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Lithium ion batteries have become attractive for portable devices due to 

their high operating voltage, high energy density, low self-discharge, and long 

cycle life. Lithium ion cells currently use the layered LiCoO2 cathode, but cobalt 

is expensive and relatively toxic. In this regard, spinel LiMn2O4 has become 

appealing since manganese is inexpensive and environmentally benign. However, 

LiMn2O4 exhibits severe capacity fade. This dissertation explores the 

electrochemical performances of spinel oxides derived from LiMn2O4 in a wide 

voltage range of 3.5 to 5.2 V to understand the capacity fading mechanisms and 

the origin of the high voltage capacity above 4.5 V. 

From a systematic investigation of a series of singly substituted    

LiMn2-yMyO4 and doubly substituted LiMn2-y-zMyLizO4 (M = Li, Al, or transition 

metal) oxides, the doubly substituted LiMn2-y-zNiyLizO4 oxides are found to show 
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superior cyclability, low irreversible capacity (IRC), high rate capability, low 

electrode resistance, and excellent storage performance compared to LiMn2O4 

despite a similar manganese dissolution. For example, LiMn1.85Ni0.075Li0.075O4 

retains more than 99 and 97 % of its initial capacity after 50 cycles at, 

respectively, 25 and 60 oC. Its excellent electrochemical performances are found 

to be due to the small lattice parameter difference between the two cubic phases 

formed in the two-phase region during cycling and the consequent low 

microstrain. This concept of minimizing the lattice parameter difference and 

microstrain could successfully enable the use of spinel lithium manganese oxides 

for electric vehicle applications. 

In contrast to the literature suggestions that other transition metal ions or 

excess oxygen are essential to impart the high voltage (> 4.5 V) capacity, spinel 

lithium manganese oxides free from other transition metal ions are found to show 

capacity above 4.5 V even with a significant amount of oxygen deficiency if there 

are extractable Li+ ions in the 8a tetrahedral sites after the oxidation state of 

manganese reaches 4+. In the presence of other transition metals, the reversibility 

of the high voltage capacity depends on the element replacing Mn3+, and it 

decreases in the order LiMn2-yNiyO4 > LiMn2-yCoyO4 ≈ LiMn2-y-zCoyLizO4 > 

LiMn2-y-zNiyLizO4. Based on the results, the capacity above 4.5 V in manganese-

based spinel oxides could be understood to arise from a participation of the O2-:2p 

band or a hybridized band involving M3+/4+:3d (or M2+/3+:3d) and O2-:2p.  
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CHAPTER 1 

Introduction  

1.1  Batteries 

A battery is an energy storage device that delivers the stored chemical 

energy as electricity when needed.1,2 If the chemical reaction involved cannot be 

reversed, then it will be called as a primary battery. If the reaction could be 

reversed, then it will be called as a secondary or rechargeable battery. A simple 

battery consists of an anode, cathode, electrolyte, and separator. During discharge, 

the anode undergoes an oxidation reaction, while the cathode undergoes a 

reduction reaction. The electrolyte acts as a medium for the transport of the ions. 

Figure 1.1 shows a schematic diagram of a battery. 

From an archaeological point of view, the Babylonians designed a 

galvanic cell with an iron rod and a copper tube as early as BC. 500.3 However, 

the modern battery systems were begun by Volta in 1800.4 Since the introduction 

of a Voltaic cell, various battery systems from lead-acid battery to lithium 

polymer battery have been designed, and now we cannot think of our life without 

batteries. In addition, a battery is considered to be one of the three most important 

electronic compartments of an electronic device in the future along with a 

semiconductor and a liquid crystalline display (LCD). 



 2

 

1.2  Lithium Ion Battery 

Among the various secondary battery systems, the demand for lithium ion 

and lithium ion polymer batteries is increasing rapidly due to their high energy 

densities. As seen in Figure 1.2, the lithium ion batteries offer the highest specific 

energy of as much as 150 Wh/kg and 400 Wh/L among the secondary batteries.1 

A most recent announcement indicates that the capacity of a 18650 size lithium 

ion battery (one of the most popular sizes of cylindrical lithium ion batteries with 

a diameter of 18 mm and height of 65 mm) has reached 2400 mAh,5 which is 

twice the capacity of the first lithium ion battery with the same size marketed by 

Figure 1.1 Schematic diagram of a battery system.
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Sony in 1990.6 However, the basic electrode materials have not changed much 

since 1990.  

 

Figure 1.3 shows the schematic diagram of a commercial cylindrical 

lithium ion battery. A lithium ion battery consists of a LiCoO2-based cathode, a 

carbon (graphite)-based anode, a separator made of polyethylene or 

polypropylene, an organic electrolyte consisting of an inorganic lithium salt, and 

some safety devices. Since the working voltage of a lithium ion battery is as high 

as 4.2 V and it contains organic solvents, safety devices such as safety vent, 
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positive thermal coefficient (PTC) element, and control circuit inside a battery 

pack are incorporated in order to minimize safety problems like fire or explosion.  

 

With the rapid growth of the portable electronic business, the lithium ion 

battery market is increasing tremendously due to its high energy density and 

lightest nature. Figure 1.4 shows the worldwide demand and price of lithium ion 

batteries. Over 400 million units of lithium ion batteries were sold in 1999 and the 

market value at the OEM (original equipment manufacturer) level was estimated 

to be $1.86 billion in 2000.1,8 In addition, the total demand in 2005 is estimated to 

be more than one billion units with a value of $4 billion even though the unit price 

is expected to fall by 46 % from 1999 to 2005.1,9  

Figure 1.3 Cross-sectional view of a cylindrical lithium ion cell.7 
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1.2.1  Cathode Materials 

There are three major cathode materials for lithium ion batteries: 

LiCoO2,10 LiNiO2,11 and LiMn2O4.2 Their brief characteristics are summarized in 

Table 1.1.  
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1.2.1.1  LiCoO2 

The layered LiCoO2 is being widely used in commercial lithium ion 

batteries since the commercialization of the lithium ion battery in 1990 due to its 

reasonably high capacity (~140 mAh/g), long cycle life, and good processibility. 

LiCoO2 can be obtained readily by firing the precursor containing Li and Co at 

900 oC. As seen in Figure 1.5, it has a layered structure with cubic close packed 

oxide ions in which the Li+ and Co3+ ions alternate along the (111) planes of the 

rock salt structure. With the layered nature, the Li+ ions can easily move through 

the structure in the lithium plane. However, only 50 % of the theoretical capacity 

of LiCoO2 could be utilized due to the chemical instability of the highly 

Table 1.1 Advantages and disadvantages of common cathode materials of lithium 
ion batteries. 

 Advantage Disadvantage Remarks 

LiCoO2 
Good Cyclability 
Good Capacity 
Easy Synthesis 

Toxic 
Expensive  

LiNiO2 High Capacity 
Safety Problem 

Difficult Synthesis 
Poor Cyclability 

LiNi1-yMyO2  
(M = Co, Mn) 

LiMn2O4 
Environmentally Benign 

Low Cost 
Poor Cyclability 
Low Capacity 

LiMn2-yMyO4  
(M = Li, Mg, Al, Cr, 

Co, and Ni) 
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delithiated Li1-xCoO2 for (1-x) < 0.5, and cobalt is relatively toxic and 

expensive.13,14  

1.2.1.2  LiNiO2 

The layered LiNiO2 has the same structure as LiCoO2 as shown in Figure 

1.5. LiNiO2 has a higher capacity (~200 mAh/g) than LiCoO2, but its cyclability 

is inferior to that of LiCoO2. The poor cyclability of LiNiO2 could be due to the 

presence of some nickel in the lithium plane, Jahn-Teller distortion associated 

Figure 1.5 Structure of the layered LiCoO2.
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with the low spin Ni3+:3d7, and phase transition occurring during lithium 

extraction. Also, it releases oxygen below 200 oC that may cause safety 

problems.15 To overcome the poor cyclability of LiNiO2 and the safety problems, 

LiNi1-yMyO2 (M = Co and Mn) oxides have been studied.16-18 LiNi1-yCoyO2 

delivers ~170 mAh/g and exhibits better cyclability and less heat generation than 

LiNiO2. Moreover, it has been recently reported that LiNi0.85Co0.15O2 is 

chemically more stable than LiCoO2 when more than 0.5 lithium ions per 

transition metal ion are removed from the lattice.14 However, it has not yet 

replaced LiCoO2 due to the still unsatisfactory cyclability and long term stability. 

1.2.1.3  LiMn2O4 

Manganese oxides have been attractive cathode materials for batteries and 

the MnO2-Zn primary batteries are widely used. Manganese is environmentally 

benign and one of the most abundant transition metal elements on the earth and in 

sea water.19 Although MnO2 is used in the primary lithium battery, it could not be 

used as a cathode material for secondary lithium battery not only due to the poor 

cycle performance but also due to the problems associated with metallic lithium 

anode. Because of the safety concern, metallic lithium cannot be employed in 

secondary batteries. So lithium intercalation materials showing < 1 V versus 

metallic lithium have been considered as anode materials. However, the current 

anode like carbon materials for the lithium ion batteries do not have extractable 
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lithium in the initial stage and MnO2 also does not have lithium in the initial 

stage. Therefore, MnO2 cannot be coupled with a carbon anode. Although the 

layered LiMnO2 having a structure similar to LiCoO2 can be a candidate, the 

difficulties in synthesizing it and the structural instability encountered during 

lithium extraction have posed problems. The layered LiMnO2 needs to be made 

generally by an ion exchange of NaMnO2 while Li1-xMnO2 generated during 

Figure 1.6 Structure of the spinel LiMn2O4.
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charge tends to transform to spinel-like phases.20 Nevertheless, LiMn2-yMyO2 (M 

= Co and Ni) oxides have been found to exhibit improved cyclability.21,22 

Another manganese oxide having extractable Li+ ions in the initial stage is 

the spinel LiMn2O4. In the spinel structure, oxide ions are cubic close packed and 

1/8 of the resulting tetrahedral sites (8a sites) are occupied by Li+ while half of the 

octahedral sites (16d sites) are occupied by Mn3+ and Mn4+. It has a 3-dimensional 

lithium pathway through the unoccupied 16c octahedral sites. The spinel structure 

is shown in Figure 1.6. LiMn2O4 exhibits slightly lower capacity (~120 mAh/g) 

and poor cyclability than LiCoO2. So, a lot of studies have been carried out to 

improve the cyclability and it will be discussed in detail later.  

1.2.2  Anode Materials 

Although metallic lithium can give the highest energy density 

(theoretically 3860 mAh/g), it could not be used in secondary batteries due to the 

safety issues such as the reactivity and dendritic growth of metallic lithium. So, 

similar to the cathode materials, lithium intercalation materials are also used as 

anode to give lithium ion cells. Since intercalation materials are used as both 

cathode and anode, the lithium ion battery is also called as a rocking chair battery. 

However, the anode intercalation material should exhibit lower voltage (< 1 V) 

vs. lithium in order to maximize the cell voltage and energy density. Among the 

several intercalation materials showing lower discharge voltage such as 
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carbon,23,24 Li4Ti5O12,25,26 tin oxides,27 and metal alloys,28-30 graphitic carbon is 

currently used in lithium ion batteries. Its capacity is around 300 mAh/g and the 

discharge voltage is less than 0.5 V vs. Li/Li+. In the anode field, many new 

materials showing higher capacity than carbon have been reported, but they could 

not replace carbon anodes due to poor cyclability, large irreversible capacity, or 

large volume changes during cycling. 

