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ABSTRACT 

 

The pristine LiMnPO4/C (LMP/C) and Mg-doped LiMn0.99Mg0.01PO4 (LMMP1) and 

LiMn0.97Mg0.03PO4 (LMMP3) samples have been synthesized for cathode material. In this study, 

the pristine and Mg doped LiMnPO4 cathode material is prepared using solid state route. Physio-

chemical characterization of the synthesized materials has been performed using X-ray 

diffraction (XRD), Scanning electron microscope (SEM) and Energy dispersive spectroscopy 

(EDS) to confirm proper phase formation, particle size and determination of composition 

respectively. The XRD patterns reveal the formation of the pure phase orthorhombic olivine 

structure of the pristine LiMnPO4/C (LMP/C) and Mg-doped LiMn0.99Mg0.01PO4 and 

LiMn0.97Mg0.03PO4  samples with Pnmb space group. SEM micrographs show the formation of 

dispersed, nanosized particle for the synthesized samples. Electrochemical performances for this 

pristine and Mg doped LiMnPO4 are further analyzed. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 HISTORY OF Li-ION BATTERIES: 

 

Li-ion batteries are ordinate of high energy, high power density and long cyclebility 

energy devices, which makes them useful for various applications such as hybrid electric 

vehicles, portable electronics, and power tools [1]. Li-ion may be alternate to reduce green house 

gas emission, as the gasoline powered transportation are being replaced by the electric vehicles 

powered by lithium ion batteries. The high energy efficiency of Li-ion batteries can be utilized in 

numerous applications such as electrical grid, and storage of electric energy extracted from 

renewable energy resources such as solar, wind, tidal and geo-thermal etc. The Li-ion batteries 

have various advantages compared to other commercial batteries. Li-ion batteries have the 

highest cell potential as Li is known to have the lowest reduction potential among all elements in 

the periodic table. It has the smallest ionic radii, since it is the third lightest element. Due to these 

factors, Li-ion batteries have high volumetric capacity and power density. Although multivalent 

cations allow them for higher charge capacity per ion, but the additional charge reduces their 

mobility [2]. 

Nowadays, LiCoO2 is well known commercialized cathode material in Li-ion batteries. 

But due to toxic and hazardous nature, it is unsafe and also expensive. Therefore, developing a 

cathode material, environment friendly, thermally stable and cost effective cathode material.  

LiCoO2 has been replaced by other spinel and olivine type cathode materials [3]. 

Compared to various commercially employed cathode materials based on LiCoO2 or 

LiNiO2 (layered structure), manganese based LiMn2O4 (spinel structure), and olivine-type 

lithium transition metal phosphates LiMPO4 where M = Fe, Mn, Co, Ni are considered to be 

more efficient cathode materials for lithium ion batteries as their properties gets improved 

because of doping [4]. 
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 In past few years, LiFePO4 has attracted more attention because of its high performance 

in terms of energy demands, power density and cyclability, high theoretical capacity. In Olivine 

LiMnPO4, the materials with M = Mn, Co, Ni can offer much higher potentials as compared to 

LiFePO4. Olivine structured LiFePO4 is much demanding cathode material in lithium ion 

batteries, because of its environmental friendliness, low toxicity low cost, high thermal stability 

and high specific capacity. LiMnPO4 is known to have same theroretical capacity as of  LiFePO4 

viz 170mAh/g, but as it higher potential of 4.1 V compared to LiFePO4, therefore it is best 

known cathode material which can be used in place of LiFePO4 which have only 3.4 V potential 

[5]. It delivers higher energy density. This Olivine type material has 3-D structure which 

comprises of strong covalent bonds between P5+ and oxygen ions forming PO4
3- tetrahedral 

polyanions [1]. Therefore during lithiation and de-lithiation olivine metal phosphate doesn’t 

undergo a structural re-arrangement. This means that the capacity do not degrade during cycling 

process which is the problem faced by lithium transition metal oxides structure of cathodes such 

as LiCoO2 LiNiO2, LiMnO2 and LiMn2O4. However, LiMnPO4 shows slow Li+ ion diffusion and 

have very low electronic conductivity, which leads to its poor electrochemical performance. Due 

to Poor electrochemical performance, the applications of LiMnPO4 have certain drawbacks. 

There are two major factors which detoriate the electrochemical performance of LiMnPO4 

extremely low ionic and electronic conductivity and the structural instability during the 

electrochemical process. Over the few decades, the poor conductivity in LiMnPO4 has been 

improved using carbon coating or ion doping or substitution. However, the structural issue has 

not been undertaken much attention in the past. Due to the asymmetric electronic configuration 

of Mn3+ ions in LiMnPO4, it faces lattice deformation in the charged LiMnIIPO4 phase. Due to 

this large lattice misfit along with the Jahn-teller deformation between LiMnPO4 and MnPO4 

phases effects the lattice structure, leading to low electrochemical performance. But several 

methods such as metal cation doping, morphology controlling, carbon coating and particle 

reducing have improved the electrochemical performance of LiMnPO4 [6]. 
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Fig 1.1 Crystal Structure of LiMnPO4 [7] 

 

1.2 INTRODUCTION TO Li-ION BATTERIES: 

 

Lithium ion battery is one kind of the rechargeable batteries which consists of positive 

electrode called cathode and negative electrode called electrode. In lithium ion batteries, lithium 

ions moves from the anode to cathode during discharge and back when charging. An intercalated 

lithium compounds has been used as the host electrode material instead of metallic lithium used 

in the non-rechargeable batteries where the guest ions of Li ions gets accumulated and removed 

repeatedly while charging and discharging action. The metallic lithium electrode material 

increases the dendrite formation leading to thermal runway in rechargeable batteries and 

consequently it results in the explosion of the rechargeable batteries. Hence to overcome this 

problem, lithium is intermixed with the lithium based compound such as LiFePO4, LiCoO2, 

LiMn2O4, LiMnPO4 etc. Usually Lithium ion batteries consist of functional components which 

are as follows: 

 Anode –Used as negative electrode made of C/SnSb or low discharge potentials 

 Cathode- Used as positive electrode- it consists mainly of metal oxides 

 Electrolyte – It is made of non-aqueous liquid of lithium like LiPF6, LiBF4, LiClO4 

etc. 

