the standard electrode potential at the 

anode. These standard potentials are inherent to the materials used in making the battery, and is 

measured in relation to a reference electrode. In practical applications there is a deviation from 

the theoretical open circuit voltage value due to nonstandard state of the reacting material. [2] 

Using Nernst equation 

                                                                                                                             (1.9) 
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Q is the reaction quotient and is a measure of the products and reactant available for reaction at a 

particular time. 

Multiply both sides of the equation by nF gives 

                                                                                                                   (1.10) 

This brings us back to the Gibbs free energy 

                                                                                                                             (1.11) 

1.5 Polarization 

Polarization is the shift in potential difference or electrode potential that occurs when 

current is passed through a battery. The voltage shift caused by polarization is called overvoltage 

There are three major causes of polarization 

1. Ohmic polarization 

2. Activation polarization  

3. Concentration polarization 

1.5.1 Ohmic Polarization 

For continuous motion of the ions and electrons an electric field needs to be maintained. 

The electric field needed is available due to the potential difference across the battery [22]. 

Current flows through a battery by the movement of ions and electrons through the electrodes 

and electrolyte. The current density is proportional to the electric field strength. 

                                                                                                                                   (1.12) 
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Ohms law can also be stated as the proportional relationship between current flowing through a 

conductor and the potential difference across that conductor. 

                                                                                                                                       (1.13) 

This implies that 

                                                                                                                                       (1.14) 

The magnitude the overvoltage caused by ohmic polarization is governed by ohms law shown 

above. 

                       ∫          ∫               ∫                                                 (1.15) 

This equation can be simplified to  

                                                                                                                                     (1.16) 

The solution resistance being the resistance of the electrolyte between the anode and cathode. 

1.5.2 Activation Polarization 

Activation polarization arises as a result of slow rate of chemical reaction occurring at the 

electrode, the reaction is related to the activation energy and is dependent on temperature. The 

activation energy barrier is increased in applied voltage which is known as activation 

overvoltage.  

This rate limiting factors of the battery is governed by the Butler-Volmer equation 

     {   [               ]     [             ]}                                           (1.17) 

Which can be simplified as  
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                                                                                                                               (1.18) 

I is the electrode current, io is the exchange current density, E is the electrode potential,     is the 

equilibrium potential, A is the electrode surface area, T is the absolute temperature, n is the 

number of electrons involved in the reaction, F is the Faraday constant R is the universal gas 

constant and α is the charge transfer coefficient 

The butler volmer equation is only valid when the reaction at the electrode is due solely 

to charge transfer at the anode or cathode and not due to mass transfer that occurs between the 

electrodes and the electrolyte. For these cases when E << Eeq for cathodic reaction or E >> Eeq 

for anodic reaction the tafel equation comes to play [23]. 

The Tafel equation presents the relationship between the current and overpotential during 

redox reaction at the electrode.  

The rate of this electrode reaction is given by the Arrhenius equation, which relates activation 

energy Ka with temperature and reaction quotient 

                                                                                                                                     (1.19) 

From faraday’s law the rate of reactions can be expressed in terms of exchange current density at 

as  

                                                                                                                          (1.20) 

When an overpotential is applied across the anode the current density becomes  

                                                                                                         (1.21) 

This equation can then be compare with io, a and becomes  
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                                                                                                                                     (1.22) 

By taking natural logarithms we can find the activation polarization at the anode  

                                                                                                                                          (1.23) 

Consequently the reaction at the cathode can also be expressed in terms of current density as  

                                                                                                                                  (1.24) 

And the activation polarization at the cathode is also given as  

                                                                                                                                       (1.25) 

1.5.3 Concentration Polarization 

When electrochemical reaction occurs at the electrode of a battery concentration 

polarization arises from the depletion of ion in the electrode / electrolyte interface. The ionic 

species consumed at this interface must be replenished from the electrolyte. At very high rate of 

charge and discharge the replacement of used reactant takes longer and a limiting current is often 

reached. In solids and liquid solutions the diffusion is governed by random walk of ions that 

leads to an interchange of position with the neighboring atoms or ions [24].  

The diffusion in the battery and limiting current is related by Fick’s Law                                                                                                                                           (1.26) 

IL is the limiting current density, D is the diffusion coefficient, C is concentration ions in the 

electrolyte and δ is the thickness of the boundary layer.  
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The concentration polarization therefore stands for the difference in cell potential at the 

electrolyte bulk and the cell potential at the surface of the electrode due to accumulation or 

depletion of electroactive species. 

Concentration polarization is given by 

                                                                                                                                             (1.27) 

1.6 Conclusion 

Energy storage is very important to our sustainability in the future. With the ever increasing 

threat of global warming, the rise in consciousness within the masses and the increasing 

manufacturing and sales of electric vehicles, lithium ion batteries can play a vital role in the 

future. A lot of research has been done and is still being done to get higher performing lithium 

batteries. Understanding of the limiting factors, and materials is very important to the research 

and has been explained in this chapter. 

1.7 Structure of This Thesis 

This thesis is organized as follows. Chapter 2 presents the synthesis structures and 

performance of the olivine battery material, lithium iron phosphate (LFP) and Lithium 

manganese phosphate (LMP) is covered in detail.   

In Chapter 3 characterization of LFP fabricated via solid state method is characterized 

using electrochemical impedance spectroscopy, rate test and cyclic voltammetry. Calendaring as 

an optimization technique is analyzed. Chapter 4 covers work done with lithium Manganese 

Phosphate. LMP was also synthesized using solid state method; the impact of the carbon addition 

process is investigated and analyzed  
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Finally, conclusions and future work are stated in Chapter 5, with references, and other 

relevant information presented at the later end of the work. 
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CHAPTER 2  

SYTHESIS, STRUCTURE AND PERFORMANCE OF OLIVINE MATERIALS 

Olivine battery materials (LiMPO4 M = Co, Fe, Mn, Ni) have been and still are very 

promising materials to meet energy storage needs. A lot of funding and research have gone into 

understanding the properties of these materials so as to eradicate obstacles hindering full 

capacity at high rates.  Major breakthroughs have come in the form of LiFePO4, LiMnPO4 is still 

being studied by many and LiCoPO4 with a very high operating voltage is dependent on 

breakthrough in high voltage electrolytes. Despite efforts and great deal of papers that have been 

published on the lithium iron phosphate the material is still not fully understood and can still be 

improved. There are requirement set by the department of energy for HEV, BEV and PHEV 

vehicles that have to be achieved toward implementation of olivine battery as energy storage for 

electric vehicles. As at the time of writing, these requirements have not been achieved. In this 

chapter the structure, synthesis options and performance of olivine materials are discussed 

thoroughly with focus on LiFePO4. 