1.2.3  Electrolytes 

Since the working voltage of lithium ion cells exceeds the electrochemical 

stability window of water, aqueous electrolyte systems giving high conductivity 

and better safety characteristics cannot be used in lithium battery systems. So, 

organic electrolytes are used in lithium ion batteries. Moreover, since the 

propylene carbonate (PC)-based electrolyte, which is used in primary lithium 

batteries, poses problems with graphite anodes,31 new electrolyte systems were 

required. For example, ethylene carbonate (EC)-based electrolytes with LiPF6 

salt, which is stable over 5 V,32 is being used in lithium ion batteries. Usually, low 

viscous solvents like dimethyl carbonate (DMC) and diethyl carbonate (DEC) are 

mixed with EC in order to give higher lithium ion conductivity since EC is a solid 

at room temperature (melting point: 36.5 oC) and viscous (1.9 cP at 40 oC 

compared to 1 cP at 20 oC for water).  
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1.2.4  Separators 

The role of the separator is to prevent internal short circuit.1,2 Separators 

may not be necessary if both the electrodes are far from each other. However, 

closer distance between cathode and anode will give smaller internal resistance 

and therefore, separators are equipped in commercial batteries. Especially, since 

the ionic conductivity of organic electrolytes used in lithium ion batteries is lower 

than that of aqueous electrolyte, a thinner and stronger separator is required in 

lithium ion batteries. Furthermore, the shutdown property of separators is 

important in lithium ion batteries due to safety concern. Therefore, a polyethylene 

(PE) microporous membrane is used as separator in commercial lithium ion 

batteries because the PE separator will melt down and make the current flow 

cease if the battery temperature becomes higher than its melting point (110 oC) by 

overcharge, overdischarge, or external short circuit.33  

1.2.5  Safety Devices 

As mentioned in section 1.2, commercial lithium ion batteries are designed 

with several safety devices in order to pass the safety regulation such as UL 1642 

because metallic lithium is highly reactive with moisture and the organic 

electrolyte can catch fire.1,34,35 Safety requirements for lithium ion batteries are 

summarized in Table 1.2. To pass the listed tests, a safety vent, a positive thermal 
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coefficient (PTC) element, and external control circuits are employed in addition 

to the shutdown separators. The function of the safety vent is to release any 

unexpected high pressure inside the battery due to abnormal condition by tearing 

itself. When a safety vent starts to work, it usually makes the positive tab detach 

from the positive terminal permanently and the current flow stop. Therefore, if the 

safety vent is open, the battery cannot be used anymore. A PTC element is 

triggered by the battery temperature. If the battery temperature exceeds a critical 

value, the resistance of the PTC element increases and prevents the current flow. 

Unlike a safety vent, the battery can perform normal operations after eliminating 

the situation generating heat. External control circuits are also equipped inside a 

battery pack. They control the battery voltage to keep it in the normal operating 

condition (for example between 4.2 and 3.6 V) without overcharge or 

overdischarge arising from the malfunction of a battery charger and devices. 

However, these safety devices can prevent only external problems. The only one 

that can help internal problems is a shutdown membrane.  
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Table 1.2 Summary of safety test conditions for lithium ion batteries.35 

Test Test Conditions Requirements 

Electrical Tests  

Short circuit 
Connect with copper wire with a resistance of 
< 0.1 Ω until completely discharged at 25 and 

60 oC 

No explosion 
or fire 

Abnormal 
charge 

Charge with the manufacturer recommended 
current for at least 48 h 

No explosion 
or fire 

Forced 
discharge 

Short circuit a completely discharged cell with 
fresh cells until fresh cells are completely 

discharged 

No explosion 
or fire 

Mechanical Tests  

Crush Crush between two flat surfaces up to 13 kN No explosion 
or fire 

Impact Impact a 20 lb rod with 5/8 in diameter from a 
height of 24 in 

No explosion 
or fire 

Vibration Vibrate with a displacement of 0.03 in at 10 to 
55 Hz 

No explosion, 
fire, or leak 

Environmental Tests  

Heating Heat to 150 oC at a rate of 5 oC/min, hold at 
150 oC for 10 min 

No explosion 
or fire 

Temperature 
cycling Cycle between 70 oC and 20 oC  No explosion, 

fire, or leak 
Altitude 

simulation Store at 11.6 kPa and 20 oC for 6 h No explosion, 
fire, or leak 
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1.3  Spinel Lithium Manganese Oxides as Cathode Materials 

Since LiCoO2 that is currently used in lithium ion batteries suffers from 

the toxicity and high cost of cobalt, less expensive and environmentally benign 

cathode materials have been searched, especially compounds of manganese and 

iron. Among them, the spinel lithium manganese oxide, LiMn2O4, is one of the 

most attractive materials due to the safe chemistry and the high natural abundance 

of manganese and a working voltage similar to that of LiCoO2. However, the poor 

cyclability and relatively low capacity (practically ~120 mAh/g, theoretically  

148 mAh/g) of LiMn2O4 have posed difficulties to compete with LiCoO2.36 

Nevertheless, as the demand for low or zero emission vehicles equipped with 

batteries and fuel cells increases, the low cost cathode materials become 

appealing. 

1.3.1  Spinel Structure 

Spinel refers to a naturally occurring mineral MgAl2O4 and it can be 

represented by A[B2]X4, where A and B refer to cations, X refers to anion, and a 

brackets refer to ions in the octahedral sites.37,38 As seen in Figure 1.6, the oxide 

ions form a cubic close packed array and the unit cell consists of eight AB2O4 

formula units. Among the resulting 64 tetrahedral sites (8a, 8b, and 48f sites) and 

the 32 octahedral sites (16c and 16d sites), 1/8 of the tetrahedral sites are occupied 

by the A ions like Li+ in LiMn2O4 and half of the octahedral sites are occupied by 
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the B ions like Mn3+ and Mn4+ in LiMn2O4. The unoccupied octahedral (16c) and 

tetrahedral (8b and 48f) sites give a 3-dimentional pathway for Li+ ion diffusion 

in LiMn2O4. A spinel with such a cation distribution is referred to as normal 

spinel. If the B ions occupy the tetrahedral sites instead of the An+ ions to give 

B[AB]O4, then it will be referred to as inverse spinel.  

1.3.2  The Family of Spinel Lithium Manganese Oxides 

There are several spinel lithium manganese oxides.39 Figure 1.7 shows the 

various phases known in the Li-Mn-O system that have different Li/Mn ratio and 

manganese valence. The phases shown in Figure 1.7 have the spinel or rock salt 

structures. While the oxides with an oxidation state of 4+ for Mn are in the fully 

charged state, those with < 4+ are in partially or fully discharged states. In the 

case of LiMn2O4, if all the Li+ ions in the 8a tetrahedral sites are extracted 

(charging) from the structure by oxidizing Mn3+ to Mn4+, it will give the cation-

deficient spinel [Mn2]O4, which is designated as λ-MnO2, (  refers to cation 

vacancy).40 On the other hand, if additional Li+ ions are inserted into the 

unoccupied octahedral sites (16c sites) by reducing Mn4+ to Mn3+, it will give 

[Li2]16c[Mn2]16dO4, which has a tetragonally ordered rock salt structure.41 The 

cubic to tetragonal transformation is due to the Jahn-Teller distortion associated 

with the high spin Mn3+:3d4. It should be noted that the insertion of additional 

lithium ions into the 16c sites displaces the already existing lithium in the 8a 
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tetrahedral sites into the 16c octahedral sites as well to minimize the electrostatic 

repulsion between the lithium ions in the 8a and 16c sites that share a common 

face. The above two processes (extraction of Li+ to give [Mn2]O4 and insertion of 

an additional lithium to give Li2Mn2O4) occur at different voltage regions due to 

the differences in site energy even though both the processes are related to the 

same redox couple of Mn3+/4+. When the Li+ ions are inserted into and extracted 

from the tetrahedral sites, its working voltage is known to be higher than when the 

Li+ ions are inserted into and extracted from octahedral sites due to the 
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differences in site energy. A typical voltage profile is shown in Figure 1.8. While 

the right side of Figure 1.8 (represented with positive capacity) with a working 

voltage of ~3 V is related to the 16c octahedral sites, the left side (represented 

with negative capacity) is related to the 8a tetrahedral sites. Another small voltage 

step existing at around Li0.5Mn2O4 (~-75 mAh/g) is related to the charge 

ordering.42  
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If all the Mn3+ ions are oxidized to Mn4+ by increasing the oxygen content 

instead of extracting Li+ from LiMn2O4, the cation-deficient spinel lithium 

manganese oxide, Li+
0.89 0.11[Mn4+

1.78 0.22]O4 or Li2Mn4O9, can be obtained.43 

Another form of spinel lithium manganese oxides with all Mn4+ is the lithium 

excess spinel, Li+[Li+
0.33Mn4+

1.67]O4 or Li4Mn5O12.44 Spinel oxides lying on the 

line connecting LiMn2O4 and Li4Mn5O12 in Figure 1.7 are lithium excess 

compositions in which Mn3+ ions are replaced with Li+ ions. For example, 

LiMn1.9Li0.1O4 can be obtained by replacing 0.1 mole of Mn3+ in a formula unit 

with Li+, and its fully charged and discharged forms are, respectively, 

Li0.3Mn1.9Li0.1O4 and Li2Mn1.9Li0.1O4. Although Li0.3Mn1.9Li0.1O4 contains some 

Li+ ions in the tetrahedral sites, they cannot be extracted from the structure after 

all the Mn3+ are oxidized to Mn4+ unless the voltage is increased to > 4.5 V. Both 

Li2Mn4O9 and Li4Mn5O12 can be synthesized at 500 oC by solid-state reactions 

and solution-based methods.45,46 However, both of these spinel oxides with all 

Mn4+ ions cannot be used in lithium ion batteries with carbon anode as they 

cannot be charged further. In other words, Li+ ions cannot be extracted from both 

Li2Mn4O9 and Li4Mn5O12 since it is very difficult to oxidize Mn4+ to Mn5+, as the 

Mn4+/5+:3d redox couple lies deep inside the O2-:2p band.34 Therefore, the only 

available spinel lithium manganese oxide for the cathode materials in lithium ion 

batteries with the currently used carbon anodes is LiMn2O4, from which Li+ ions 

can be reversibly extracted in the 4 V region.  
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However, LiMn2O4 has some serious problems to be solved in order for it 

to compete with LiCoO2 in the lithium ion battery field. The major problem is its 

poor cyclability particularly at elevated temperatures. Several strategies have been 

followed over the years to suppress the capacity fade in spinel manganese oxides. 

For example, substitutions of other cations for manganese in LiMn2-yMyO4 (M = 

Al, Co, Cr, Fe, Ga, Li, Mg, Ni, Ti, and Zn),47-59 surface modification with other 

oxides,60-64 electrolyte additives,65 and novel synthesis methods66-69 have been 

shown to improve the capacity retention. The slightly lower specific capacity 

associated with LiMn2O4 is also a drawback especially for portable applications. 

LiMn2O4 can deliver a maximum capacity of 148 mAh/g theoretically, but only 

around 120 mAh/g could be practically used. On the other hand, the theoretical 

capacity of the layered LiCoO2 and LiNiO2 is around 275 mAh/g and half of it 

could be practically used. So there is still room to increase the practical capacity 

of the layered oxides. Nevertheless, LiMn2O4 is still attractive for some 

applications like (hybrid) electric vehicles that require high power and cost 

sensitive devices, but not high capacity or energy density.  