 Separator – It is made of insulating materials which has property to pass through Li+ 

ions and prevent electron conduction in battery. 
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During discharge, current flows from the anode to the cathode due to lithium ions Li+, through 

the non- aqueous electrolyte, where the guest ions of lithium flow back to the host. During 

charging, a higher potential but of the same polarity is applied through a external power supply 

than that produced by the battery forcing the current to flow in the reverse direction and while 

charging guest lithium ions from the intercalated host cathode material flow from cathode to 

anode. The lithium ions then flows from cathode to the anode where they get accumulated in the 

porous electrode material and this process known as intercalation [7]. 

           

Fig 1.2 Typical Lithium ion battery showing the motion of Li+ ion from anode to cathode and 

vice-versa  

 

1.2.1 ADVANTAGES: 

 Higher power 

 Higher voltage  

 Light weight 

 

1.2.2 DISADVANTAGES: 

 Expensive   

 Delicate – Battery temperature should be monitored from inside it should be sealed 

properly. 
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 Toxic – Shipping Li-ion battery in bulk is risky. It is a hazardous material and thus it 

increases its price while shipping.  

1.3 METHODS TO IMPROVE THE ELECTROCHEMICAL PERFORMANCE OF 

LiMnPO4: 

 There are various methods to improve the electrochemical performance of LiMnPO4 

cathodes. Some of them are as follows: 

 

1. Particle size reduction 

2. Composite formation 

3. Doping and  functionalization 

4. Morphology control 

5. Coating and encapsulation 

6. Electrolyte Modification 

  

1.3.1 PARTICLE SIZE REDUCTION: 

It has been seen that by reducing the particle size the Li+ ions diffusion path is effectively 

shortened and the large interfacial area for electrochemical reaction is provided by high surface area 

which is obtained by reducing the size, thus leading to excellent rate performance and high discharge 

capacity. It makes ion and electron transport faster. Therefore on reducing particle size, stress(s) are 

relieved and it also improves the mechanical stability [7]. 

 

1.3.2 COMPOSITE FORMATION: 

 Composite formation provides conductive media for electrons in the cathode material. It 

also provides mechanical and structural support [7]. 

 

1.3.3 DOPING AND FUNCTIONALIZATION: 

It has been seen that doping LiMnPO4 may improve the electronic conductivity and 

structural compatibility on the electrochemical process. It is observed  that some ions  such as 
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Mg2+, Fe2+, Ni2+, and Cu2+ showed a positive effect on electrochemical performance whereas on 

doping or substitution Zn2+ and Ti4+ indicate the negative effect. There are some impurities 

present in the Zn and Ti substituted sample which influences the activity of the material and thus 

mask the effect of Zn and Ti substitution [5][7]. 

 

1.3.4 MORPHOLOGY CONTROL: 

Morphology control provides improvement in structural stability as well as modified 

reactivity. It also promotes faster ion, electron and phonon transport [7]. 

 

1.3.5 COATING AND ENCAPSULATION: 

 Coating the cathode material gives protection from electrolyte and also provides 

protection of the electrolyte decomposition. It also helps in stabilization of surface reactions. It 

provides a conductive media to the cathode material [7]. 

 

1.3.6 ELECTROLYTE MODIFICATION: 

 Formation of passivation layer(s) on the the surface of cathode material is due to the 

modification in the electrolyte. It also helps in controlled solubility of active material(s) and 

decomposition product(s) [7]. 
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Fig 1.3 showing various ways for improving the performance of LiMnPO4 [7] 

 

1.4 SCOPE OF THESIS: 

 The work done here in this thesis depicts the synthesis and characterization of Mg doped 

LiMnPO4/C as the alternative cathode material for lithium ion batteries using solid state reaction 

route. The characterization includes X-ray diffraction (XRD), Scanning electron microscopy 

(SEM) and Energy dispersive spectroscopy (EDS) of bare LiMnPO4, 1% and 3% Mg doped with 

LiMnPO4.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 In the recent work, Qiao Ying Huang used Solid state reaction route as synthesis route, 

and prepared LiMnPO4/C, LiMn0.85Fe0.15PO4/C, LiMn0.92Ti0.08PO4/C and 

Li(Mn0.85Fe0.15)0.92Ti0.08PO4/C. He then characterized these samples using (XRD), X-Ray 

photoelectron spectroscopy(XPS), SEM and electrochemical tests. There was considerable 

amount of enhancement with the co-doping of  Ti4+ and Fe2+ at the Mn sites which lead to 

performance improvement of LiMnPO4 and improvement in lithium ion diffusion. Among these 

two co-dopant Li(Mn0.85Fe0.15)0.92Ti0.08PO4/C showed better rate capability and higher discharge 

capacity [5]. 

 Haisheng Fang synthesized LiMn0.8Fe0.19Mg0.01PO4/C using solid state reaction route and 

then characterized by (XRD), (SEM) and electrochemical test.  LiMn0.8Fe0.19Mg0.01PO4/C  was 

carbon coated with 8 wt. %, with size approximately in the range of 100-500nm and aggregated 

into microparticles around 3-5µm. Inspite of less carbon coating and larger size, the 

electrochemical test showed the good cyclabilty and high capacity of LiMn0.8Fe0.19Mg0.01PO4/C 

[8]. 

 Haisheng Fang showed that 2 wt % of Zn is useful for the performance of LiMnPO4 

because of the reduced charge transfer resistance. This doping lead to the increased lithium ion 

diffusion and phase conversion. LiMn0.98Zn0.02PO4 has better rate capability and much higher 

capacity as compared to the LiMnPO4 [9]. 