2.1 Crystal Structure 

Olivine materials posess an orthombic lattice structure in the Pnma space group, LiMPO4 

been a tryphylite and LiMnPO4 lithiophilite [25]. As shown in figure one LiMPO4 contains 

hexagonal close packed, corner sharing LiO6 octahedra, edge sharing LiO6 octahedra and 

tetrahedral PO4 site sharing two edges with LiO6 and one with MO6 octahedras [26] [27].  The 

lattice parameter for LiMnPo4 are about a = 6.106(1) Å, b = 10.452(1)Å, and c = 4.746(1) Å [28] 
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and are a = 10.33A˚ , b = 6.01 ˚ A, c = 4.69 ˚A and V = 291.2A3 for  LiFePO4
  before 

delithiation, when  delithiated LFP undergoes a  lattice volume charge of 6.77% [25].   

 

 

Figure 2.1: Olivine structure of LiMPO4 (M = Fe, Mn, Co). Li in green, M in yellow, P in blue, 
O in brown [29] 

 

The shift from layered and spinel compounds to olivine compound was necessitated by 

the need for improved safety. Unlike layered and spinel compounds the olivine structure 

possesses a very strong covalent bond which prevents the release of oxygen that leads to 

explosion [30] [31].  The downside to this covalent bond is the low electronic and ionic 

conductivity of these materials depending on the transition metal used. Another issue with the 

olivine structure is the one dimensional tunnel available for lithium diffusion, it increases the 

chance for blockage of the diffusion tunnel which affects the performance of the material [32] 

[33].  

Despite the isostructural crystals of olivine materials the performance of the materials 

varies depending on the transition metal used the behavior.  The redox potential is 3.45 V, 4.1, 

4.8, and 5.1 V for LiFePo4, LiMnPO4, LiCoPO4, and LiNiPO4 respectively due to the redox 
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couple inherent to the transition material with respect to Li metal [34]. The transition metal also 

affects the rate performance of the material as the mechanics within the material is different. 

These effects are evident in form of change in conductivity, rate, volume change on phase 

transition, Jahn teller distortion effect and much more. Initially it was widely accepted that the 

transition from lithiated to delithiated form in olivine materials occurred as a two phase process 

from LiMPO4 to MPO4. The presence of intermediate metastable solid solution of LiαFePO4 and 

Li1-βFePO4 have now been suggested and analyzed in various literatures [34] [35] [36] [37]. The 

phase transition in these materials is still being studied. 

2.2 Phase Transition 

Nernst equation clearly state that the open circuit voltage measured across a battery is 

indicative of the lithium content and lithium potential in each electrodes.  

                                                                                                                                           (2.1) 

Where e is charge, µLi represents the chemical potential at the anode and cathode as indicated.  

When the voltage in the cathode - in this case olivine cathode - is measured against lithium metal 

as the anode, the chemical potential of the anode remains constant. This implies that the voltage 

is proportional to the change in lithium potential in the cathode [1].  

The lithium potential can then be expressed in form of change in Gibb’s energy as  

                                                                                                                                            (2.2) 

Where g is the Gibb’s free energy and X signifies the lithium concentration (LixMPO4) in the 

material. This implies that the slope of the Gibb’s free energy vs. lithium concentration graph 
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indicates the voltage potential and can give an insight into the kinetics of phase transformation as 

shown in the graph in figure 2.2.  

The slope and voltage profile is consistent with thermodynamic theory for two phase reaction. In 

the graph α and β represents lithium rich and lithium deficient phases respectively. The charge 

discharge plot of a LiFePO4 and LiMnPO4 is very similar to that shown in the graph. Though the 

presence of solid solutions together with the two phase regions have been suggested [38], Gibbs 

and Nernst theory can and is used to justify the behavior of olivine batteries. 

 

 

Figure 2.2: Graph showing Gibb’s free energy (A) and the corresponding voltage profile (B) [1] 

 

Upon discovery of LiFePO4 a core shell model of phase transition was proposed as show 

in figure 2.3, in this model lithium extraction and insertion was stipulated to occur through an 

interface. The interface grows / shrinks towards / away from the surface of the particle depending 
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on the direction of lithium flow. A critical stage is reached where the movement of lithium is 

then highly dependent on diffusion [39]. With better understanding of olivine battery materials 

many more model have been suggested by various researchers to account for more kinetics of the 

material. 

 

 

Figure 2.3: Core shell model of phase transition [39]. 

2.3 Solid State Synthesis of Olivine Battery Materials 

Solid state synthesis is a common synthesis method for preparing ceramics that have been 

adopted to making of battery materials, the advantage of this method is its simplicity and ease of 

scalability for commercial production. Solid state reaction involves heating the precursor 

temperature high enough for reaction to occur [40]. Solid State synthesis of LMP and LFP 

usually involves high temperature reaction of a lithium source – Li2CO2, phosphate source- 

NH4H2PO4 and precursor for iron  - FeC2O4·H2O  or precursor for manganese MnCO3 depending 

on the end  product needed. Usually the precursors are thoroughly mixed in some form of 

alcohol: acetone, isopropanol etc., the mixture is then dried. After drying the mixed precursors 

are decomposed at a temperature of about 300°C to 450°C to release gases, water and other 

unneeded compounds from the precursor 
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The treated precursor is then heated at much higher temperature ranging from 500°C to 

800°C, the final product of calcination is the olivine cathode powder material. The synthesis 

parameter for these materials usually affects the performance of the material. Heating is usually 

done in an argon/hydrogen controlled gaseous environment with a furnace to prevent oxidation 

especially for synthesis of LFP, for the synthesis of LMP an inert gas is often times adequate as 

controlled environment. The disadvantages of solid state synthesis compared to solution 

synthesis such as poly-ol and sol gel and other synthesis method are the lack of control over the 

particle size and agglomeration that increases with increase in synthesis temperature [40]. 