1.3.3  Proposed Capacity Fading Mechanisms 

Several mechanisms have been suggested in the literature for the capacity 

fade in LiMn2O4. Jahn-Teller (cubic to tetragonal) distortion originating from the 

single eg electron in high spin Mn3+:3d4 has been attributed to be a source of 
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capacity fade.38,41 Figure 1.9 shows the electronic configuration and the 

illustration of Jahn-Teller distortion. Mn3+ ions prefer tetragonal environment 

instead of octahedral geometry due to the stabilization energy gained in tetragonal 

crystal field. Usually, when the average manganese valence falls below 3.5+, 

Jahn-Teller distortion occurs. Although Jahn-Teller distortion may not be 

expected to be an issue in the 4 V region due to the higher average oxidation state 

of Mn (≥ 3.5+) during cycling, the formation of tetragonal crystallites has been 

observed by TEM on the surface in the 4 V region due to inhomogeneities in 

discharging.38 

 

Figure 1.9 (a) Electronic configurations of Mn3+ and Mn4+ and (b) schematic
illustration of Jahn-Teller distortion. 
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Dissolution of manganese from the cathode lattice into the electrolyte by a 

disproportionation of Mn3+ to Mn2+ and Mn4+ (Equation 1.1) in acidic 

environment introduced by LiPF6 in the electrolyte with trace amounts of water 

(Equation 1.2) has been considered as another reason for the capacity fade. 61,70-76  

2 Mn3+ (LiMn2O4, solid)  

      → Mn2+ (MnO, solution) + Mn4+ (λ-MnO2, solid) [1.1] 

LiPF6 (solution) + H2O (liquid)  

     → 2 HF (solution) + PF3O (solid) + LiF (solid) [1.2] 

However, cation-substituted LiMn2-yMyO4 spinel oxides also show manganese 

dissolution despite their better cycle performance than LiMn2O4
 and some groups 

in the literature have reported difficulties to correlate the % capacity fade to the 

amount of manganese dissolution56,71,73 although others have reported that smaller 

amount of manganese dissolution with modified spinel oxides leads to better 

performance.61 Additionally, oxygen vacancies and cation mixing, 77 instability 

arising from the existence of two cubic phases in the 4 V region,48,56,78 formation 

of new phases,79 loss of crystallinity during cycling,80,81 and instability of the 

electrolyte at the charged state82,83 have been suggested to be the source of 

capacity fade. Also, samples with low surface area have been shown to exhibit 

better cyclability.84,85 However, each mechanism could explain only a part of the 

capacity fade.  
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1.3.4  High Voltage Characteristics above 4.5 V 

Another interesting aspect of LiMn2-yMyO4 spinel manganese oxides is the 

occurrence of some capacity at higher voltages (> 4.5 V). Since one of the most 

important advantages of the lithium ion batteries is their higher operating voltage 

of around 4 V compared to other rechargeable systems, increasing the operating 

voltage further has drawn some attention with respect to enhancing both power 

and energy densities. The development of electrolyte compositions that are stable 

over 5 V has initiated the study of cathodes exhibiting capacities at higher 

voltages (> 4.5 V).  

Most of the high voltage (> 4.5 V) cathodes have the spinel structure with 

the general formula LiM2-yM'yO4 (M = Mn or V and M' = Cr, Fe, Co, Ni, and 

Cu)86-99 excepting LiCoPO4 that has the olivine structure.100 The voltage and 

structural characteristics of the spinel LiM2-yM'yO4 oxides are summarized in 

Table 1.3. Excepting the two vanadium-based inverse spinels,98,99 the oxides in 

Table 1.3 are manganese-based normal spinels in which part of manganese has 

been substituted by other first row transition metal ions.86-97 These materials 

usually exhibit two plateaus in the discharge profile, one around 4 V and the other 

around 5 V. The capacity and the precise discharge voltage in the 5 V region 

depend on the transition metal ion M' and the amount of cation substitution in 

LiM2-yM'yO4. As a result, the high voltage (> 4.5 V) capacity of these manganese-
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based LiMn2-yM'yO4 cathodes has generally been attributed to the other transition 

metal ion redox couples such as Fe3+/4+, Co3+/4+, Ni2+/3+/4+, and Cu2+/3+.  

 
Table 1.3 Characteristics of the high voltage (> 4.5 V) spinel LiM2-yM'yO4 (M 
= Mn or V) oxides. 

Voltage 
Cation distribution y range 

> 4.5 V < 4.5 V 

(Li)8a[Mn2-yCry]16dO4 0 < y < 1.0 4.8 V 4.0 V 

(Li)8a[Mn2-yFey]16dO4 0 < y < 0.5 4.9 V 4.1 V 

(Li)8a[Mn2-yCoy]16dO4 0 < y < 1.0 5.1 V 3.9 V 

(Li)8a[Mn2-yNiy]16dO4 0 < y < 0.5 4.7 V 4.0 V 

(Li)8a[Mn2-yCuy]16dO4 0 < y < 0.5 4.9 V 4.1 V 

(Li)8a[Mn2-y(Ni,Cu)y]16dO4 0 < y < 0.5 4.6 – 4.9 V 4.1 V 

(V)8a[LiV1-yNiy]16dO4 0 < y < 1.0 4.8 V 4.0 V 

 

Based on the results obtained with the systems LiMn2-yNiyO4
 and   

LiMn2-yCryO4, Dahn et al.86,91 pointed out that the high voltage originates from 

the relative position of the redox levels Ni2+/3+/4+ and Cr3+/4+ since photoelectron 

spectroscopy revealed that the Ni2+:eg and Cr3+:t2g energies are located between 

the Mn3+:eg and Mn4+:t2g energies. For example, Figure 7 of reference 91 shows 

the photoelectron spectroscopic results of LiMn2-yNiyO4 normalized with the peak 

of LiMn2O4 at 3.2 eV. As seen in Figure 7 of reference 91, while LiMn2O4 (y = 0, 

bottom) has two peaks related to Mn3+:eg and Mn4+:t2g energies, respectively, at 



 25

1.5 and 3.2 eV, Ni substituted spinel oxides LiMn2-yNiyO4 have new peaks 

growing at 2.1 eV due to the Ni2+:eg energy level. This means that the oxidation 

process after removing all the electrons from Mn3+:eg orbital is related to Ni2+:eg 

rather than to Mn4+:t2g. 

Shigemura et al.89 showed from Mössbauer and X-ray absorption near 

edge spectroscopic data that the oxidation of Fe3+ to Fe4+ occurs without further 

oxidation of Mn4+ in LiMn2-yFeyO4. Kawai et al.87,101 argued that manganese-

containing octahedra are necessary to impart high voltage capacity since 

manganese-free spinel oxides such as Li2NiGe3O8 do not show any capacity 

above 4.5 V. Also, the spinel LiCo2O4 consisting of Co3+/4+, but no Mn, does not 

show capacity above 4.5 V.102 Ohzuku et al. 96 pointed out that the high voltage 

capacity may not originate simply from the redox reactions of the transition metal 

ions because their voltage range (4.8 to 5.1 V) is relatively smaller than that (1.5 

to 4.5 V) of layered transition metal oxides. Shao-Horn et al.103 suggested by 

examining the spinel oxides LiMn2-yMyO4 (y = 0.5 and M = Co, Al, and Ti) that a 

significant amount of Mn4+ ion in the spinel framework is essential for the 

electrochemical reaction to occur around 5 V. In addition, the possibility of the 

oxidation of Mn4+ or O2- has been proposed with respect to the high voltage 

capacity in Li1.173Mn1.587Co0.240O4.104 Furthermore, no reversible capacity has 

been observed above 4.5 V in LiMn2-yMyO4 (M = Fe, Co, and Ni) spinel oxides 

synthesized at 400 oC.105 As evident from the foregoing, most of the high voltage 
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(> 4.5 V) studies have focused on samples that have other transition metal ions in 

addition to manganese. No spinel lithium manganese oxide free from other 

transition metal ions has been studied systematically above 4.5 V.  

1.4  Objectives 

The main objective of this dissertation is to develop a better understanding 

of the electrochemical characteristics of the spinel lithium manganese oxides in 

both the 4 and 5 V regions and use the knowledge to improve the electrochemical 

performance. 

In the 4 V region, the capacity fading mechanisms are examined by 

investigating systematically a number of cation-substituted spinel lithium 

manganese oxides. By investigating both singly and doubly substituted 

compositions, the influence of the two-phase region consisting of two cubic 

phases is focused. The understanding gained is utilized to design the doubly 

substituted LiMn2-y-zNiyLizO4 compositions exhibiting superior electrochemical 

performances compared to LiMn2O4. 

In the 5 V region, as most of the high voltage (> 4.5 V) studies in the past 

have focused on the redox couples of the other substituted transition metal ions, a 

systematic investigation and comparison of both the cation-substituted and 

unsubstituted oxides such as LiMn2-yMyO4 (M = Co, Ni, and Cu),        

LiMn2-y-zMyLizO4, LiMn2-yLiyO4, Li2Mn4O9-δ, and Li4Mn5O12 are presented. From 
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the investigation, the participation of both the O2-/- and Mn4+/5+ couples and their 

consequences on self-discharge are identified. Additionally, the role of synthesis 

temperature is also studied to investigate the effect of crystallinity. 
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CHAPTER 2 

General Experimental Techniques 

2.1  Material Preparation 

The various spinel oxides were prepared by either conventional solid-state 

reactions or solution-based syntheses.45 Reagent grade commercial chemicals 

(from Alfa Aesar, GFS, Fisher Scientific, and Aldrich) of transition metal oxides 

and lithium carbonate or transition metal acetates and lithium hydroxide were 

used, respectively, for solid-state reactions and solution-based syntheses without 

further purification. Deionized water was used for the solution-based syntheses. 

In the case of solid-state reactions, mixtures of stoichiometric amounts of 

Li2CO3 and required transition metal oxides were fired in alumina boats at 800 oC 

for 48 h with slow heating (2 oC/min) and cooling (1 oC/min) rates in air. In the 

case of solution-based syntheses, the spinel oxides were prepared by firing the 

precursors at 500 oC for 72 h in air.45 The precursors were obtained by oxidation 

of the low valence transition metal ions with Li2O2 and H2O2 in water, More 

details are provided in the respective chapters later. 
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2.2  Chemical Delithiation 

Bulk samples of delithiated spinel oxides were obtained by chemical 

delithiation with NO2BF4
13,14 and dilute sulfuric acid40 since the delithiated oxides 

cannot be separated from the electrodes mixed with carbon black and binder. 

Chemical extraction of lithium was carried out by stirring the spinel oxide 

powders in an acetonitrile solution of various quantities of NO2BF4 for 2 days 

under argon atmosphere by using a Schlenk line. The general reaction is given in 

Reaction 2.1. 

LiMn2-y-zMyLizO4 + x NO2BF4  

        → Li1-xMn2-y-zMyLizO4 + x NO2 + x LiBF4  [2.1] 

The reaction products were washed several times with acetonitrile under argon to 

remove LiBF4 and dried under vacuum at ambient temperature. When sulfuric 

acid was used, extraction experiments were carried out for 1 h in air. 

2.3  Manganese Dissolution 

The amount of manganese dissolved from the oxide powders into 

electrolyte was measured with atomic absorption spectroscopy after storing the 

spinel oxide powders in 1 M LiPF6 in ethylene carbonate (EC) and diethyl 

carbonate (DEC) electrolyte (from EM Science) within a Teflon vessel at 55 oC 

for 7 days, collecting the electrolyte by filtration with a glass filter, and diluting 

with deionized water and nitric acid.71,72,106  
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Manganese dissolution during cycling was also measured with coin cells 

using atomic absorption spectroscopy. After 20 cycles at 60 oC, test cells were 

opened and the cell components (cathode, anode, and separator) were put into 

deionized water or propylene carbonate (PC) to collect the dissolved manganese. 