 Ling Wu prepared LiMnPO4 using sol-gel combined with ball milling and liquid nitrogen 

quenching method. It was understood from XRD results that the structure of LiMnPO4 was not 

destroyed by quenching. The quenched sample showed the much contracted lattice parameters as 

compared to the unquenched sample. SEM results showed that the agglomeration of LiMnPO4/C 

paticles was controlled using nitrogen quenching. The numbers of defects were formed in the 

crystal of LiMnPO4 which was justified using TEM results. The quenched samples showed much 

higher discharge capacities as those compared with un-quenched ones [3]. 
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 Wenxuan Zhang synthesized LiMnPO4 nanoplates by a facile solvothermal in mixed 

water DEG (diethylene glycol) with mediation of CTAB (cetyltrimethyl ammonium bromide). 

The crystal orientation of LiMnPO4 was along the ac plane due to the coodinative effect of 

CTAB and DEG. The size of these nanoplates were of about 13nm. The characterization of the 

LiMnPO4 was done using XRD, SEM, FTIR and Raman Spectra. The LiMnPO4 was uniformly 

carbon coated after the treatment with sucrose. The given sample showed high discharge 

capacity and high performance [4]. 

 Jingmin fan prepared LiMnPO4 through a facile two step method. While the synthesis 

process the Oleylamine was introduced as solvent and the carbon source. The LiMnPO4 particle 

has the size approximately about 40 nm with the carbon coating of 2-3nm. The prepared 

LiMnPO4 material showed higher discharge capacity. The carbon coating improves the 

electronic and the ionic conductivity and the cycling ability of the sample was also stabilized [1]. 

 Thierry Drezen prepared LiMnPO4 via sol-gel method. After subjecting the sample at 

different temperature between 520-600ºC, the particle size obtained was in the range of 140-220 

nm. Further dry ball milling reduced the size of the particle from 130-90nm. The better 

electrochemical performance and higher charging rates were observed when smaller LiMnPO4 

particles were used [6]. 

 Zhijian Zhang prepared LiMnPO4 with the surface co-coating of Li2TiO3 along with the 

carbon coating by quasi sol-gel after the thermal treatment. The Characterization was the sample 

was done using XRD, SEM, EDS, TEM, XPS, TEM, XPS. The Li2TiO3- coated LiMnPO4 

illustrated better lithium ion diffusion and higher cycle stability as compared to the LiMnPO4. 

The best electrochemical performance results were obtained when the 3 wt % LiTiO3 coated 

LiMnPO4 sample [10]. 

 Zhumabay bakenov prepared LiMnPO4 via spray pyrolysis along with the wet ball milling 

by utilizing different conductive carbon which are acetylene black and the other types of ketjen 

black. The ketjen black preferred as compared with other conductive carbon since larger surface 

area. Material with these coating shows large discharge capacity compared with other LiMnPO4. 

By using these conductive carbons, the charge transfer and lithium ion transport was improved 

[11]. 
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 Nam Long Doan combined Spray pyrolysis and wet ball milling followed by heat 

treatment for the method of preparation LiMnPO4. Spray pyrolysis had the heat treatment range 

in 200-500º C. XRD detected that there was no impurity phase in the sample. The size of the 

sample was determined using scanning electron microscopy and transmission electron 

microscopy with size approximately in the range of 100nm. The sample synthesized with the 

temperature range of 300º C using spray pyrolysis gave the best electrochemical performance 

because of the smaller particle size, larger specific surface area and carbon coating [12]. 

 Jiangfeng Ni prepared LiMnPO4 using high energy ball milling. The characterization of 

the sample were done using XRD, SEM, Raman spectroscopy, Laser particle analysis and 

galavanostatic charge discharge. The LiMnPO4 material synthesized using acetylene black 

provided better electrochemical performance than those compared without using acetylene black 

[2]. 

 Nicholas P.W Pieczonka compared the method of preparation of LiMnPO4 by polyol and 

solid state reaction method for lithium ion batteries. The characterization of the sample was done 

using XRay and neutron powder diffraction, SEM, TEM and electrochemical characterization. 

The same amount of Li/Mn cation mixing was done which is about 4-5%. The flower-like 

morphology of LiMnPO4 whose growth rate was in the direction parallel to bc plane was 

obtained using polyol method. The carbon sources were Shawinigan acetylene black and super P 

black for carbon coating. The LiMnPO4 prepared using super P black has better cathode 

performance as compared to that of Shawinigan acetylene black [13]. 

 Zhong Sheng Kui prepared LiMnPO4 using sol-gel method by adding citric acid. The 

characterization of the sample was done using XRD, SEM and electrochemical performance. The 

XRD results shows the sample prepared at low temperature of 500º C, the olivine structure of 

LiMnPO4. The SEM results showed that the citric acid controlled the particle size of LiMnPO4 

because of the presence of citric acid. This method leads to high electrochemical performance of 

LiMnPO4 [14]. 

 Fang Wen synthesized LiMnPO4 by facile assisted solvothermal route. The LiMnPO4 

particles thus prepared were of size 3-10nm. Thus the mesoporous LiMnPO4 nanoparticles 
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showed high discharge capacity, high electrochemical performance for cathode materials for 

lithium ion batteries. These mesoporous LiMnPO4 improves ionic and electronic transport [15]. 

 Manickam Minakshi prepared LiMnPO4 via sucrose induced combustion method with Co 

and Ni as co-dopant. The sample thus prepared was hence tested in aqueous based LiOH 

electrolyte. The changes were observed during the characterization in the lattice parameters and 

peak positions. The Ni and Co in LiMnPO4 induced Jahn Teller Mn3+ ions distortion. Hence the 

discharge capacity was highly enhanced. LiMn0.5Co0.5PO4 and LiMn0.33Co0.33Ni0.33PO4 were 

smaller size which reduced the electron transport length. The cell voltage was improved with 

extended cell capacity and good capacity [16]. 