Mechano-chemical activation, carbothermal reduction and microwave heating are techniques 

used to improve control of these parameters. 

 

 

 

 

 

 

 

Mechano-chemical activation also called mechanical alloying involves ball milling the 

reactants at very high speed of over 250RPM in rotating jar. Chemical reactions are undertaken 

by conversion of the mechanical energy of the ball mill. This bring about continuous renewal of 

the contact surfaces by fracturing, thermal shock, cold welding, grinding and intimate mixing 

Precursor Mix 

Decomposition 

Calcination 

Figure 2.4: Steps in Solid state synthesis 
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[41]. Mechanochemical activation of precursors for the olivine batteries are done to minimize 

particle size to nanometer/micrometer range.  

V. Ramar et al [31] showed in their work with LMP that the size of particles in the end product is 

directly proportional to ball milling time, although more ball milling time and smaller particles 

did not translate to better performance of the battery. As shown in figure 2.5 optimal ball milling 

of the reactants is needed for optimum performance of the battery. V. Ramar et al. concluded that 

detailed attention should be paid to the grain size, surface area, pore size and pore volume of the 

material during synthesis.  

 

Figure 2.5: Graph showing capacities of LMP/C mechanochemically activated at using high 
energy ball milling (HEBM) for varying times. All batteries were charged and discharged at 

0.05C rate [31] 

 

Carbothermal reduction refers to the addition of carbon or carbon sources as reducing 

agents to the precursor mix before ball milling or during calcination. It is often used in the metal 

industry for reduction of metal oxides, the metal oxides and carbon reacts at high temperature to 

form the pure metal and carbon monoxide or carbon dioxide. 

                                                                  (2.3) 
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The reaction that occurs is highly dependent on the reaction temperature, oxidation to carbon (II) 

oxide is more favorable in low temperature (< 650) while greater chance oxidation to carbon 

monoxide is presented at higher temperature [42]. When used for synthesis of olivine cathode 

material precursor undergoes reduction in the form of 

                                                             (2.4) 

The end product formed as a result of carbothermal reaction usually contains some carbon 

coating. Coating helps in reducing the agglomeration of particles that usually occurs in synthesis 

at high temperature, it also helps in increasing the conductivity of olivine materials. Detailed 

look at the effect of carbon coating, carbon precursor type and amount of carbon used for 

synthesis of olivine material would be covered later in this thesis. 

2.4 Performance of Olivine Battery Materials 

 Olivine materials have a theoretical specific capacity of 170mAh/g capacity which has 

been closely matched in various literatures but beyond the specific capacity. It is important for 

usage in high rate applications such as power tools and electric vehicles that the specific energy 

and rate capabilities of these batteries are also very high. At the advent of the lithium ion battery 

technology is was suggested by using the core shell model that the battery would only be 

applicable to low rate applications. It has since been discovered that carbon coating, doping, 

particle size reduction, synthesis method and so many other means can be adopted to improve the 

rate capability. The rate capacity of LMPs are still quite low but Byoungwoo Kang et al showed 

that capacity as high as 60mAh/g can be achieved for LFPs at 400C [43]. A major problem 

visible at high rate applications is the capacity fade. As the name implies, it is the reduction in 

usable capacities of the battery with continuous cycling. Work done by Gang Ning [44] and his 
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colleagues showed using the Sony US 18650 battery that the capacity fade at 1C, 2C and 3C was 

9.6%, 13.2% and 16.9% respectively after 50 cycle for that particular battery. Various studies 

have suggested various reasons for this fade in capacity; continuous formation of SEI interface 

after cracking and re-cracking, increase in impedance and degradation of electrode surface are 

few of many suggested reasons [25]. 

Although high specific capacities and C-rate has been achieved, the capacity density 

(mAh/L) and energy density (Wh/L) can still be improved. These parameters give an indication 

of the mass and capacity of the battery. Increase in energy density reduces the mass and cost of 

manufacturing of the battery. A very important parameter closely related to the energy density is 

the tap density. The tap density is directly proportional the total mass of all the particles and 

inversely proportional to the total volume, it includes the particle volume and volume of pores 

within the bulk of the electrode. It is quite clear how an increased tap density is beneficial as it 

reduces the volume of the electrode this in turn reduces the size of the casing, electrode 

conductor etc. which reduces the cost of manufacturing. Unfortunately the tap density for LFP, 

the most advanced of the olivine battery is still quite low when compared to lithium cobalt oxide 

batteries, due to the carbon coating, doping and particle size reduction needed to increase the 

performance of the battery. 

2.5 Improving the Performance of Olivine Batteries 

Carbon coating as previously stated increases the conductivity of the cathode material 

and also acts as a reduction agent. The quantity and type of carbon coating influences the 

performance of the battery. As show in figure 2.6a K. Zaghib et al in their work showed the 

effect of the percentages of carbon coating on cycling performance of LFP [45]. Zhao-yong 
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Chen et al showed that the source of carbon used also has an influence on the performance of the 

battery [46]. As shown in figure 2.6b, the initial discharge capacity and voltage profile varies for 

20% carbon from acetylene black, glucose and sucrose. R. Dominko et al in their work on the 

impact of carbon coating thickness as shown in figure 2.6c showed that the reversible capacity of 

the battery varies with the carbon coating thickness [47]. 

 

Figure 2.6: Carbon coating work done by A) Xa K. Zaghib et al B} Zhao-yong Chen et al C) R. 
Dominko et al 

 

Figure 2.7: Effect of mean particle size on capacity as show by A) Thierry Drezen et al and B) 
Miran Gaberscek et al 



 

29 

 

The effect of the particle size on the performance of the battery has also been studied, at 

the moment particles in the nanometer range are being synthesized using various methods and an 

understanding of the different kinetics of battery in this size range is being researched. Rahul 

Malik and his colleagues demonstrated the impact of particle size on the diffusion of ions and 

showed that at nanosizing is advantageous to ionic transport within the bulk of the material [48].  