When PC was used, nitric acid was also added to make a homogenous mixture of 

PC with the aqueous medium.76 

2.4  Characterization 

Synthesized spinel manganese oxides were characterized by the following 

techniques. More specific procedure for each technique is given in the individual 

chapters. 

2.4.1  X-ray Powder Diffraction (XRD) 

All the prepared spinel oxides were analyzed with X-ray powder 

diffraction technique employing a Philips X-ray diffractometer with Cu Kα 

radiation. Diffraction data were collected either at a fast scan rate of 0.05o per   

2 seconds or a slow scan rate of 0.02o per 5 seconds between 15 and 70o. The 

collected data were matched with the JCPDS files for phase identification. For 

further structural analyses, Rietveld refinement with DBWS-9411 program107,108 

and JADE software were employed.  
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2.4.2  Atomic Absorption Spectroscopy (AAS) 

Lithium contents of the spinel oxides synthesized and the chemically 

delithiated compositions were determined with a Perkin-Elmer 1100 atomic 

absorption spectrometer. Samples for AAS were prepared by dissolving more 

than 25 mg of the samples in diluted hydrochloric acid within a sealed Teflon 

vessel at 100 – 110 oC and then diluting with deionized water. Standard solutions 

for each element were prepared with their oxides or acetates. 

2.4.3  Redox Titration 

The average oxidation state of manganese was determined by a redox 

titration with oxalate.109 After reducing the Mn3+ and Mn4+ ions in the spinel 

lithium manganese oxides to Mn2+ with sodium oxalate in 2.5 N sulfuric acid at 

about 60 oC, the remaining unreacted oxalate was titrated with a standardized 

potassium permanganate solution. The related reactions are given in reactions 2.2 

and 2.3.  

2 Mn(2+x)+ + x C2O4
2- → 2 Mn2+ + 2x CO2  [2.2] 

5 C2O4
2- + 2 Mn7+ → 2 Mn2+ + 10 CO2 [2.3] 

The average manganese valence was calculated from the amount of oxalate 

reacted (or the equivalent amount of permanganate) in reaction 2.2 using the 

Equation 2.4 and the initial manganese content obtained from AAS data.  
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Mn Valence 
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+= 2   [2.4] 

where NA and NB are the normalities of, respectively, C2O4
2- and KMnO4 solutions 

in N/L, VA and VB are volumes of, respectively, the initially added C2O4
2- and the 

KMnO4 solution consumed in mL, WMn is the atomic weight of Mn in g/mol, Y is 

the weight fraction of Mn in the sample, and WS is the sample weight in mg.  

2.4.4  Surface Area Measurement 

Brunauer-Emmett-Teller (BET) method was used to measure the surface 

area with a Quantachrome Autosorb-1 BET analyzer using nitrogen gas as an 

adsorbate after removing the pre-adsorbed gases in vacuum at 150 oC. 

2.4.5  Scanning Electron Microscopy (SEM) 

Morphology of the powder samples was investigated with a JEOL JSM-

5610 scanning electron microscope. 

2.5  Electrochemical Characterization 

CR2032 coin cells with metallic lithium and 1 M LiPF6 in EC/DEC (from 

EM Science, battery grade) were employed to evaluate the electrochemical 

performance of the various spinel oxides. Figure 2.1 gives the structure of a coin 
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cell. Cathode electrodes were fabricated by mixing 75 wt% of the spinel oxide 

powder with 20 wt% conducting carbon black (Denka black) and 5 wt% 

polytetrafluoroethylene (PTFE) binder in a mortar, rolling into thin sheets of 

about 0.2 mm thick, and cutting into circular electrodes of 9 mm diameter (0.64 

cm2 area) that typically had an active material weight of around 6 mg. Coin cells 

were assembled in an argon-filled glove box. 

2.5.1  Cycle Performance 

Electrochemical cycling performances of the spinel oxides were evaluated 

with coin cells and an Arbin battery cycler. Coin cells were cycled between 4.3 

and 3.5 V at various current rates (from C/10 to 20C rates) and temperatures for 

the 4 V region. In the case of 5 V materials, the first charge was carried out until 

all the lithium could be removed from the 8a tetrahedral sites or to 5.2 V and the 

Figure 2.1 Schematic diagram of a CR2032 coin cell for electrochemical 
characterization. 
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subsequent discharge and charge were carried out between 3.5 V and the end 

voltage of the first charge at C/20 rate. 

2.5.2  Storage Test 

The storage performances were evaluated by subjecting the coin cells to 

one charge-discharge cycle at room temperature between 4.3 and 3.5 V followed 

by discharging to various depths of discharge (DOD) in the second cycle, storing 

at 60 oC for 7 days at various DOD, completing the second discharge cycle after 

cooling to ambient temperatures, and evaluating the full discharge capacity in the 

third cycle at room temperature. 

2.5.3  Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) was carried out between 4.3 and 3.5 V for the  

4 V regions and between 5.2 and 3.5 V for the 5 V region at 50 µV/s. Coin cells 

were used for CV as well in order to have the cycling and CV experiments to be 

similar. 
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CHAPTER 3 

Crystal Chemistry and Electrochemical Performances of Cation-
substituted Spinel Lithium Manganese Oxides 

3.1  Introduction 

Lithium ion batteries have become attractive for portable electronic 

devices due to their higher energy density compared to other rechargeable 

systems and they are being intensively pursued for electric vehicle applications. 

Commercial lithium ion batteries currently use the layered LiCoO2 cathodes, but 

cobalt is expensive and relatively toxic. These drawbacks have prompted the 

development of alternative cathodes especially for electric vehicle applications. In 

this regard, LiMn2O4 crystallizing in the spinel structure has become appealing as 

manganese is inexpensive and environmentally benign. Unfortunately, the spinel 

LiMn2O4 oxide is confronted with capacity fade particularly at elevated 

temperatures.  

Several strategies have been pursued over the years to suppress the 

capacity fade experienced by the spinel lithium manganese oxides. For example, 

substitution of other cations for manganese in LiMn2-yMyO4 (M = Li, Cr, Co, Ni, 

Mg, and Al),47-59 surface modification with other oxides,60-64 and incorporation of 

additives into the electrolytes65 have been shown to improve the capacity 

retention.  
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In this chapter, the crystal chemistry and electrochemical performances 

such as cyclability, rate capability, and irreversible capacity (IRC) in the first 

cycle of both singly substituted LiMn2-yMyO4 (M = Li, Al, Ti, Co, Ni, and Cu and 

0 ≤ y ≤ 0.2) and doubly substituted LiMn2-y-zMyLizO4 (M = Al, Ti, Fe, Co, Ni, Cu, 

and Ga, 0 ≤ y ≤ 0.1, and 0 ≤ z ≤ 0.1) spinel oxides are discussed with an aim to 

evaluate the effect of double substitution. 

3.2  Experimental 

The LiMn2-yMyO4 (M = Li, Al, Ti, Co, Ni, and Cu and 0 ≤ y ≤ 0.2) and 

LiMn2-y-zMyLizO4 (M = Al, Ti, Fe, Co, Ni, Cu, and Ga, 0 ≤ y ≤ 0.1, and 0 ≤ z ≤ 

0.1) samples were synthesized by solid-state reactions of Li2CO3 and Mn2O3 with 

Al2O3, TiO2, Fe3O4, Co3O4, NiO, CuO, or Ga2O3 at 800 oC for 48 h in air. All 

samples were characterized by X-ray powder diffraction. Lattice parameter 

determinations were made by Rietveld analysis.107 The electrochemical 

performances of the LiMn2-yMyO4 and LiMn2-y-zMyLizO4 cathodes were evaluated 

with CR2032 coin cells as described in section 2.5 in chapter 2. Cyclability data 

were collected between 4.3 and 3.5 V at various rates between C/10 and 20C at 

room temperature and 60 oC. Cyclic voltammograms (CV) were recorded 

between 4.3 and 3.5 V at a scan rate of 50 µV/s. 
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3.3  Results and Discussion 

3.3.1  Structure and Lattice Parameter 

All samples were characterized by X-ray powder diffraction to be single-

phase spinel oxides and the initial lattice parameter values and the initial 

manganese valences for the samples are given in Table 3.1. The manganese 

valences were calculated assuming an oxygen content value of 4.0, which is 

reasonable as the samples were synthesized at 800 oC followed by cooling slowly 

in air. The initial lattice parameter decreases with increasing Mn valence since the 

amount of smaller Mn4+ ions would increase with increasing Mn valence. 

3.3.2  Cycle Performance 

Figures 3.1 and 3.2 compare the cyclability data of selected LiMn2-yMyO4 

and LiMn2-y-zMyLizO4 samples at room temperature and 60 oC respectively. The 

initial capacity values and the % capacity loss after 50 cycles at room temperature 

are summarized in Table 3.1. All the cation-substituted samples show much better 

capacity retention compared to the unsubstituted LiMn2O4 although some of them 

exhibit lower capacities, as has been found before by several groups.47-59 The 

cation-substituted samples have an average oxidation state of > 3.5+ for Mn 

excepting LiMn1.9Ti0.1O4 and one may argue that the improved cyclability could 

be due to the increased manganese valence and the consequent suppression of  
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Table 3.1 Electrochemical and crystal-chemical data of spinel manganese oxides.

Sample 
No. Composition 

Initial 
capacity 
(mAh/g) 

Capacity 
loss after 

50 cycles at 
25 oC (%)

IRC in the 
first cycle 
(mAh/g) 

Initial Mn 
valence 

a 

Initial 
lattice 

parameter
(Å) 

1 LiMn2O4 119 39.4 11.4 3.50 8.2489 
2 LiMn1.95Li0.05O4 122  9.6 5.8 3.56 8.2319 
3 LiMn1.9Li0.1O4 109  4.2 3.3 3.63 8.2179 
4 LiMn1.9Al0.1O4 117 28.4 10.8 3.53 8.2411 
5 LiMn1.9Ti0.1O4 109 17.1 8.6 3.47 8.2493 
6 LiMn1.9Al0.05Ti0.05O4 113 25.1 6.9 3.55 8.2401 
7 LiMn1.9Co0.1O4 123 14.9 8.9 3.53 8.2319 
8 LiMn1.8Co0.2O4 109  5.5 8.3 3.56 8.2103 
9 LiMn1.9Ni0.1O4 120  9.6 7.2 3.58 8.2319 