 

2.1 DEVELOPMENT OF DIFFERENT TYPE OF CATHODE         

MATERIALS: 

 

 The solid host network of LiMnPO4 intercalated cathode material stores guest ions. The 

guest ions can be inserted and can be removed from the host network repeatedly. In Lithium ion 

battery, Li+ ions are the guest ions and the host is the intercalated transition metal oxides. These 

cathode materials are divided into various categories according to their crystal structures such as 

layered, spinel, Olivine and tavorite. These crystal structure were developed to produce high 

energy density, high capacity, high power density, high capacity, long cyclic life, light weight, 

low self discharge, environment friendly and cost effective of lithium ion batteries. Among these 

various type of developed cathode olivine type LiMnPO4 is one of the prospect for high 

discharge voltage and thereby good power density. Detailed investigation of these cathodes is as 

follows [7]. In this investigation, olivine type LiMnPO4 structure of cathode material has been 

studied.  

 

2.1.1 LAYERED OXIDE CATHODE: 

 The Co and Li are placed in the octahedral positions which occupy alternating layers to 

form hexagon symmetry. Due to its high theoretical capacity of 274mAh/g, high theoretical 
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volumetric capacity of 1363 mAh/cm3, therefore it has gained a lot of attention commercially. It 

also exhibits properties like low self discharge, high discharge voltage. But its poor low thermal 

stability leads to exothermic reaction. When these cathode materials are heated above a certain 

point, the heat is released along with the oxygen and hence it is not a perfect option to use it at 

high temperature. Moreover, deep cycling generally refers to delithiation above 4.1 V by 

distorting the lattice structure from hexagonal to monoclinic symmetry and this change reduces 

the cycling performance. Hence, different types of other  transition metals (Mn, Al, Fe, Cr) were 

examined as possible substitutes for Co. In order to improve the LCo stability and performance  

even during deep cycling. The coating of various metal oxides such as Al2O3, B2O3, Tio2, ZrO2 

were attempted to keep structure stability at high temperature. LiNiO2 (LNO) also have the same 

layered crystal structure as LiCoO2 . It is comparatively cheaper and also have high energy 

density as compared to LiCoO2. During synthesis and delithiation, the Ni2+ ions replace the Li+ 

sites by blocking the path of Li+ ions diffusion, therefore, pure LNO cathode may not be a 

ordinate cathode materials. Since Ni3+ can reduced as compared to Co3+, therefore LNO has 

more thermal stability. Hence, the issue of low thermal stability has been  resolved by adding 

small amount of Al, and Mg to improve the thermal stability and electrochemical performance of 

LCO. Since Mn is much cheaper and less toxic as compared to Co or Ni, LiMnO2 has also been 

considered as promising cathode material in lithium ion batteries. During the lithium ion 

extraction, layered structure may change to spinel structure, therefore the cycling performance of 

LMO is poor [7]. 

 

Fig 2.1 Crystal Structure of LiCoO2 (Layered structure) 
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2.1.2 SPINEL OXIDE CATHODE: 

 Spinel LiMn2O4 is available abundant, cost effective and environment friendly. Li is 

placed tetrahedral sites and Mn is at octahedral sites. In the 3-D, Li+ ions can diffuse into vacant 

tetrahedral and octahedral interstitial sites. It has poor long term cyclability because of the Jahn 

teller distortion in Mn3+ ions and it has side reaction with electrolyte, leading to oxygen loss 

from the delithiated LiMn2O4.By reducing the size to nanoparticles, the rate performance may be 

considerably improved because of shorter Li+ diffusion lengths and improved electronic 

transport [7]. 

 

Fig 2.2 Crystal Structure of LiMn2O4 (Spinel structure) 

 

2.1.3 OLIVINE STRUCTURE CATHODE - POLYANION COMPOUND: 

 Polyanion are placed at lattice positions and increases cathode redox potential. LiFePO4 

(LFO) represents the Olivine structure due its thermal stability and high power capabilities. In 

LFP, Li+ and Fe2+ are placed at octahedral sites while P is at tetrahedral sites in a slightly 

distorted hexagonal closely packed oxygen array. The major drawbacks of LiFePO4 are low 

average potential, electrical and ionic conductivity. With effective cationic doping, carbon 

coating and particle size reduction, the rate performance can be improved. If particles are 

uniformly nanosized and conductive nanocarbon is used inside the cathode material, thus 
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improving the electrochemical performance without carbon coating. LiMnPO4 offers 0.4 V 

higher average voltage, which contributes higher specific energy but its conductivity is low [7]. 

 

Fig 2.3 Crystal Structure of LiFePO4 (Olivine structure) 

2.2 VARIOUS METHODS FOR THE SYNTHESIS/TECHNIQUE: 

 There are several synthesis methods have been used to synthesis the desired cathode 

materials. Among these some of the common techniques/methods of synthesis are given as: 

1. Solid state reaction 

2. Spray pyrolysis 

3. Co-precipitation 

4. Hydrothermal and Solvothermal Routes 

5. Sol gel Synthesis 

 

2.2.1 SOLID STATE REACTION: 

 The solid state reaction is the conventional method of synthesis which requires two-step 

heating treatment, in which first heating temperature range is 300º C- 400º C and another of the 

range of 600ºC or more. As it is simple and easy for making large amount of product, therefore it 

is used for  mass production of the method. The use of high temperature increases the cost of 
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technology, and the other drawback that as the temperature is very high which leads to 

agglomeration of particles, thus the product produced is not of small size (particularly in nano 

range). Therefore it is advised to add carbon and use of lesser temperature while processing the 

product [17]. 