Thierry Drezen et al proved the effect of mean particle size on the cycling performance of LMP 

battery, they also showed how calcination temperature influence particle growth [49]. It was also 

shown by Miran Gaberscek and his colleagues that the electrode resistance and discharge 

capacity of LFP is directly proportional to the particle size [50]. 

 

 

 

 

Figure 2.8: Doping effect on doping A) LFP and B) LMP 

Detailed work has been done on the impact of doping on the performance of the olivine 

lithium ion batteries. For both LMPs and LFPs doping is done by partially substituting the 

transition metal with isovalent or rare earth metals. The impact of doping affects the overall 

performance of the battery, the structure of the electrode, diffusion, ionic and electronics 

conductivity and the capacity of the battery. Jiezi Hu et al in their work on LFP showed and 

compared the effect of various doping elements as shown in figure 2.8A [51]. Gang Yang 

showed the impact of doping on LMPs, they also compared the various performances of the 
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doped LMP as shown in figure 2.8B.  In both works the best discharge capacities were gotten 

when doped [52]. 

2.6 Conclusion 

The structure, kinetics of operation, synthesis and performance of the olivine battery has been 

research in great lengths. The department of energy has both long and short term goals for 

energy storage used in electric vehicle and the olivine batteries commercially available to date 

needs to be improved. In the following chapter experimental work was done on LMP and LFP.  
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CHAPTER 3 

ANALYSES OF CALENDARING PROCESS FOR PERFORMANCE OPTIMIZATION 

FOR LI-ION BATTERIES 

Since the use of lithium iron phosphate as cathode material for lithium ion batteries, lots 

of effort has gone into optimizing this material. The performance of the battery has been 

improved by various means over the years. The role of carbothermal reduction [42], doping [51], 

particle size [53] [50] and mechanochemical activation [41] in increasing the performance of the 

LFP battery has been researched rigorously and discussed the previous chapter. 

 

Figure 3.1: Solid state calcination process 

 

Solid state synthesis of LiFePO4 usually involves decomposition and calcination of 

precursor materials and other steps as shown in figure 3.1. After synthesis the active material 

carbon and binder mix is then coated on an aluminum foil, dried and then roll pressed. The roll 
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press process also known as calendaring process is so often regarded as an optional optimization 

technique. In this chapter we analyze the role of calendaring in optimizing the performance of 

the lithium battery. 

3.1 Experimental 

Stoichiometric amounts of precursor materials lithium carbonate (Li2CO3), iron oxalate 

hydrate (FeC2O4·2H2O) , ammonium phosphate monobasic (NH4H2PO4)  and sucrose 

(C12H22O11) were mixed together with acetone in a ball mill at 350 RPM for 5 hours to form a 

homogenous slurry. The slurry was dried at 60°C and after drying it was decomposed at 350°C 

for 10 hours in an argon/hydrogen environment to decompose the carbonate, oxalate and 

ammonium. The decomposed precursor was then ball milled at 500RPM for 5 hours and then 

calcined at 650°C in a tube furnace for 12 hours. 

After synthesis of C-LiFePO4, LFP Powder, carbon black and PVDF binder were mixed 

at 85:7:8 percentage mass ratio overnight using a magnetic stirrer.  The slurry was coated on an 

aluminum foil using the doctor blade method, dried and then vacuum dried overnight. The 

electrode sheet was cut in half and labelled sample A and sample B. sample A was calendared 

and sample B was uncalendared. The various electrodes were then punch and assembled to make 

half cells with LiFePO4/C, electrolyte from BASF containing 1M LiFP6 EC: EMC 1:2 + 2% VC 

and lithium metal in a Swagelok casing. 

SEM was done using the JEOL JSM-7410F machine. Since the electrode was already carbon 

coated there was no need for further sputter coating to improve the conductivity of the material. 

Cyclic voltammetry was done using the Solartron mobrey SI 1280B electrochemical 

measurement unit. Where cyclic voltammogram was measured between 2.5V and 4.2V. MTIXL 
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galvanostat was used to charge and discharge the battery using the CC-CV routine between 3V – 

3.65V. EIS measurements were taken using the Gamry Instrument Reference 3000 at room 

temperature. 

3.2 Results and Discussion 

3.2.1 Surface Morphology 

The calendared electrode when viewed with the bare eye looked shiny compared to the 

uncalendared electrode that appeared matte black. SEM images were taken for both the 

uncalendared and the calendared electrode and is shown in figure 3.2(a), 3.2(b).  SEM 

micrograph of magnification at X1000, X5000 and X1000 is presented. The images of these 

electrodes show a very porous structure, however the SEM images of the calendared electrode 

shows a reduction in porosity.   

 

 

(a) 

Figure 3.2: SEM images of (a) as-is and (b) calendared electrode 
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(b) 

Figure 3.2: Continued. 

 

Figure 3.3: Cyclic voltammetry for both electrodes 

 

3.2.2 Cyclic Voltammetry 

Cyclic voltammetry in figure 3.3 shows similar anodic and cathodic peaks for both batteries, the 

similarity of CV for both electrodes indicates the behavior of the electrode is similar which is 
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expected since the fabrication process were exactly the same for both electrodes until the 

calendaring process. Multiple cycles were ran and all cycles exhibited similar behavior and good 

reversibility as show in figure 3.3. CV measurements were taken at a scan rate of 1mV/s, hence 

the wide voltage difference between the peaks as higher scan rates have been shown to affect the 

voltage difference and reversibility check.  