10 LiMn1.85Ni0.15O4 104  2.9 1.8 3.62 8.2086 
11 LiMn1.8Ni0.2O4 92  3.6 1.4 3.67 8.2139 
12 LiMn1.9Cu0.1O4 113  7.7 2.0 3.58 8.2289 
13 LiMn1.9Al0.05Li0.05O4 115  6.8 3.5 3.58 8.2293 
14 LiMn1.85Ti0.075Li0.075O4 110 20.7 8.6 3.58 8.2305 
15 LiMn1.9Fe0.05Li0.05O4 111  8.0 4.6 3.58 8.2250 
16 LiMn1.9Co0.05Li0.05O4 119  4.3 4.7 3.58 8.2212 
17 LiMn1.8Co0.1Li0.1O4 97  1.2 3.9 3.67 8.2013 
18 LiMn1.9Ni0.05Li0.05O4 114  3.2 2.1 3.61 8.2181 
19 LiMn1.85Ni0.05Li0.1O4 89  0.9 1.5 3.68 8.2041 
20 LiMn1.88Ni0.06Li0.06O4 105  2.0 1.6 3.63 8.2138 
21 LiMn1.9Ni0.075Li0.025O4 112  4.6 2.8 3.59 8.2222 
22 LiMn1.875Ni0.075Li0.05O4 106  2.0 1.4 3.63 8.2133 
23 LiMn1.85Ni0.075Li0.075O4 95  0.9 1.3 3.66 8.2080 
24 LiMn1.85Ni0.1Li0.05O4 94  1.0 1.4 3.65 8.2126 
25 LiMn1.8Ni0.1Li0.1O4 83  0.5 1.2 3.72 8.2023 
26 LiMn1.9Cu0.05Li0.05O4 109  3.9 0.6 3.61 8.2228 
27 LiMn1.8Cu0.1Li0.1O4 82  0.8 1.6 3.72 8.2069 
28 LiMn1.9Ga0.05Li0.05O4 113  5.9 3.1 3.58 8.2324 

a Calculated by assuming Li+, Al3+, Ti4+, Fe3+, Co3+, Ni2+, Cu2+, and Ga3+. 
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Figure 3.1 Comparison of the cycling performances of (a) singly and (b) doubly 
substituted spinel manganese oxides with that of LiMn2O4 at C/5 rate 
(~0.2 mA/cm2) between 4.3 and 3.5 V at room temperature. 
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Figure 3.2 Comparison of the cycling performances of (a) singly and (b) doubly 
substituted spinel manganese oxides with that of LiMn2O4 at C/5 rate 
(~0.2 mA/cm2) between 4.3 and 3.5 V at 60 oC. 
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Jahn-Teller distortion. However, the data in Table 3.1 do not exhibit a systematic 

or linear variation of the % capacity loss with the oxidation state of Mn. For 

example, LiMn1.9Ni0.1O4, LiMn1.9Co0.05Li0.05O4, and LiMn1.85Ti0.075Li0.075O4 

having the same oxidation state of 3.58+ for Mn differ significantly in their % 

capacity loss (4 – 20 %). Also, LiMn1.9Ti0.1O4 with a lower oxidation state of 

3.47+ for Mn exhibits better capacity retention than LiMn1.9Al0.1O4, 

LiMn1.9Al0.05Ti0.05O4, and LiMn1.85Ti0.075Li0.075O4 having an oxidation state of > 

3.5+.  

Another important observation on the data presented in Table 3.1 is that 

for the same degree of cation substitution, some of the doubly substituted samples 

exhibit better capacity retention than the singly substituted samples. For example, 

LiMn1.9Ni0.05Li0.05O4, LiMn1.85Ni0.075Li0.075O4, and LiMn1.8Ni0.1Li0.1O4 exhibit 

lower capacity loss (0.5 – 3 %) than LiMn1.9Ni0.1O4, LiMn1.85Ni0.15O4, and 

LiMn1.8Ni0.2O4 (3 – 10 %). Similarly, LiMn1.9Co0.05Li0.05O4 and 

LiMn1.8Co0.1Li0.1O4 exhibit lower capacity loss (1 – 4 %) than LiMn1.9Co0.1O4 and 

LiMn1.8Co0.2O4 (5 – 15 %).  

3.3.3  Irreversible Capacity (IRC) in the First Cycle 

Irreversible capacity (IRC) is one of the important performance factors 

since only the reversible capacity can be utilized in secondary batteries. Table 3.1 

gives the IRC values and the singly substituted LiMn2-yMyO4 and doubly 
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substituted LiMn2-y-zMyLizO4 samples with M = Ni and Cu show much lower IRC 

in the first cycle compared to LiMn2O4. For example, LiMn1.85Ni0.075Li0.075O4 

exhibits an IRC of only 1 mAh/g in the first cycle compared to the IRC values of 

11 and 5 mAh/g, respectively, for LiMn2O4 and LiCoO2. Figure 3.3 shows the 

relationship between the IRC in the first cycle and % capacity fade, and the IRC 

exhibits a clear relationship with the % capacity fade, particularly for samples 

with capacity fade values of < 10 %. In those cases, the IRC decreases as the % 

capacity fade decreases.  
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Figure 3.3 Comparison of the irreversible capacity in the first cycle with the % 
capacity loss in 50 cycles at room temperature. 
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3.3.4  Rate Capability 

Rate capabilities of some selected spinel oxides were investigated by 

charging at the same rate of C/5 and discharging at different rates of C/10, C/5, 

C/2, 1C, 2C, and 4C between 4.3 and 3.5 V at room temperature. The discharge 

profiles of singly substituted LiMn2-yMyO4 (M = Li, Co and Ni) and doubly 

substituted LiMn2-y-zNiyLizO4 samples at various rates are compared, respectively, 

in Figures 3.4 and 3.5. The cation-substituted samples generally exhibit better rate 

capabilities compared to LiMn2O4. However, for the same degree of substitution, 

the doubly substituted samples show better rate capability than the singly 

substituted samples. For example, both LiMn1.85Ni0.075Li0.075O4 and 

LiMn1.8Ni0.1Li0.1O4 retain 98 % of their discharge capacities on increasing the rate 

from C/10 to 4C. In contrast, LiMn2O4 and LiMn1.85Ni0.15O4 retain only 47 % and 

86 % of their discharge capacity, respectively, on going from C/10 to 4C rate. 

Furthermore, the doubly substituted LiMn1.85Ni0.075Li0.075O4 retains 84 and 57 % 

of its capacity on increasing the rate from C/10 to 10C and 20C, respectively, as 

seen in Figure 3.6. The LiMn1.85Ni0.075Li0.075O4 sample regains its full capacity 

quickly on changing the rate from 10C or 20C to C/10 (Figure 3.6), illustrating 

that the cyclability is not degraded by drastic changes in the C rates. The 

remarkable rate capability of LiMn1.85Ni0.075Li0.075O4 despite a slightly lower 

capacity (~100 mAh/g) compared to LiMn2O4, may make it attractive for electric 

vehicle applications. 



 44

 

3.6

4.0

4.4

C/10
C/5
C/2

1C2C4C

(b) LiMn1.95Li0.05O4

 

 

3.6

4.0

4.4

1C2C
C/2 C/5 C/10

4C

(c) LiMn1.9Co0.1O4

 

 

3.6

4.0

4.4 (a) LiMn2O4

C/5C/21C2C4C C/10

 
3.6

4.0

4.4

~~~~

~~~~

1C2C

C/2 C/5

4C

C/10
(d) LiMn1.9Ni0.1O4

~

~~

~~

~~

~

 

 

Vo
lta

ge
 v

s.
 L

i/L
i+  (V

)

Capacity (mAh/g)
0 20 40 60 80 100 120

3.6

4.0

4.4
C/10C/5C/2

1C2C4C

(e) LiMn1.85Ni0.15O4

 

  

Figure 3.4 Comparison of the discharge profiles of singly substituted 
LiMn2-yMyO4 (M = Li, Co, and Ni) samples with that of LiMn2O4 at C/10, C/5, 
C/2, 1C, 2C, and 4C rates, illustrating the rate capability. 
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Figure 3.5 Discharge profiles of doubly substituted LiMn2-y-zNiyLizO4 samples at 
C/10, C/5, C/2, 1C, 2C, and 4C rates, illustrating the rate capability. 
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3.3.5  Storage Characteristics 

The storage performances were evaluated as described in section 2.5.2 in 

chapter 2. The % capacity retention after storage was then obtained as a ratio of 

the third discharge capacity to the first discharge capacity. Figure 3.7 compares 

the % capacity retention after storing at various DOD for LiMn2O4, 

LiMn1.85Ni0.075Li0.075O4, and LiMn1.8Ni0.1Li0.1O4. While LiMn2O4 loses significant 

amount of capacity after storage (10 – 40 %), both LiMn1.85Ni0.075Li0.075O4 and 
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Figure 3.6 Cycling performance of LiMn1.85Ni0.075Li0.075O4 at various rates 
between C/10 and 20C at room temperature.  
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LiMn1.8Ni0.1Li0.1O4 retain > 95 % of their initial capacity, illustrating excellent 

storage characteristics.  
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Figure 3.7 Comparison of the % capacity retention after storing at 60 oC for
7 days at different depths of discharge (DOD). : LiMn2O4; 

: LiMn1.85Ni0.075Li0.075O4; and : LiMn1.8Ni0.1Li0.1O4. 
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3.3.6  Cyclic Voltammetry 

Figure 3.8 compares the cyclic voltammograms (CV) of some spinel 

lithium manganese oxides. While the two plateaus occurring in the 4 V region 

(one around 3.9 V and other around 4.1 V) could be clearly visualized in LiMn2O4 

and in the singly substituted samples (Figure 3.4), it becomes more difficult to 
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Figure 3.8 Comparison of the cyclic voltammograms of (a) LiMn2O4, (b) 
LiMn1.85Ni0.15O4, and (c) LiMn1.85Ni0.075Li0.075O4 between 4.3 and 3.6 V at a scan 
rate of 50 µV/s. 
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distinguish the two plateaus in some doubly substituted samples like 

LiMn1.85Ni0.075Li0.075O4 (Figure 3.5). However, all the cation-substituted (both 

singly and doubly substituted) samples show two redox peaks around 3.9 and  

4.1 V similar to LiMn2O4 in the CV (Figure 3.8) although the resolution between 

the peaks is suppressed in the cation-substituted samples. Nevertheless, the CV 

data confirm the existence of two redox steps even in the doubly substituted 

spinel oxides. The one at 3.9 V is related to the one-phase reaction involving a 

continuous change in lattice parameter of a single-phase spinel oxide and the 

other is related to the two-phase reaction involving two cubic phases with 

different lattice parameters.  

3.3.7  Comparison of the Electrochemical Performance of the Doubly 
Substituted LiMn1.85Ni0.075Li0.075O4 with LiCoO2 

Figure 3.9 compares the discharge profiles at different C rates illustrating 

the rate capability of LiMn1.85Ni0.075Li0.075O4 with those of both LiMn2O4 and 

LiCoO2. Although LiMn1.85Ni0.075Li0.075O4 exhibits slightly lower capacity  

(~100 mAh/g) than LiMn2O4 (~120 mAh/g) and LiCoO2 (~140 mAh/g), it shows 

excellent capacity retention both at room temperature and 60 oC (Figures 3.1 and 

3.2) and negligible IRC (Table 3.1). More importantly, it exhibits superior rate 

capability compared to LiMn2O4 and LiCoO2 (Figure 3.9). While 

LiMn1.85Ni0.075Li0.075O4 retains more than 98 % of the C/10 rate capacity on going 
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from C/10 to 4C rate, LiCoO2 delivers only 91 % of the C/10 rate capacity at 4C 

rate. Furthermore, as seen in Figure 3.10, the doubly substituted spinel oxide 

LiMn1.85Ni0.075Li0.075O4 shows excellent compatibility with carbon anode. It 

retains 100 % of initial capacity in 25 cycles with a charge efficiency of more 
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than 99 %. The irreversible capacity in the first cycle in Figure 3.10 may be due to 

anode characteristics.  

 

 

 

 

 

 

 

 

 

 

 

 

3.4  Conclusions 

Electrochemical performances of a number of singly substituted    

LiMn2-yMyO4 (M = Li, Al, Ti, Co, Ni, and Cu and 0 ≤ y ≤ 0.2) and doubly 

Figure 3.10 Cycling performance of a prototype lithium ion cell consisting of 
LiMn1.85Ni0.075Li0.075O4 cathode and carbon anode between 4.2 and 3 V with a 
constant current and constant voltage (CC/CV) charging condition: : charge 
capacity and : discharge capacity. 
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substituted LiMn2-y-zMyLizO4 (M = Al, Ti, Fe, Co, Ni, Cu, and Ga, 0 ≤ y ≤ 0.1, 

and 0 ≤ z ≤ 0.1) oxides were investigated. A double substitution of small amounts 

of Li and Ni for Mn in the spinel lithium manganese oxide LiMn2-y-zNiyLizO4 

(0.05 ≤ y ≤ 0.1 and 0.05 ≤ z ≤ 0.1) was found to improve the electrochemical 

performances significantly. The LiMn2-y-zNiyLizO4 samples exhibit superior 

cyclability at elevated temperatures, high rate capability, excellent capacity 

retention after storing at 60 oC for extended periods of time at various DOD, and 

low irreversible capacity in the first cycle with moderate reversible capacities of 

around 100 mAh/g compared to LiMn2O4. The reason for the superior 

performance will be discussed in the next chapter. 