 

2.2.2 SPRAY PYROLYSIS: 

 Spray Pyrolysis is the method used for the preparation of ultrafine particles. The principal 

underlying it is to obtain the ultrafine particle by the generation of droplets in a continuous way 

from a solution containing precursor of colloidal particles. Methods like ultrasonic transduction 

leads to the formation of these droplets. For the generation of droplets acts as the nucleation 

centers and then become dense and crystallizes and thus froming pure particles in the spray 

pyrolysis method. The product thus formed is collected in a series of water bubblers at the 

reactor outlet where the salt by product dissolves and thus leaving desired material behind [17]. 

 

2.2.3 CO-PRECIPITATION: 

 Co-precipitation method has utilizes lower temperature as compared to the solid state 

reaction method. It is also known for lesser reaction time.The particle size can be reduced up to 

the nanometer level and this reduction in size helps to improve the charge-discharge capacity 

especially in the large current condition. The problem arises while the complex process of mass 

production and it consumes a lot power [17]. 

 

2.2.4 HYDROTHERMAL AND SOLVOTHERMAL ROUTES: 

 Hydrothermal and solvothermal synthesis is a chemical process. In this process occurs in 

aqueous solution of mixed precursors above the boiling temperature of water and alcohol 

respectively. In this method, calculation steps can be avoided and thus obtain the pure powder 

directly from the heated solution. It is necessary to carry out the calcinations step at high 

temperatures for carbon coating. During this synthesis, heated alcohol or water accelerates the 

diffusion of particles and crystal growth is comparatively fast. Both routes are carried out in a 



26 | P a g e  
 

closed system called autoclave and there are less environmental concerns than any another 

technology [17]. 

 

2.2.5 SOL-GEL: 

 Sol gel synthesis is also a low temperature chemical process as compared to solid state 

reaction method. It is used for the preparation of metal oxides. Sol-gel synthesis comprises the 

formation of a sol. The sol is a stable colloidal suspension of solid particles in a solvent. The 

gelation of this sol forms a gel which have pores made of colloidal particles. The cross linking 

ratio and the particle size determines the properties of gel. The gel is then dried to from xerogel, 

which shows reduced volume.  All liquid is removed from the surface of the pores by a using 

high temperature to obtain the final product, which also reduces the number and connectivity of 

pores. Reaction parameters such as time, pH, temperature, precursor, concentration, viscosity, 

solvent, etc are important for the formation of like shape, particle size, porosity, pore size, 

morphology and distribution of particle in the obtained powder. The surface of the powder 

product is controlled from the beginning of the reaction in the sol gel synthesis. Sol gel synthesis 

uses lower temperature and therefore it is low cost. Advantages of this method are precise 

stoichiometry, high purity of the sample sample obtained, its uniform structure and very small 

size [17]. 
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CHAPTER 3 

 

SYTHESIS 

AND CHARACTERIZATION OF LiMnPO4 
 

  

 The work in this dissertation involves the synthesis of pristine LiMnPO4, and LiMnPO4 

doped with wt. 1% and wt. 3%, thus forming LiMn0.99Mg0.01PO4 and LiMn0.97Mg0.03PO4 

respectively. The theoretical capacity of LiMnPO4 is about 170 mAh/g and average potential is 

4.1 V, but its electronic and ionic conductivity is low as compared to other olivine type 

materials. In order to its electrochemical performance and electronic conductivity, the pristine 

LiMnPO4 is doped with Mg which shows positive effect in improving its discharge capacity and 

electrochemical performance. The method of preparation of LiMnPO4, LiMn0.99Mg0.01PO4 and 

LiMn0.97Mg0.03PO4 are solid state reaction routes, which involves two step heating process. In the 

first heating step, the temperature used is in the range of 300º C - 400º C and in another heating 

step, the temperature used is in the range of 600ºC or more. This method is used for the mass 

production of the material. The cost of technology increases due to the high temperature utilized. 

Due to the high temperature there is agglomeration of particles, therefore the material thus 

produced cannot be of small size (particularly in nano range). The methods like adding carbon 

and using lesser temperature can be used while processing the material. 

  

3.1 X-RAY DIFFRACTION (XRD): 

 The atomic and molecular structure of the crystal can be determined using XRD method. 

In this method, the beam of incident X-Ray is diffracted in specific direction by the crystalline 

atoms. By measuring the angles and intensities of these diffracted beams, the 3-D image of the 

density of electron inside the crystal can be determined. Any crystallographic disorder, their 

chemical bond, their positions inside the atoms and other information inside the crystal can also 

be found out.  
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Fig 3.1 Front view of XRD 

 

 Scattering phenomenon is also known as diffraction. The atoms at the lattice sites scatter 

incident beam in all possible directions when the beam of X-ray strikes the crystalline structure. 

The different set of planes in crystalline structure acts as diffraction gratings. The wavelength of 

the X-Ray and for a particular set of planes in certain direction and gives the strong beam. The 

diffracted beam has much weaker intensity as compared to the incident beam or the transmitted 

beam. The diffracted beam is composed of large number of scattered rays. Diffraction differ with 

reflection in many ways such as diffracted beam is built up of rays scattered by all the atoms of 

the crystal which lie in path of incident beam. It occurs only at those angles which satisfy bragg’s 

law. The intensity is very small as compared to incident beam whereas Reflection takes place in 

a thin surface layer only. It can occurs any angle of incidence and it is 100% efficient with good 

mirror. The angle between diffracted and transmitted beam which is 2θ is known as diffraction 
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angle. The wavelength of this diffracted beam can be found using given formal, which is,  λ = 

2dSinθ. 

 

Fig 3.2 depicting the bragg’s law 

 

 

3.2 SCANNING ELECTRON MICROSCOPE (SEM): 

 A Electron microscopy also known as SEM, in which by focusing with the beam of 

electrons, an image of sample is produced. The image thus produced contains the information 

about the sample such as the size of the particles, composition of the sample. Image is produced 

when the electrons interacts with the atoms inside the sample. A source of electron is focused 

through the vacuum and with the help of fine probe it is rastered over the surface of the sample, 

so as to give the information about the sample. The electron beam are deflected horizontally and 

vertically when it is passed through the scan coils and objective lens so as to scan the sample. 