3.2.3 Rate Test 

The importance of calendaring on the performance of the battery is apparent in the rate test as 

shown in figure 3.4 and figure 3.5. The batteries were cycled at different C-Rate, the 

uncalendared electrode has a capacity of 120, 100, 86, 55 and 10 mAh/g at 0.1C, 0.2C, 1C, 3C 

and 5C respectively, while the calendared electrode has a capacity of 131, 109, 98, 67 and 

23mAh/g at 0.1C, 0.2C, 1C, 3C and 5C respectively. Comparing both capacity; at 0.1C the 

capacity is increase by about 9.17% and by 130% at 5C by the calendaring process which 

implies that the importance of calendaring is prominent at higher charging and discharge rates 

[54].  

 

Figure 3.4: C rate of uncalendared electrode 

3.00
3.10
3.20
3.30
3.40
3.50
3.60

0 20 40 60 80 100 120 140

V
ol

ta
ge

 (
V

) 

Capacity (mAh/g) 

Uncalendared Electrode 

5C 0.1C 0.2C 1C 3C 



 

36 

 

 

Figure 3.5: C-rate of calendared  

 

3.2.4 Capacity Fade 

The graph of capacity against cycle number in figure 3.6 shows the trend of capacity fade with 

time, the uncalendared and calendared electrode battery were charged and discharged at 1C, after 

100 cycles, The discharge capacity reduced significantly with similar slope for both calendared 

and uncalendared electrodes. The calendared electrode had an initial capacity of 95mAh/g and 

85mAh/g at the 100th cycle while uncalendared electrode had a capacity of 86mAh/g at the first 

cycle and 71mAh/g at the 100th cycle. Observing the capacity fade with cycle number, there was 

no significant advantage shown by the calendared electrode over the uncalendared electrode.  
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Figure 3.6: Capacity fade for both electrodes 

 

3.2.5 Electrochemical Impedance Spectroscopy 

Figure 3.7 shows the EIS measurements from 100 KHz to 0.01Hz for both the calendared and 

uncalendared electrodes. To investigate the dependency of charge transfer kinetics on 

calendaring EIS was collected on freshly made electrodes at room temperature by applying AC 

potential of 10mV for both calendared and uncalendared cells. The impedance spectra at 100 

kHz composed of a high frequency intercept on the real axis representing the total ohmic 

resistance of 6.6Ω, this include the contact resistance, electrolyte resistance, and lead contacts, 

etc. The depressed semicircles in the mid-frequency range of 100 KHz to 0.08Hz characterizes 

the charge transfer kinetics at the interfaces. The low frequency range below 0.08Hz of the 

impedance spectra can be assigned to the solid state Warburg diffusion of lithium-ion into the 

porous electrode [55]. These model and its representation has been well established and used by 

many researchers to describe the migration and diffusion of lithium ion in the electrochemical 

cell [56] [57] [58] [59]. The EIS response for both the calendared and uncalendared electrode in 
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figure 7. The depress semicircles in the high to mid frequency range (100 KHz to 4Hz) is 

indicative of the activation resistance at the electrode/electrolyte interface and the resistance at 

the electrode/collector resistance [60] [61] [62]. As shown in figure 3.7 the calendared electrode 

clearly exhibited lower charge transfer resistance compared to the uncalendared electrode. Also 

the depressed semicircle in the middle- low frequency range 4 Hz to 0.08Hz is diminished in the 

calendared electrode EIS spectrum as a result of calendaring. These changes implies that this 

interfacial kinetics of the electrodes are affected by calendaring. The semicircle in the high 

frequency region initially was associated with the electrolyte/electrode interphase [63]. Miran 

Gaberscek et al in their work on the Importance of Interphase Contacts in Li Ion Electrodes and 

the meaning of the High-Frequency Impedance Arc proved contrary to initial suggestions that 

the high frequency semicircle is dominated by current collector/electrode kinetics while the 

middle- low frequency semicircle represents the electrode/electrolyte interface [61] .   

 

 

Figure 3.7: EIS data showing fit results for A) Calendared Electrode and B) As-is electrode 
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3.2.6 Equivalent Circuit Modelling 

To further interpret results observed from the EIS response, Zview software was used to create a 

model for the electrode shown in figure 3.8 and the model was fitted to the actual EIS profile 

with as shown in figure 3.7.  

 

Figure 3.8: equivalent circuit model for both electrodes 

 

The simplified equivalent circuit shown in figure 3.8 is used to evaluate the impedance 

parameters of the electrode. Rs represents the total ohmic resistance which includes the contact 

resistance, electrolyte resistance, and other electrical contacts. Constant phase element (CPE) is 

used to denote distributed capacitive behavior in electrodes made of fine non-homogenous 

particles, influence of electrolyte and SEI interface, double layer capacitance and other 

capacitive behavior that cannot be accurately represented using a capacitor . RC/Einterface and 

RE/Einterface signifies the respective interface reaction resistance. CPE is connected in parallel with 

a resistor to represent the charge transfer kinectics in the high – medium frequency range and the 

depressed semicircle in the medium to low frequency range. The Warburg impedance which 

represents lithium diffusion in the electrode [55] [23].  

The results generated from modelling is shown in table 3.1. All elements were fitted with a high 

degree of accuracy with error not greater than 8%. 
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Table 3.1: Values of impedance fittings for both electrodes 

  Calendared Uncalendared 

Rs 6.632 6.6 

W-R 758.9 839.6 

W-T 114.3 105.1 

W-P 0.80523 0.70224 

CPEE/E interface-T 0.016147 0.015222 

CPEE/E interface-P 0.72089 0.75702 

RE/E interface 153.3 176.2 

CPEC/E interface-T 2.4452E-5 2.4573E-5 

CPEC/E interface-P 0.76262 0.74231  

RC/E interface 157.8 182.4 

 

 

CPE-T and CPE-P are parameters that make up the impedance of constant phase elements 

expressed as  

                                                                                                                                          (3.1) 