The excellent performance as well as the low cost, low toxicity, and easy 

synthesis of the LiMn2-y-zNiyLizO4 cathodes may make them attractive for high 

power applications such as the electric vehicles despite a moderate capacity of 

around 100 mAh/g while LiCoO2 with a higher capacity is attractive for portable 

electronic devices requiring high energy density.
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CHAPTER 4 

Influence of the Lattice Parameter Difference between the Two 
Cubic Phases Formed in the 4 V Region on the Capacity Fading of 
Spinel Lithium Manganese Oxides 

4.1  Introduction 

As mentioned in the previous chapter, the spinel LiMn2O4 oxide, which is 

an appealing candidate for replacing LiCoO2, is confronted with capacity fade 

particularly at elevated temperatures. Several mechanisms have been proposed in 

the literature to account for the capacity fade: (1) formation of tetragonal 

Li2Mn2O4 on the surface of LiMn2O4 and the associated lattice (Jahn-Teller) 

distortion,38,41,110 (2) manganese dissolution into the electrolyte,61,70-76 (3) oxygen 

defects,77 (4) formation of new phase,79 (5) loss of crystallinity,80,81 and (6) 

instability arising from the existence of two cubic phases.48,56,78 Among them, 

manganese dissolution is generally thought to be the most important factor, but it 

has been shown to account for only some portion of the total capacity loss.56,71,73 

Also, recent characterization of chemically delithiated Li1-xMn2O4 samples have 

also shown that the spinel lithium manganese oxide does not experience any 

oxygen loss from the lattice111 contrary to some speculative reports in the 

literature. 
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In this chapter, the relationships between the % capacity fade and some 

sample characteristics are investigated with a number of singly substituted  

LiMn2-yMyO4 (M = Li, Al, Ti, Co, Ni, and Cu and 0 ≤ y ≤ 0.2) and doubly 

substituted LiMn2-y-zMyLizO4 (M = Al, Ti, Fe, Co, Ni, Cu, and Ga, 0 ≤ y ≤ 0.1, 

and 0 ≤ z ≤ 0.1). The capacity fade is correlated to the initial lattice parameter, 

initial manganese valence, degree of manganese dissolution, electrode resistance, 

irreversible capacity (IRC) in the first cycle, and lattice parameter difference ∆a 

between the two cubic phases formed during the charge-discharge process. 

4.2  Experimental 

The LiMn2-yMyO4 (M = Li, Al, Ti, Co, Ni, and Cu and 0 ≤ y ≤ 0.2) and 

LiMn2-y-zMyLizO4 (M = Al, Ti, Fe, Co, Ni, Cu, and Ga, 0 ≤ y ≤ 0.1, and 0 ≤ z ≤ 

0.1) samples were synthesized by solid-state reactions of Li2CO3 and Mn2O3 with 

Al2O3, TiO2, Fe3O4, Co3O4, NiO, CuO, or Ga2O3 at 800 oC for 48 h in air. All 

samples were characterized by X-ray powder diffraction analysis. The degree of 

manganese dissolution was assessed by both (1) soaking the LiMn2-yMyO4 and 

LiMn2-y-zMyLizO4 powders for 7 days at 55 oC in the electrolyte71,72,106 and (2) 

washing the coin cell components with deionized water or propylene carbonate 

(PC) after cycling76 as described in section 2.3 in chapter 2. 

The electrochemical performances were evaluated as described in section 

2.5 in chapter 2. Electrode resistances were investigated with a current 
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interruption technique during charging. After the current was interrupted, the 

voltage relaxation was monitored with time, and the electrode resistance was 

calculated from the initial iR drop obtained by extrapolation. 

Chemical extraction of lithium was carried out by stirring the      

LiMn2-yMyO4 and LiMn2-y-zMyLizO4 powder either with 2.5 N sulfuric acid40 at 

room temperature for 1 hour followed by washing the products with water or with 

an acetonitrile solution of the oxidizing agent NO2BF4 at room temperature for  

2 days under argon atmosphere using a Schlenk line followed by washing the 

products with acetonitrile.13,111 While the Li1-xMn2-y-zMyLizO4 samples obtained 

by both the methods as well as those obtained after soaking in the electrolyte were 

used for strain analysis, only the samples obtained with NO2BF4 were used for 

monitoring the lattice parameter variation with lithium content. The grain size and 

strain analyses were made with the X-ray powder diffraction data using the JADE 

software.112 Lattice parameter determinations were made by Rietveld analysis.107 

The lithium contents in Li1-xMn2-y-zMyLizO4 were analyzed by AAS. 

4.3  Results and Discussion 

As mentioned in the previous chapter, the electrochemical performances 

of cation-substituted spinel lithium manganese oxides are better than those of 

unsubstituted LiMn2O4. Especially, some doubly substituted spinel oxides show 
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excellent cyclability, storage characteristics, rate capability, and low irreversible 

capacity compared to singly substituted samples.  

4.3.1  Initial Lattice Parameter and Manganese Valence of the As-prepared 
Samples 

Figure 4.1 correlates the % capacity fade to initial lattice parameter and 

Mn valence. As seen in Figure 4.1, the % capacity fade seems to decrease with 

decreasing initial lattice parameter and increasing initial Mn valence, but only in 

the region with < 10 % capacity fade. However, a number of samples that have a 

constant initial Mn valence of around 3.55+ and initial lattice parameter values of 

around 8.24 Å exhibit a wide variation in capacity fade (10 – 40 %) as indicated 

by nearly horizontal lines in Figure 4.1 for the % capacity fade of > 10 %. While 

one could account for the better cyclability of the samples with higher manganese 

valence (> 3.58+) to be due to the suppression of Jahn-Teller distortion, the 

horizontal nature of the data points for the capacity fades of > 10 % in Figure 4.1 

suggests that Jahn-Teller distortion may not be the only factor influencing the 

capacity fade.  

Figure 4.2 shows the variations of the % capacity fade, the irreversible 

capacity (IRC) in the first cycle, and the initial lattice parameter with initial Mn 

valence. Interestingly, the % capacity loss versus Mn valence seems to have two 

regions with a boundary around a Mn valence of 3.58+ (Figures. 4.1b and 4.2a).  
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Figure 4.1 Relationship between the (a) lattice parameters and (b) Mn valences of 
as-prepared spinel oxides and the % capacity fades in 50 cycles at room 
temperature. 
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Figure 4.2 Correlation of the initial Mn valence of the as-prepared spinel oxides 
to the (a) % capacity fade in 50 cycle, (b) irreversible capacity (IRC) in the first 
cycle, and (c) initial lattice parameter of the as-prepared samples. 
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Above an initial Mn valence of 3.58+, the capacity fade decreases sharply and 

remains small. As seen in Figure 4.2b, the plot of the IRC in the first cycle with 

Mn valence also can be divided into two regions with a boundary around a Mn 

valence of 3.58+, similar to the capacity fade with Mn valence (Figure 4.2a). The 

IRC in the first cycle decreases sharply when the Mn valence becomes higher 

than 3.58+, suggesting the occurrence of an important change around 3.58+. A 

similar change could also be noticed in the initial lattice parameter versus Mn 

valence, but it is less pronounced (Figure 4.2c). 

4.3.2  Manganese Dissolution 

The manganese dissolution was evaluated for various samples by two 

different procedures described in the experimental section. Figure 4.3 compares 

the variations of the amount of dissolved manganese on soaking in the electrolyte 

at 55 oC for 7 days with the % capacity loss found after 50 cycles at room 

temperature. The dissolved amount of manganese is in the range of 1.3 – 3 % with 

considerable scatter in the data. The unsubstituted LiMn2O4 exhibiting the highest 

capacity loss in Table 4.1 shows lower manganese dissolution (1.8 %) than 

several other cation-substituted samples that exhibit much better capacity 

retention. Moreover, the LiCoO2 cathode, which is known to exhibit excellent 

electrochemical performance and currently used in commercial lithium ion 

batteries, also shows a comparable or significant amount of cobalt dissolution  
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(0.7 %) under similar conditions. These observations are consistent with some of 

the literature data pointing out a lack of correlation between the amount of 

dissolved manganese and capacity retention.72-74  

 

Table 4.1 Lattice parameter changes and Mn dissolution with cycle 
performance of various spinel oxides. 

Composition 
% Capacity 

Retention After 50 
Cycles 

Dissolved Mn or Co a/ 
Sample (%) 

LiMn2O4 60.6 1.77 

LiMn1.95Li0.05O4 90.4 1.75 

LiMn1.9Co0.1O4 85.1 1.55 

LiMn1.9Ni0.1O4 85.9 2.07 

LiMn1.9Al0.1O4 71.6 2.96 

LiMn1.9Co0.05Li0.05O4 95.7 2.96 

LiMn1.9Ni0.05Li0.05O4 96.8 1.36 

LiMn1.85Ni0.075Li0.075O4 99.1 3.90 

LiMn1.9Al0.05Ti0.05O4 74.9 2.67 

LiMn1.85Li0.075Ti0.075O4 79.3 2.22 

LiCoO2 92.3  0.70 a 
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Figure 4.4 compares the variations of the amount of dissolved manganese 

found after washing the cycled (after 20 cycles at 60 oC) cell components 

(cathode, anode, and separator) with deionized water or propylene carbonate (PC) 

with the % capacity loss found after 20 cycles at 60 oC. The amount of dissolved 

manganese is slightly higher after soaking in PC compared to that after soaking in 

water. Although LiMn2O4 exhibiting the highest capacity loss shows the highest 

amount of dissolved manganese, the difference in manganese dissolution among 
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Figure 4.3 Relationship between the amount of dissolved manganese and the % 
capacity loss after 50 cycles at room temperature. The dissolved manganese was 
obtained by soaking the oxides in the electrolyte consisting of 1 M LiPF6 in 
EC/DEC at 55 oC for 7 days. 
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the various samples is too small to account for the drastic differences in the % 

capacity loss (41 to 3 %). These observations suggest that manganese dissolution 

may not be the sole factor responsible for the capacity fade in spinel lithium 

manganese oxides. 
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Figure 4.4 Relationship between the amount of dissolved manganese and the % 
capacity loss after 20 cycles at 60 oC. The dissolved manganese was obtained by 
washing the coin cell components (cathode, anode, and separator) with deionized 
water ( ) or propylene carbonate ( ) after 20 cycles at 60 oC. 
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4.3.3  Electrode Resistance 

Figure 4.5 compares the electrode resistance measured by the current 

interruption technique of selected cation substituted spinel lithium manganese 

oxides with that of LiMn2O4 containing different amounts of conducting carbon. 