When the electrons interacts with the atoms within the sample, it results in the emission of 

electrons or photons from the surface of the sample. Detectors are utilized to collect the electrons 

emitted. These collected electrons are then used to modulate the output signal of cathode ray tube 

while rastering over the surface of the sample. Thus an image is produced by focusing the beam 
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of electrons on the sample and observed on the CRT where the magnification is M=L/l  where, L 

is raster length of CRT monitor and l is the raster length on surface of sample. The SEM voltage 

is approximately 2-50 KV and the beam diameter is 5nm-2µm.   

 The principle images produced in SEM are three types: 

 Secondary electron images – Secondary electron images are produced when energy of 

emitted electron is less than 50 eV. The secondary electrons are emitted due inelastic 

scattering. When the beam of electrons is focused on the sample, transfer of energy can 

be observed. The beam of electrons which is focused on the surface of the sample is 

known as primary electrons and the electrons which are then emitted from the surface of 

the sample is known as secondary electrons. These secondary electrons are then detected 

by positive bias collector or detector. The energies of the primary electrons determine the 

quantity of secondary electrons emitted from the sample. The emission of secondary 

electrons is dependant on the energy of the primary electrons.  The energies of secondary 

electrons is limited to 50 eV. 

  Backscattered electron images – The energy of electrons emitted from the sample is 

greater than 500eV. Electrons exit the specimen with energy greater than 500 eV. The 

backscattered electrons are emitted due to elastic scattering. Images formed due to 

backscattered electrons have poor resolution than those formed due to secondary 

electrons since the energy is obtained from the much deeper location within the sample. 

The backscattered electrons have definite direction and have energy more than 2KeV. 

The backscattered electrons are emitted due to the primary electrons. To distinguish 

between different type of samples, backscattered electrons are used. The backscattered 

electrons cannot be collected using secondary electrons detectors.  

The SEM may be equipped with EDS (Energy distributed X-Ray spectrum) for obtaining the 

compositional details of the sample. EDS is helpful in obtaining the contaminants present in the 

sample. It is also helpful in estimating in the concentration of the sample.  
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Fig 3.3 Schematic of Scanning electron microscopy 

 

 

3.3       ENERGY DISPERSIVE SPECTROSCOPY (EDS): 

 

 Scanning electron microscopy is also equipped Energy dispersive spectroscopy which is 

used for obtaining the compositional details of the sample. The characteristics X-rays interact 

with the sample which is produced by the high energy. The energy and intensities of the 

characteristics X- Ray are compared with one another for finding compositional details of the 

sample under analysis. 
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3.4 SYNTHESIS OF LiMnPO4: 

 

 

 

Fig 3.4 Flow chart for the synthesis of LiMnPO4 (LMP), LiMn0.99Mg0.01PO4 (LMMP1) and 

LiMn0.97Mg0.03PO4 (LMMP3) 

 

 

The LiMnPO4 (LMP) material was prepared via a solid state reaction route with starting 

materials of LiOH.H2O (99%, purity), MnO (99%, purity) and NH4HPO4 (99%, purity). 

Stoichiometric amount of raw materials was weighed. For improving the electrochemical 

performance of pristine LiMnPO4 (LMP) it is doped with Mg in phase of Mn with 1% and 3% by 

weight, as LiMn0.99Mg0.01PO4 (LMMP1) and LiMn0.97Mg0.03PO4 (LMMP3) respectively. 

LiMn0.99Mg0.01PO4 and LiMn0.97Mg0.03PO4 was prepared by solid state reaction route where the 

basic chemicals used are LiOH.H2O (99%, purity), MnO (99%, purity) and NH4HPO4 (99%, 

purity), Mg (CH3COO)2 (99%, purity). The precursors were put into a stainless steel vessel for 

ball milling with stainless steel balls keeping reactants ball mass ratio of 20:1. The container and 

contents were then subjected to high energy ball milling. The duration of this milling was kept 

Precursors were 
ball-milled at 400 

rpm 

Decomposed at 
300 ºC for 5 h

Reground together 
with PVA (15 

wt.%) 

Calcination at 600 
ºC for 7h under 

inert environment

CR2032 coin half-
cells were 
assembled

CV, 
Charge/Discharge, 

Rate & Cycling 
studies
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12 hrs at 400 rpm for all the samples of LMP, LMMP1 and LMMP3. The milled powder was 

collected. The mixture was first dried in oven at 60º C for 24 hr. The mixture was decomposed at 

300ºC for 5 hr, in the presence of Ar. The sample was mixed with 15% of polyvinyl alcohol 

(PVA) and ball milled for another 3 hr. Then the sample is decomposed at again 600º C for 7 hr 

in the presence of Ar atmosphere. 

 

LiMnPO4: 

Following steps were followed in the preparation: 

1. Lithium hydroxide monohydrate, LiOH.H20 = 41.96*(99% purity) = 41.5404 gmol-1 

2. Manganese Oxide, MnO = 70.94*(99% purity) = 70.2306 gmol-1 

3. Ammonium phosphate dibasic, (NH4)2HPO4 =132.06*(99% purity) =130.7394 gmol-1 

Total mass = 41.5404+70.2306+130.7394 = 242.5104 gmol-1  

The Ball weight to sample ratio was taken as 20:1. 