While W-R, W-T, W-P are parameter that make the impedance of the finite length Warburg 

elements expressed as 

                                                                                                                                        (3.2) 
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The parameter ω is the angular frequency of the AC signal, i = √   and * represents complex 

conjugate 

Observing the values for the various components of the equivalent circuit in table 3.1 the 

solution resistance Rs is approximately equal for both electrodes indicating similar electrolyte 

and electrical resistance of about 6.6Ω. This implies that both electrodes have exactly the same 

solution resistance.  The values of Warburg impedance parameters varies for both electrode as 

expected, the thickness of the calendared electrode is reduced and have an effect on Warburg 

impedance [23] [64].  The resistances of the interfacial layer is reduced from 176.2Ω to 153.3Ω 

for R C/E interface and from 182.4Ω to 157.8Ω for the RE/E interface, with the calendared electrode 

having the smaller impedance for both layers. The reduction of RE/E interface is a result of increased 

inter-particle contact between the LFP particles and carbon particles while the RC/E interface is 

reduced due to better particle/current collector contact in the electrode [65]. CPEE/E interface and 

CPEC/E interface values for both electrodes are approximately equal indicating that the capacitive 

behavior of the interface is not greatly affected by calendaring which implies little or no change 

to the effective surface area as a result of calendaring. Values of CPE-P ranges from 1 to -1, with 

1 indicative a capacitor, 0 a resistor and -1 and inductor, with CPE – P values around 0.7 the 

interface exhibits distributive capacitive behavior for both electrodes.  

3.2.7 Analyzing the electrode/collector interface 

The activation resistance at the electrode / electrolyte interface is governed by the Butler -

Volmer equation [66] [67].  

     {   [               ]     [             ]}                         (3.3) 
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Where A is the electrode active surface area, io is the exchange current, α is the charge transfer 

coefficient, n is the number of electrons involved in the reaction, F is the Faradays constant, R is 

universal gas constant, T is Temperature, E is the electrode potential and Eeq is equilibrium 

potential 

Pure LiFePO4 electrode is a semiconductor with a band gap of 0.3ev, it acts and behaves as a 

semiconductor, the electrode/collector interface - the interface between the LiFePO4/ Carbon/ 

binder bulk and the metal aluminum collector should obey laws of the ohmic contact [68]. 

According to thermionic emission diffusion theory the Schottky contact area is governed by the 

equation  

                                         (3.4) 

Where 

                                   (3.5) 

Doped or carbon coated LiFePO4 in contact with aluminum according to theories of 

semiconductor materials exhibits ohmic contact.  

                                                                                (3.6) 

Where    is the specific contact resistivity and A is the contact area. Since a very small voltage 

is required to drive current through the contact area the specific contact resistivity can be defined 

as: 

                                          (3.7) 

Where J is the current density and can be defined as  
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                                              (3.8) 

At the simplified form, resistance can be said to obey ohms law 

                                                   (3.9) 

The resistance is inversely proportional to the contact area, therefore as the surface area increases 

the resistance decreases.   

These equations above clearly shows that there is a direct relationship between the Schottky 

contact resistance, current density and Schottky contact area. It also shows that for doped / 

carbon coated semiconductor the contact resistance is dependent on contact area. Therefore the 

reduction in resistance exhibited at the electrode/current collector interface is as a result of 

increased contact area. Increase in contact area therefore results in decrease in resistance as 

shown by Qiuming Wang etal in their work comparing performance of LiFePO4 battery coated 

on 3D dimensional porous current collector and on aluminum foil current collector [54]. 

 

 

 

 

 

 

 

 

Figure 3.8: block diagram showing the various impedance of the electrode 
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Since the ohmic contact resistance, Warburg impedance and activation resistance are in series, 

using the law of current resistances in series, current through the electrode/ electrolyte interface 

and current at the electrode/current collector interface are equal. This implies that  

                                                               (3.10) 

Decrease in resistance due to calendaring should result in decreased in activation, ohmic 

polarization. This is shown in the charge/discharge profile and is more prominent at higher 

discharge rates as shown in the figure 10. Since the charge/discharge current is the same and the 

resistance is different, the effect of the difference in resistance is voltage or over potential.  

 

 

 

 

 

 

 

Figure 3.9: discharge profile of as is and calendared electrode at 3C 

3.3 Conclusion 

Using solid state processes, Li2CO3, NH4H2PO4 and FeC2O4·H2O and C12H22O11 

precursor materials were used to synthesis Olivine structure LiFePO4. Calendared and as-is 
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electrode were characterized and analyzed to study the effect of calendaring on the performance 

of the battery and the role of calendaring in optimizing LFP battery. SEM, EIS, cyclic 

voltammetry, rate test and capacity fade test were carried on both the calendared and as-is 

electrode and the results were compared.  The calendared electrode clearly exhibited better 

electrochemical performances such as lower impedance and higher capacity of about 130 mAh/g 

at 0.1C compared a discharge capacity of 120 mAh/g at 0.1C for the calendared electrode. It was 

concluded using parameters gotten from equivalent circuit modelling that the added performance 

is gotten from increased ohmic contact area.   
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CHAPTER 4 

INVESTIGATING CARBON ADDITION PROCESS FOR SOLID STATE SYNTHESIS 

OF LITHIUM MANGANESE PHOSPHATE 

Olivine battery materials (LiMPO4, M = Co, Fe, Mn, Ni) have been and still are very promising 

materials to meet energy storage needs of the future. Unlike LiCoPO4 and LiNiPO4 with voltage 

of 4.8 and 5.2 respectively [34], LiMnPO4 (LMP) with an operating voltage of 4.1V is within the 

voltage window of conventional electrolyte. The theoretical specific capacity of 170mAh/g and 

higher redox potential than that of LFP results in higher energy density of a factor of about 1.2. 

The disadvantages of the LMP chemistry are the low electronic conductivity, large volumetric 

change, Jahn-Teller distortion etc. [69]. Particle size reduction [48] [49], carbon coating [70]and 

doping [52] have been reported as ways of improving the performance of the olivine batteries. 

Although the optimization of LiFePO4 (LFP) gotten from these techniques brought about the 

improvements that led to the commercialization of LFP batteries, LMP batteries have not 

exhibited the same level of improvement.  