While the electrodes fabricated with 20 wt% conducting carbon do not show 

significant differences in electrode resistance (Figure 4.5a), those fabricated with 

3 wt% conducting carbon do exhibit some differences (Figure 4.5b). With 3 wt% 

conducting carbon, the LiMn2O4 electrode exhibits a much higher electrode 

resistance of 2,000 to 10,000 Ω compared to the cation-substituted samples     

(< 2,000 Ω) as seen in Figure 4.5b. All the samples exhibit a minimum in the 

electrode resistance in the partially discharged state compared to the fully 

discharged or charged states. Furthermore, the electrodes of the cation-substituted 

spinel oxides could be charged even without conducting carbon at the initial 

stage. It appears that the cation substitution improves the electrical conductivity of 

the bulk samples, which might help to improve the cyclability. 
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4.3.4  Loss of Crystallinity 

Figure 4.6 compares the X-ray powder diffraction patterns of LiMn2O4 

with those of some doubly substituted LiMn2-y-zMyLizO4 (M = Ti and Ni) after 

cycling. After cycling for a specified number of cycles, the retrieved cathode discs 

from the coin cells were washed with propylene carbonate, mounted on to a glass 
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Figure 4.5 Comparison of electrical conductivities of selected cation-substituted 
spinel manganese oxides with (a) 20 wt% and (b) 3 wt% conducting carbon 
during first charging. 
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plate, and examined by X-ray diffraction. While LiMn2O4 shows significant line 

broadening and loss of crystallinity after cycling at room temperature for not only 

50 cycles but also 1 cycle (Figures 4.6a and b), both LiMn1.85Ni0.075Li0.075O4 and 

LiMn1.8Ni0.1Li0.1O4 maintain their crystallinity with sharp diffraction peaks even 
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Figure 4.6 X-ray powder diffraction patterns of LiMn2-y-zMyLizO4 spinel oxides 
after cycling: (a) LiMn2O4 after 1 cycle at room temperature, (b) LiMn2O4 after 
50 cycles at room temperature, (c) LiMn1.85Ni0.075Li0.075O4 after 100 cycles at 
60 oC, (d) LiMn1.8Ni0.1Li0.1O4 after 100 cycles at 60 oC, and (e) 
LiMn1.85Ti0.075Li0.075O4 after 100 cycles at room temperature. 
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after cycling at 60 oC for 100 cycles (Figures 4.6c and d). Also, 

LiMn1.85Ti0.075Li0.075O4 exhibiting significant capacity loss (Table 4.1) shows line 

broadening after 100 cycles at room temperature (Figure 4.6e) although less than 

that found with LiMn2O4 (Figure 4.6b). The data reveal that the samples 

exhibiting good cyclability maintain their crystallinity with sharp diffraction 

peaks after cycling. 

4.3.5  Microstrain Analysis 

To identify the origin of the differences in the capacity fade between 

LiMn2O4 and the cation-substituted LiMn2-yMyO4, their X-ray powder diffraction 

data have been more carefully examined. Figure 4.7 compares the X-ray powder 

diffraction patterns of LiMn2O4 and LiMn2-yMyO4 before and after extracting 

lithium with acid. Table 4.2 compares the lattice parameters before and after 

extracting lithium with acid and NO2BF4. The lattice parameters decrease on 

extracting lithium in all the cases due to the oxidation of Mn3+ to Mn4+. However, 

LiMn2O4 shows considerable broadening of the diffraction peaks on extracting 

lithium compared to the cation-substituted samples. While the separation due to 

Kα1 and Kα2 radiations is clear in all the as-prepared samples (Figure 4.7a) and in 

the delithiated Li1-xMn2-y-zMyLizO4 samples (Figure 4.7b), such a separation is not 

noticeable in the case of delithiated Li1-xMn2O4 due to line broadening.  
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In general, several factors can contribute to the broadening of diffraction 

peaks.108,112,113 For example, instrumental factors related to the resolution and the 

incident X-ray wavelength as well as sample factors such as crystallite size and 

non-uniform microstrain can cause line broadening. In the case of instrumental 
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Figure 4.7 X-ray powder diffraction patterns of cation-substituted spinel lithium 
manganese oxides (a) before and (b) after extracting lithium with dilute acid. 
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broadening, line widths will vary smoothly with 2θ or d spacing. On the other 

hand, line broadening originating from sample characteristics will have a different 

relationship. For example, the crystallite size effect is given by Scherrer’s 

equation, in which the full width at half maximum (FWHM) of the X-ray peak 

varies with cos θ as  

β = λ / τ cos θ          [4.1] 

where β is the FWHM, λ is the incident X-ray wavelength, and τ  is the crystallite 

size. Bragg's law relates the wavelength λ to the inter-planar spacing d and 

diffraction angle θ as  

λ = 2 d sin θ [4.2] 

Differentiating Equation 4.2 with respect to d and θ gives 

0 = 2 d cos θ δθ  +  2 sin θ δd [4.3] 

which on rearrangement gives   

δd / d = - cot θ δθ [4.4] 

Taking δd/d as microstrain ε and 2 δθ = β, Equation 4.4 gives 

β = - 2 ε / cot θ = k ε tan θ      [4.5] 

where k is a constant. The combined effect of crystallite size τ and microstrain 

ε on β can be obtained by combining Equations 4.1 and 4.5 to give 
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β cos θ = λ / τ  +  k ε sin θ [4.6] 

The crystallite size and strain effects on line broadening can be separated by 

plotting β cos θ versus sin θ, in which the slope k ε will be related to microstrain 

and the intercept λ/τ will be related to the crystallite size. 

Crystallite size and strain analyses of the various spinel manganese oxides 

were performed by the JADE software before and after soaking the samples in the 

electrolyte at 55 oC for 7 days and chemically extracting lithium with acid or 

NO2BF4 at room temperature and the results are given in Table 4.2 and Figure 

4.8. In Figure 4.8, the slope is related to the strain and the intercept is related to 

the crystallite size. For both LiMn2O4 and the cation-substituted samples, the 

intercepts have similar values before and after soaking in the electrolyte or lithium 

extraction, indicating that the crystallite size does not change significantly during 

the chemical treatments. On the other hand, the slope of LiMn2O4 becomes 

steeper after the treatments compared to that before the treatments, suggesting that 

the LiMn2O4 system experiences a large amount of microstrain during extracting 

lithium (charging). In contrast, the cation-substituted samples in Figure 4.8 

exhibit nearly the same or only a slight increase in slope after the treatments, 

suggesting little or a lower degree of microstrain. The magnitude of microstrain in 

Table 4.2 correlates with the % capacity loss in Table 4.1. As the magnitude of 

microstrain decreases, the % capacity loss decreases. It is interesting to note that 

for the same degree of cationic substitution, the doubly substituted samples such 
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as LiMn1.9Ni0.05Li0.05O4 exhibit lower microstrain compared to the singly 

substituted samples such as LiMn1.9Ni0.1O4. Accordingly, the doubly substituted 

samples exhibit superior capacity retention and rate capability compared to the 

singly substituted samples. 
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Figure 4.8 Crystallite size and strain analyses of Li1-xMn2-y-zMyLizO4 spinel 
oxides. : as-prepared samples before chemical treatment; : after extracting 
lithium with acid; : after extracting lithium with NO2BF4; and 

: after soaking in the electrolyte at 55 oC for 7 days. 



 71

 

Table 4.2 X-ray powder diffraction analysis results of Li1-xMn2-y-zMyLizO4. 

        As-prepared             After treating with acid        After chemically extracting lithium  

Composition Lattice 
Parameter 

(Å) 

Crystallite
 size  
(Å) 

Strain 
(%) 

Li 
content

Lattice 
parameter 

(Å) 

Crystallite 
size  
(Å) 

Strain 
(%) 

Li 
content

Lattice 
parameter 

(Å) 

Crystallite 
size  
(Å) 

Strain
(%) 

Li1-xMn2O4 8.246 1229 0.0155 0.00 8.032 1250 0.1691 0.12 8.044 581 0.1405

Li1-xMn1.9Co0.1O4 8.232 749 0.0084 0.10 8.038 665 0.0162 0.17 8.043 918 0.0771

Li1-xMn1.9Ni0.1O4 8.236 574 0.0000 0.14 8.048 758 0.0175 0.20 8.059 729 0.0675

Li1-xMn1.95Li0.05O4 8.231 626 0.0000 0.12 8.056 935 0.0412 0.18 8.050 940 0.0874

Li1-xMn1.9Co0.05Li0.05O4 8.221 794 0.0093 0.20 8.049 864 0.0166 0.21 8.052 986 0.0506

Li1-xMn1.9Ni0.05Li0.05O4 8.218 664 0.0110 0.24 8.067 1015 0.0284 0.22 8.060 776 0.0205

Li1-xMn1.8Ni0.1Li0.1O4 8.202 747 0.0695 0.41 8.079 713 0.0806 0.41 8.084 521 0.0633
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4.3.6  Lattice Parameter Differences between the Two Cubic Phases Formed 
in the Two-phase Region 

With an aim to understand the origin of microstrain, the cubic to cubic 

phase transition and the two-phase region that occur in the 4 V region of LiMn2O4 

spinel were investigated. The two-phase region in LiMn2O4 has been suggested to 

introduce instability particularly at elevated temperatures78 and cation-substituted 

samples such as LiMn1.95Li0.05O4 have been shown to experience a smaller lattice 

parameter difference between the two cubic phases formed in the two-phase 

region compared to LiMn2O4.48 In order to assess the influence of the two-phase 

region, the evolution of the X-ray powder diffraction patterns with lithium content 

and the lattice parameter difference between the two cubic phases that exist in the 

4 V region have been examined.  

Figure 4.9 compares the evolution of the X-ray powder diffraction patterns 

of Li1-xMn2O4, Li1-xMn1.9Co0.1O4, and Li1-xMn1.9Ni0.05Li0.05O4 that were obtained 

by chemically extracting lithium with NO2BF4. The splitting of the reflections 

into two distinct peaks as in the cases of Li1-xMn2O4 and Li1-xMn1.9Co0.1O4 or the 

occurrence of broad reflections as in the case of Li1-xMn1.9Ni0.05Li0.05O4 around 

(1-x) ≈ 0.3 – 0.5 is due to the presence of two cubic phases. Figure 4.10 compares 

the X-ray powder diffraction patterns of several compositions in the two-phase 

region. While Li1-xMn2O4 and the singly substituted samples such as         
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Li1-xMn1.9M0.1O4 (M = Co and Ni) show two well-separated, distinct peaks 

corresponding to the two cubic phases that have a larger difference in lattice 

parameters, the doubly substituted samples such as Li1-xMn1.9M0.05Li0.05O4 (M = 
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Figure 4.9 X-ray powder diffraction patterns of the (a) Li1-xMn2O4, (b) Li1-

xMn1.9Co0.1O4, and (c) Li1-xMn1.9Ni0.05Li0.05O4 samples that were obtained by 
chemically extracting lithium with NO2BF4. 
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Co and Ni) show only broad peaks without a clear splitting due to close lattice 

parameters for the two phases.  

Despite the broad peaks for the Li1-xMn2-y-zMyLizO4 samples in the two-

phase region, the reflections could be resolved by Rietveld refinement to obtain 

the lattice parameters for the two cubic phases. An example of Rietveld 
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Figure 4.10 X-ray powder diffraction patterns of the Li1-xMn2-y-zMyLizO4 samples 
in the two-phase region consisting of two cubic phases. The samples were 
obtained by chemically extracting lithium with NO2BF4. 
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refinement with two cubic phases in the two-phase region is given in Figure 4.11. 

Small shoulder peaks in the experimental pattern could be resolved into a second 

cubic lattice as seen in Figure 4.11. Figure 4.12 relates the lattice parameter 

difference ∆a between the two cubic phases as well as the corresponding % 

volume change ∆V to the % capacity fade for several samples investigated in this 

study. The ∆a values change slightly with lithium content within the two-phase 

region and the maximum value of ∆a found in the two-phase region is used in 

Figure 4.12. For a comparison, Figure 4.12 also plots the lattice parameter 

Figure 4.11 Comparison of the X-ray powder diffraction pattern calculated from 
Rietveld refinement with experimental one of Li0.37Mn1.9Ni0.1O4. 