So, Li = (41.5404/242.5104)*7.806 = 1.3371 gm 

      Mn = (70.2306/242.5104)*7.806 = 2.2606 gm 

      PO4 = (130.7394/242.5104)*7.806 = 4.208 gm 

Total weight = 1.3371+2.2606+4.208 = 7.8059 gm 

 

LiMn0.99Mg0.01PO4 (1% wt.): 

Following steps were followed in the preparation: 

1. Lithium hydroxide monohydrate, LiOH.H20 = 41.96*(99% purity) = 41.5404 gmol-1 

2. Manganese Oxide, MnO = 70.94*(99% purity) = 70.2306 gmol-1 

1 mole = 70.2306gm 

0.99 mole = 0.99* 70.2306 = 69.5282 gmol-1 

3. Ammonium phosphate dibasic, (NH4)2HPO4 =132.06*(99% purity) =130.7394 gmol-1 

4. Magnesium acetate tetra hydrate, (Mg(CH3COO)2) = 214.45*(99% purity) = 212.3055 

gmol-1 

1 mole = 212.3055 gm 

0.01 mole = 212.3055*0.01 = 2.1230 gmol-1 

Total mass = 41.5404+69.5282+130.7394+2.1230 = 243.931 gmol-1  

The Ball weight to sample ratio was taken as 20:1. 
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So, Li = (41.5404/243.93)*7.806 = 1.3293 gm 

      Mn = (69.5282/243.93)*7.806 = 2.2474 gm 

      PO4 = (130.7394/243.93)*7.806 = 4.1837 gm 

      Mg = (2.1230/243.931)*7.806 = 0.0679 gm 

Total weight = 1.3371+2.2474+4.1837+0.0679 = 7.8059 gm 

 

LiMn0.97Mg0.03PO4 (3% wt.): 

Following steps were followed in the preparation: 

1. Lithium hydroxide monohydrate, LiOH.H20 = 41.96*(99% purity) = 41.5404 gmol-1 

2. Manganese Oxide, MnO = 70.94*(99% purity) = 70.2306 gmol-1 

1 mole = 70.2306gm 

0.97 mole = 0.97* 70.2306 = 68.123 gmol-1 

3. Ammonium phosphate dibasic, (NH4)2HPO4 =132.06*(99% purity) =130.7394 gmol-1 

4. Magnesium acetate tetra hydrate, (Mg(CH3COO)2) = 214.45*(99% purity) = 212.3055 

gmol-1 

1 mole = 212.3055 gm 

0.03 mole = 212.3055*0.03 = 6.3691 gmol-1 

Total mass = 41.5404+68.123+130.7394+6.3691 = 246.7719 gmol-1  

The Ball weight to sample ratio was taken as 20:1. 

So, Li = (41.5404/246.7719)*7.806 = 1.3140 gm 

      Mn = (68.123/246.7719)*7.806 = 2.1548 gm 

      PO4 = (130.7394/246.7719)*7.806 = 4.135 gm 

      Mg = (6.3691/246.7719)*7.806 = 0.2014 gm 

Total weight = 1.3140+2.1548+4.135+0.2014 = 7.8059 gm 
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CHAPTER 4 

RESULT AND DISCUSSION 

 

4.1 CHARACTERIZATION RESULTS: 

   

 4.1.1       X-RAY DIFFRACTION: 

  

 The atomic and molecular structure of the crystal can be determined using XRD method. 

In this method, the beam of incident X-Ray is diffracted in specific direction by the crystalline 

atoms. By measuring the angles and intensities of these diffracted beams, the 3-D image of the 

density of electron inside the crystal can be determined. Any crystallographic disorder, their 

chemical bond, their positions inside the atoms and other information inside the crystal can also 

be found out. 

In this work XRD results were used to determine crystal structure and morphology of the 

samples produced. The X-ray diffraction have utilized Cu-Ka radiation (k = 1.5406 Å) between 

10°-90°. Powder X-ray diffraction (XRD) analysis was carried out to determine the composition 

and structure of the LiMnPO4, LiMn0.99Mg0.01PO4 and LiMn0.97Mg0.03PO4. All the peaks are 

indexed to a pure orthorhombic olivine structure of LiMnPO4 (LMP), LiMn0.99Mg0.01PO4 

(LMMP1), and LiMn0.97Mg0.03PO4 (LMMP3) with a Pnmb space group. The high peak 

intensities suggest the high crystallinity of LiMnPO4, LiMn0.99Mg0.01PO4 and LiMn0.97Mg0.03PO4 

powders. The main peaks at 2θ = 16.92°, 22.45°, 25.31°, 29.24°, 35.193°, 52.42º and 61.121°  

are indication of proper LiMnPO4, LiMn0.99Mg0.01PO4 and LiMn0.97Mg0.03PO4 phases. No 

diffraction peaks associated with impurities noticed. The formation of LiMnPO4 phase would be 

helpful for the electrons and ions transport LiMnPO4 material during electrochemical analysis. 

From FWHM crystallite size of LMP, LMMP1 and LMMP3 has been estimated from the 

observed XRD data and it is found that the crystallite/particle size calculated using scherrer 

formula for LMP is 1.084*10-12, for LMMP3 it is 8.93*10-13 which shows that the size is 

decreasing after doping of Mg in place of Mn. The particle size reduction could shorten the Li+ 
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diffusion pathway, which would improve the electrochemical performance of the LiMnPO4 

cathode material. 

 

Fig 4.1 XRD result of LiMnPO4 prepared using 300ºC and 600ºC for 12 hrs by solid state 

reaction method 
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Fig 4.2 XRD result of LiMn0.99Mg0.01PO4 prepared using 300ºC and 600ºC for 12 hrs effective by 

solid state reaction method 

 

Fig 4.3 XRD result of LiMn0.97Mg0.03PO4 prepared using 300ºC and 600ºC for 12 hrs effective by 

solid state reaction method 
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4.1.2       SCANNING ELECTRON MICROSCOPY (SEM): 

  

 In Scanning electron microscopy (SEM), electrons used are emitted from the hot filament. 