Polyol [71], spray pyrolysis [72] , solvothermal [73], sol gel [74] and many other 

synthesis method has been successfully used to synthesize LMP with really good performance at 

high rates due to high process and parameter control achievable with these techniques. The 

problem with these synthesis methods is scalability, lab scale production gotten from these 

techniques are not viable for commercial scale production. Solid state synthesis, a common 

synthesis method for preparing ceramics adopted to making of battery materials involves heating 

the precursor at temperatures high enough for reactions to occur. The advantage of this method is 

its simplicity and ease of scalability for commercial production [75]. Unlike LFP, LMP requires 
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more control of production parameters which has proven difficult to achieve using solid state 

processes.  

In this chapter carbon addition process, carbon coating, carbon mix and the impact of 

these factors on the performance of the battery is discussed. The effect of the carbon addition 

process is investigated and compared. 

4.1 Experimental 

LiMnPO4 was synthesized as followed: stoichiometric amount of NH4H2PO4, Li2CO3, 

and MnCO3 and C12H22O11 were mixed in a ball mill to form a homogenous mixture. The 

mixture was then decomposed at 350°C in an Ar/H2 environment using a tube furnace. 

Decomposition of the mixture was followed by high energy ball milling in a zirconium bowl at 

500RPM for 5 hours using 0.5inch balls. Finally the ball milled mixture was heated for 10Hrs at 

700°C an Ar/H2 environment using a tube furnace for calcination of the material. The end 

product of calcination, LiMnPO4 powder, was mixed with carbon and PVDF in NMP to fabricate 

the electrode 

For comparison of the carbon coating process changes were made to the previously described 

process as stated below: 

 

 

 

2 STEPS ADDITION 

 10 % sucrose during precursor 

mix 

 10% carbon black  in the final 

product mix 

1 STEP ADDITION 

 10 % sucrose  and 10% 

carbon black during 

precursor mix 
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The phase structure of the material was characterized using an X-ray diffraction system. 

Morphology, particle size and microstructure of the materials were studied using a scanning 

electron microscope. 

 Electrochemical measurements of the battery were studied with lithium metal as the 

anode in a CR2032 coin cell encasement. El-cell fiber glass separator were used due to its 

thickness to prevent puncture and thermal runaway as a result dendrite growth. Electrolyte from 

BASF with an effective voltage limit of 4.4V was used. Prior to the coin cell assembly the 

mixture of C-LiMnPO4, carbon black and PVDF (70%,20%,10%) in NMP was coated on 

aluminum foil, dried and then vacuum dried overnight. The dried coating was then compressed 

to improved bulk electrode- aluminum contact. Electrochemical impedance spectroscopy was 

carried out on the freshly made coin cell, cells were charged and discharge to determine battery 

capacity. 

4.2 Results and Discussion 

4.2.1 X-Ray Diffraction  

The XRD patterns in figure 4.1 taken from samples prepared using the previously 

described process shows diffraction patterns similar to the standard (JCPDS No. 74-0375) for 

3 STEPS ADDITON 

 10 % sucrose during precursor mix 

 5% carbon black during high speed ball milling 

 5% carbon black in the final product mix 
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LMP powder. Single phase olivine LiMnPO4 without impurity was observed. The angle of the 

peaks, peak intensity and thin width of the diffraction peak shows good crystallinity which 

implies that using solid state process LMP was prepared successfully. In the standard LMP 

diffraction pattern the (311) plane is the highest, followed by the (111, 201) plane. Diffraction 

patterns from the randomly shaped LMP shows the (311) peak as the highest followed by the 

(211, 020) peak, such pattern suggests preferential orientation in the (211, 020) direction.  

 

Figure 4.1: Diffraction patterns for LMP made via solid state method 

4.2.2 Surface Morphology 

Figure 4.2 shows the SEM images of the samples.  All samples prepared via solid state 

methods shows clusters of tiny particles with varying size of agglomerations all between 2 and 

10um. Figure 4.2A (3step) and 4.2C (1 step) shows similar particle and agglomeration size much 

smaller than that of Figure 4.2B (2 step). 2 step LMP prepared by ball milling contents with 
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carbon gotten only from sucrose in the initial mixture exhibited particle sizes about 2 times 

higher than that of samples with carbon black added prior to high energy ball milling. These 

highlights the importance of the carbon black addition before high energy ball milling, as the 

coating alleviates agglomeration of particles experienced at high temperatures [76]. 

Electrochemical performance of the battery is also dependent on particle size [77]. Observing the 

measured particles shows that 1 step LMP shows smaller sized particle than 3 step LMP 

containing less carbon black prior to ball milling.  

  

(a) 

  

(b) 

Figure 4.2: SEM images of the LMP samples A) 3 3steps coating B) 2 steps and C) 1 step 
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(c) 

Figure 4.2: Continued 

 

4.2.3 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy measurement done on the freshly made cells shows 

the impedance profiles of cells made using the three LMP electrode in figure 4.3. The intercept 

on the ZReal axis signifies the total ohmic resistance of the components of the cell. The slope at 

the low frequency ends signifies diffusion of li-ion in the cell also known as Warburg impedance 

and the semicircle in high - mid frequency region represents charge transfer [78] [68] [62]. The 3 

steps LMP containing both carbon coating and carbon mix exhibited the lowest charge transfer 

resistance while the 1-step LMP possesses the highest resistance. These indicates the importance 

of the carbon mix and appropriate thickness of the carbon coating to the performance of the 

battery. It implies that thicker carbon coating expected in the 1 step process did not translate to 

lower resistance.  
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Figure 4.3: Electrochemical impedance spectroscopy measurements of freshly made 1 step, 2 

step and 3 step LMP cells 

4.2.4 Equivalent circuit 

 

Figure 4.4: equivalent circuit model for the LMP electrodes 
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Table 4.1 shows the EIS measurements from 1MHz to 0.01Hz the 3 electrodes. The impedance 

spectra composed of inductive tail at high frequency from 1Mhz to 0.1Mhz which is related to 

porosity of the electrode and connection between leads [79]; The high frequency intercept at 

0.1Mhz at  5.554Ω, 7.434Ω, 6.624Ω for the 3 step, 2 step and 1 step cathode respectively 

represents the total ohmic resistance of the cell which include the contact resistance, electrolyte 

resistance, and lead contacts, etc; Contrary to the Rs values gotten in the previous chapter, the 

ohmic resistance varies as a result of the varied fabrication process. A depress semicircle in the 

mid-frequency range of 0.1Mz to 4 Hz is characteristic of the charge transfer resistance and 

capacitive behavior. Lastly, the slope at the low frequency range is indicative of the Warburg 

impedance [55] [23]. Figure 4.5 shows fitting derived from the equivalent circuit. The values of 

the fitting parameters are of high accuracy with % error less than 7 %. Definitions of the 

parameters shown in table 4.1 has been covered in the previous chapter. 