Sometimes, Cold cathodes are also used in which a cathode that emits electrons without heating 

filaments. A very high voltage is used in cold cathode for the emission of electrons which is also 

known as field emitter. These SEMs are called FE-SEM which gives better images that hot 

filament SEM. In SEM, backscattered electrons or secondary electrons are detected. Images 

produced by the backscattered electrons have poorer resolution as compared to the images 

formed due to secondary electrons, since the energy is emitted from much deeper inside the 

sample. In SEM, the electron beam is focused on a very small spot size through electrostatic or 

magnetic lenses. Generally electrostatic lenses are used in SEM. The fine beam is rastered over 

the sample surface and hence the backscattered electrons are collected by the detector. The 

image of the sample is generated by the signal from the scan generator along with the amplified 

signal from the electron collector. In order to protect the filament from oxidation and 

contamination as well as to reduce the collision between the electrons and air molecules, sample 

and the filament needs to be kept inside a vacuum chamber. Generally vacuum of 10-2 – 10-3 Pa 

is necessary for the normal operation of SEM. However, some manufacturers have developed 

SEM called environment microscope, where the sample are under high pressure of  100-500 Pa. 

Here as-synthesized bare LiMnPO4, LiMn0.99Mg0.01PO4 and LiMn0.97Mg0.03PO4  shows 

spherical morphology along with the slight agglomeration in the particle of the prepared sample. 

It also shows the sample thus produced have particles of non-uniform size distribution. The 

LiMnPO4 material consists of particles which have many grains of submicrons which 

agglomerates to 2-10µm. The samples are dominated by fine particles of average size 2-10µm, 

which are the fragments of large particles. Carbon network connects several nano-sized 

LiMnPO4 which ultimately makes the larger particles. The formation of large LiMnPO4 

secondary particles would help the electrons and ions transport inside LiMnPO4 material. 
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(a) 

 

(b) 

Fig 4.4 SEM images of LiMnPO4 at(a): 5x and (b): 10x zoom 
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(a) 

 

(b) 

 

Fig 4.5 SEM images of LiMn0.99Mg0.01PO4 at (a): 5x and (b): 10x zoom 
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(a) 

 

(b) 

Fig 4.6 SEM images of LiMn0.97Mg0.03PO4 at(a): 5x and (b): 10x zoom 
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4.1.3       ENERGY DISPERSIVE SPECTROSCOPY (EDS): 

 Scanning electron microscopy is also equipped Energy dispersive spectroscopy which is 

used for obtaining the compositional details of the sample. The characteristics X-rays interact 

with the sample which is produced by the high energy. The energy and intensities of the 

characteristics X- Ray are compared with one another for finding compositional details of the 

sample under analysis. 

 The EDS results of the LiMnPO4 depicts the composition of the LiMnPO4, which are 

mainly Mn (36.32% wt.), P(22.79% wt.), O(39.78% wt.) and impurity of Fe (0.01% wt.).  

 

Fig 4.7 EDS image of LiMnPO4

                                    

Fig 4.8 Composition of LiMnPO4 
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The EDS results of LiMn0.99Mg0.01PO4 depicts the composition of LiMn0.99Mg0.01PO4, which 

mainly consists of O(35.86% wt.), Mg(1.10% wt.), P(24.42% wt.) and Mn(39.68% wt.) 

 

Fig 4.9 EDS image of LiMn0.99Mg0.01PO4 

 

Fig 4.10 Composition of LiMn0.99Mg0.01PO4 
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The EDS results of LiMn0.97Mg0.03PO4 depicts the composition of LiMn0.97Mg0.03PO4, which 

mainly consists of O(43.23% wt.), Mg(3.2% wt.), P(22.07% wt.) and Mn(33.94% wt.) 

 

Fig 4.11 EDS image of LiMn0.97Mg0.03PO4 

        

Fig 4.12 Composition of LiMn0.97Mg0.03PO4 
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4.2 ELECTROCHEMICAL ANALYSIS: 

 

In order to evaluate the electrochemical analysis, cathode were synthesized using the 

powder by mixing 80 wt.% active powder, that is LiMnPO4 (LMP), LiMn0.99Mg0.01PO4 

(LMMP1), LiMn0.97Mg0.03PO4 (LMMP3), 5 wt.% carbon black and 15 wt.% 

polyvinylidenefluoride (PVDF). The slurries thus were spread on Aluminium foil. After coating, 

the cathode were pressed and dried at 60ºC under vacuum for 24 h. For the counter electrode that 

is anode, Li metal was used. LiPF6 was used as the electrolyte and separator used for the cell 

was  Celgard 2400. Argon filled glove box was utilized for the assembly of half cell.  
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CHAPTER-5 

 

CONCLUSION 

 

5.1 CONCLUSION: 

 

Mg2+ doped LiMnPO4/C has been synthesized via a solid-state reaction. In order to 

overcome the low conductivity of the LiMnPO4 cathode material, the LiMnPO4 

 doped with Mg. The results of XRD and EDS confirm the orthorhombic olivine structure of 

LiMnPO4, LiMn0.99Mg0.01PO4 and LiMn0.97Mg0.03PO4. The XRD results confirmed that there was 

impurity peak detected. It has orthorhombic olivine structure with the space group Pnmb. It can 

also be confirmed from SEM observations that the final samples were the LiMnPO4/C and Mg 

doped LiMnPO4 nanocomposites with approximately 2-10 µm in primary particles size. A new 

LiMnPO4, LiMn0.99Mg0.01PO4 and LiMn0.97Mg0.03PO4 thus prepared with Mg doped proposed to 

enhance the electrochemical performance of the LiMnPO4 material, it is necessary to improve 

both ion and electron transport. The new material thus formed is of high performance cathode 

material for lithium ion batteries. Although the samples obtained is of larger particle size as 

compared to the other technologies but still it is less toxic, environment friendly and low cost 

cathode material. The doping in the cathode material shows the positive effect. We have 

synthesized highly regular LiMnPO4 and Mg doped LiMnPO4, 1% wt. and 3% wt., which 

facilitates electron transfer and Li+ transport. Compared with LiMnPO4/C sample, Mg doped 

LiMnPO4/C composites display larger lithium ion diffusion coefficient. 
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