.  

Figure 4.5: plot of fit results and actuual EIS data 
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Increase in quantity of carbon source has being shown to result in increased carbon coating 

thickness, therefore excessive thickness of the carbon coating in the 1 step process mitigates the 

diffusion of lithium and electrolyte as its makes the particle less permeable [47] [80]. Therefore 

the Warburg values varies for all electrode meaning different lithium diffusion behavior in the 

1step, 2 step and 3 step electrodes. Observing results of the CPE and Rct the impact of carbon 

coating on the performance of the battery is evident, also observing the morphology shown in 

figure 4.2 the distributive capacitive behavior varies as the particle size, and carbon coating and 

other physical attributes varies. The increased thickness of the carbon coating also results in less 

carbon availability between LMP particles thus increasing inter-particle resistance represented as 

Ract. With Ract at 134Ω, 96.21Ω and 56.47Ω for the 1 step, 2 step and 3 step LMP it is evident 

that adequate carbon mix and carbon coating is essential to reducing the activation resistance. 

Table 4.1: Values of impedance fittings for models of the electrodes 

 

  3 step 2 step 1 step 

L 2.5899E-6 2.5355E-6 2.6402E-6 

Rs 5.554 7.434 6.624 

W-A 95.11 76.86 181 

W-B 2.171 2.158 4.902 

W-phi 0.42665 0.43842 0.45387 

CPEact-T 3.4827E-5 4.8587E-5 2.1718E-5 

CPEact-P 0.76303 0.69949 0.78433 

Ract 56.47 96.21 134 
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4.2.5 Capacity  

Due to effective charging voltage limit of 4.4 by the electrolyte most of the charging time 

was on the constant voltage section. Using a CC-CV-CC charging/discharging routine with the 

limit of constant voltage set at 20 hours the discharge profile shown in figure 4 .4 was exhibited. 

As seen in the discharge profiles the materials exhibited one plateau discharge curve indicative 

of good material structure and composition. The 3 step LMP consisting of both double carbon 

coating and carbon mix exhibited the highest capacity of about 72mAh/g, 2 step LMP exhibits 

capacity of 65mAh/g and the least capacity was exhibited by the 1 step carbon process as seen in 

figure 4.4. Adequate coating gotten from two carbon sources in the 3 steps process resulted in the 

highest capacity [81]. 

 

 

 

 

 

 

 

 

Figure 4.5: Discharge profile for 1 step, 2 step and 3 step LMP at 0.05C 
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4.3 Conclusion 

LiMnPO4 was successfully synthesized via solid state method using sucrose and carbon black 

and the carbon source. The 3 steps process was made with sucrose in the precursor mix, carbon 

black added prior to high energy ball mill and carbon black mix prior to electrode preparation. 

The 2 steps process involved sucrose at the precursor mix stage and carbon black mix the final 

stage. The 1 step process had all the carbon sources both sucrose and carbon black added at the 

initial precursor mix stage. 3 step LMP exhibited the best electrochemical properties with a 

capacity of about 75mah/g. 3 step LMP also exhibited the lowest impedance and smaller particle 

size than the steps process. In conclusion the carbon addition process has a significant impact on 

the capacity of the battery. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

In this thesis, processes used for solid state synthesis were characterized and analyzed in 

details. Much of the optimization processes focuses on optimizing the battery during the 

synthesis of the material. Carbo-thermal reduction, mechanochemical activation, doping, carbon 

coating etc. are important to the battery performance but so is the post fabrication optimization. 

Calendaring, carbon mix and carbon coating process have been studied, the advantages and gains 

derived from these processes have been analyzed. The capacity and C-rate can be improved  and 

is being worked on.  

Other characterization processes would still be looked into to further increase the 

understanding of difference in performance of the LMP electrodes due to the carbon addition 

process. Magnetic resonance imaging (MRI) and nuclear magnetic resonance (NMR) used for in 

situ studies of electrode and electrolyte would be done to further elucidate the kinetics. HRTEM 

would also be used to visually analyze the carbon coating and carbon coating thickness  

Beyond these, In the future more effort needs to go into addressing other issues still 

present with the use of these batteries  

1. Energy input vs performance increase of optimization processes: how much more 

increase in performance is gotten from all the processes involved in the synthesis of the 

battery? Is it possible to make high energy low cost battery by using key optimization 

techniques and neglecting the others with higher energy input? To make the olivine 

battery easily accessible to the public, the cost of the battery needs to be greatly reduced. 
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From a cost analysis perspective, optimization can be studied to find ways to reduce 

production cost by neglecting some processes without significantly affecting the 

performance of the battery. 

2. Sustainability and recyclability: the shift to electric vehicle and energy storage is been 

emphasized because of the increased awareness of the damage done to the plant due to 

the use of fossil fuel. Global warming is becoming a global threat to the continuity of the 

human race, many cities and some nations are expected to be completely submerged in 

the water in the nearest future and at the same time drought is been experienced by other 

cities. 

As we go green we need to ensure that we need to pay more attention to recycling, and 

process verification to check if the processes of battery manufacturing can be fine-tuned 

to be produce less waste and less greenhouse gases. Completely biodegradable batteries 

is an aspect that could also be researched in the future. 

3. Beyond LFP and LMP, lithium cobalt phosphate and lithium nickel phosphate battery are 

chemistries with higher energy density due to higher operating voltage. The issue limiting 

the use of these batteries is the voltage range of conventionally available electrolyte. 

Better electrolyte would lead to higher energy density and would take us closer to 

meeting energy storage needs. 
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