 76

difference ∆a′ between the fully discharged and charged states vs. the % capacity 

fade. As seen in Figure 4.12, ∆a and the corresponding ∆V show a better linear 

relationship with the % capacity fade than ∆a′. Smaller the values of ∆a and ∆V,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Correlation of the lattice parameter differences ((a) ∆a and (c) ∆a′) 
and (b) the volume change ∆V with the % capacity loss found after 50 cycles at 
room temperature. ∆a is the maximum difference in lattice parameters between 
the two cubic phases formed at (1-x) ≈ 0.3 – 0.5 in Li1-xMn2-y-zMyLizO4, ∆V is the 
corresponding volume change calculated from ∆a, and ∆a′ is the difference in 
lattice parameters between the fully discharged and charged states of
Li1-xMn2-y-zMyLizO4. 
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lower are the microstrain and % capacity fade or better is the capacity retention. 

LiMn2O4 with the largest value of ∆a and ∆V shows the highest % capacity fade 

and microstrain. A large instantaneous volume change (3 % in LiMn2O4) on going 

from one cubic phase to another cubic phase can lead to a loss of inter-particle 

contact and a breaking of particles during the discharge-charge cycling, resulting 

in poor Li+ diffusion, electrical conductivity, and capacity retention. It can be 

considered to be analogous to the instantaneous volume change (5.6 %) occurring 

during Jahn-Teller distortion in the 3 V region of LiMn2O4
41 as mentioned in 

chapter 1. The instantaneous volume changes can also lead to the formation of 

new surfaces, enhancing the electrode-electrolyte reactivity. 

Figure 4.13 correlates the ∆a values to the initial Mn valence, and the plot 

exhibits two regions with a boundary around a Mn valence of 3.58+ like the % 

capacity fade, IRC, and initial lattice parameter (Figure 4.2). A sharp drop in ∆a 

occurs around an initial Mn valence of 3.58+, and the samples with a Mn valence 

of > 3.58+ have negligibly small ∆a values, leading to little or low microstrain or 

lattice strain. The low microstrain in turn leads to low capacity fade and IRC as 

seen in Figure 4.2 for Mn valence > 3.58+. It can, therefore, be concluded that the 

low capacity fade and IRC found for Mn valence > 3.58+ is due to the low ∆a and 

microstrain. 
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4.4  Conclusions 

The % capacity fade of a number of singly substituted LiMn2-yMyO4 (M = 

Li, Al, Ti, Co, Ni, and Cu and 0 ≤ y ≤ 0.2) and doubly substituted        

LiMn2-y-zMyLizO4 (M = Al, Ti, Fe, Co, Ni, Cu, and Ga, 0 ≤ y ≤ 0.1, and 0 ≤ z ≤ 

0.1) oxides have been correlated to several intrinsic sample characteristics: initial 

lattice parameter, initial manganese valence, degree of manganese dissolution, 
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Figure 4.13 Variation of lattice parameter differences in the two-phase region 
with manganese valence in spinel lithium manganese oxides. 
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electrode resistance, irreversible capacity (IRC) in the first cycle, and lattice 

parameter difference ∆a between the two cubic phases formed in the two-phase 

region during the charge-discharge process. The capacity fade and IRC in the first 

cycle show a clear relationship to ∆a, initial lattice parameter, and initial Mn 

valence, but not to the degree of manganese dissolution. Samples with an initial 

Mn valence of > 3.58+ exhibit low ∆a, initial lattice parameter, capacity fade, and 

IRC in the first cycle. The low ∆a minimizes the instantaneous volume change 

and microstrain and leads to good capacity retention and rate capability with low 

IRC in the first cycle. The study demonstrates that although both Jahn-Teller 

distortion and manganese dissolution may play a role, the ∆a values play a 

dominant role in the capacity fade of spinel lithium manganese oxides. 

Furthermore, the use of the concept of minimizing the lattice parameter 

differences between the two cubic phases may lead to the design and development 

of new cathode compositions based on spinel lithium manganese oxides. 
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CHAPTER 5 

Influence of Microstructure on the Electrochemical Performance of 
LiMn2-y-zLiyNizO4 Spinel Cathodes  

5.1  Introduction 

In the previous chapters, it was shown that a double substitution of small 

amounts of both Li and Ni for Mn to give LiMn2-y-zLiyNizO4 (0.05 ≤ y, z ≤ 0.1) is 

more effective in improving the electrochemical properties than single 

substitutions to give LiMn2-yMyO4 (M = Li, Cr, Fe, Co, Ni, and Cu).57,114 The 

LiMn2-y-zLiyNizO4 samples are found to exhibit excellent cyclability both at 

ambient and elevated temperatures, rate capability, and storage characteristics. 

However, the reversible capacity values of LiMn2-y-zLiyNizO4 are reduced to less 

than 100 mAh/g compared to the 120 mAh/g achieved with the conventional 

LiMn2O4. With an aim to increase the initial capacity, in this chapter, a 

comparison of the electrochemical properties of two sets of LiMn2-y-zLiyNizO4 

samples are investigated: one set of samples was obtained by standard solid-state 

reactions as in the previous chapters and the other set of samples was obtained by 

reacting a Li~0.5MnO2 precursor supplied by a commercial firm with appropriate 

amounts of lithium hydroxide and nickel hydroxide. The latter LiMn2-y-zLiyNizO4 

samples are found to exhibit even better capacity retention than the former and the 

differences in the electrochemical performances between the two sets of samples 
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are correlated to the differences in particle size and distribution. The 

electrochemical properties are also compared to those of LiCoO2. 

5.2  Experimental 

The LiMn2-y-zLiyNizO4 samples were synthesized by two different 

procedures. Procedure 1 involved a solid-state reaction of required amounts of 

Li2CO3, Mn2O3, and NiO at 800 oC for 48 h in air to give LiMn2-y-zLiyNizO4 (0 ≤ y 

≤ 0.075 and 0 ≤ z ≤ 0.075), which is designated hereafter as oxide method. 

Procedure 2 involved the use of a Li~0.5MnO2 precursor supplied by Carus 

Chemical Company. Atomic absorption spectroscopic (AAS) analysis of the 

Li~0.5MnO2 precursor indicated a Li:Mn ratio of 0.515:0.985 and therefore on 

firing at 800 oC for 48 h in air, the precursor yielded the spinel oxide 

LiMn1.97Li0.03O4. The LiMn2-y-zLiyNizO4 (0.03 ≤ y ≤ 0.05 and 0 ≤ z ≤ 0.06) 

compositions were obtained by mixing the Li0.515Mn0.985O2 precursor with 

required amounts of LiOH·H2O and Ni(OH)2·xH2O followed by firing at 800 oC 

for 48 h in air, which is hereafter designated as precursor method. The 

Ni(OH)2·xH2O was obtained by adding lithium hydroxide into Ni(CH3COO)2 

solution followed by filtering and washing the precipitate. The Ni content in the 

Ni(OH)2·xH2O precipitate thus obtained was determined by AAS. 

All the LiMn2-y-zLiyNizO4 samples were characterized by X-ray powder 

diffraction, scanning electron microscopy (SEM), and Brunauer-Emmett-Teller 
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(BET) surface areas measurement as described in chapter 2. Electrochemical 

performances of the cathodes were evaluated as described in section 2.5 in 

chapter 2. Manganese dissolution was measured by storing the sample powder in 

1M LiPF6 in EC/DEC electrolyte at 55 oC for 7 days and analyzing the Mn 

content by AAS, as described in section 2.3 in chapter 2. 

5.3  Results and Discussion 

5.3.1  Characterization of Cation-substituted Spinel Lithium Manganese 
Oxides 

Figure 5.1 shows the X-ray powder diffraction patterns of the      

LiMn2-y-zLiyNizO4 samples obtained by both the methods. They all have the cubic 

spinel structure without any impurity phases. The lattice parameter, surface area, 

and dissolved manganese values are given in Table 5.1. With a given synthesis 

method, the lattice parameter decreases with increasing Li and Ni content due to 

an increase in the oxidation state of Mn. The surface area values are in the range 

of 4 ± 2 m2/g and they do not vary significantly between the two synthesis 

methods.  However, the amount of dissolved manganese differs between the two 

methods and the samples prepared by the precursor method (procedure 2) appear 

to experience a slightly higher amount of manganese dissolution (see later). 
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Figure 5.1 X-ray powder diffraction patterns of (a) LiMn2O4, (b) 
LiMn1.9Li0.05Ni0.05O4, (c) LiMn1.88Li0.06Ni0.06O4, (d) LiMn1.85Li0.075Ni0.075O4, (e) 
LiMn1.97Li0.03O4, (f) LiMn1.91Li0.04Ni0.05O4, and (g) LiMn1.89Li0.05Ni0.06O4. The 
samples (a) to (d) were obtained by the oxide method and samples (e) to (g) were 
obtained by the precursor method (see the experimental section for details). 
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Table 5.1 Summary of sample characteristics. 
 

% Capacity loss 
in 50 cycles Sample 

No. 
Synthesis 
Methoda Composition 

Lattice 
parameter 

(Å) 

BET 
surface area

(m2/g) 

Mn 
dissolution

(%) 

Initial 
capacity 
(mAh/g) 

25 oC 60 oC

1 Oxide 
Method LiMn2O4 8.2489 3.0 1.8 119 39.4 53.0 

2  Oxide 
Method LiMn1.95Li0.05O4 8.2319 3.4 1.8 122 9.6 21.1 

3 Oxide 
Method LiMn1.9Li0.05Ni0.05O4 8.2181 4.6 1.4 114 3.2 7.4 

4 Oxide 
Method LiMn1.88Li0.06Ni0.06O4 8.2138 2.3 1.9 105 2.0 6.4 

5 Oxide 
Method LiMn1.85Li0.075Ni0.075O4 8.2080 2.9 1.7 95 0.9 2.6 

6 Precursor 
Method LiMn1.97Li0.03O4 8.2222 5.9 4.6 129 8.1 24.5 

7 Precursor 
Method LiMn1.91Li0.04Ni0.05O4 8.2103 3.0 4.6 111 1.0 5.4 

8 Precursor 
Method LiMn1.89Li0.05Ni0.06O4 8.2059 4.6 2.3 102 0.1 2.2 

 a Oxide method involved a firing of Li2CO3, Mn2O3, and NiO, while the precursor method involved a firing of the precursor Li0.515Mn0.985O2 
with LiOH·H2O and Ni(OH)2·xH2O (see experimental section) 
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5.3.2  Cycle Performance 

Figure 5.2 compares the cyclability of the samples obtained by the two 

methods at both room temperature and 60 oC at C/5 rate. The LiMn1.97Li0.03O4 

sample obtained by the precursor method (procedure 2) exhibits much better 

cyclability than the stoichiometric LiMn2O4 sample obtained by the oxide method 

(procedure 1), which could be due to the partial substitution of Mn by Li. For 

instance, a LiMn1.95Li0.05O4 sample obtained by the oxide method also exhibits 

much better capacity retention than LiMn2O4.57,114 It should be noted that most of 

the commercially available spinel oxide samples are lithium-rich, and therefore, 

their cycling performance would be similar to that of the LiMn1.97Li0.03O4 sample 

in Figure 5.2. More importantly, the doubly substituted LiMn2-y-zLiyNizO4 samples 

exhibit superior capacity retention, irrespective of the synthesis method, both at 

room temperature and at 60 oC compared to both LiMn2O4 and LiMn1.97Li0.03O4 

(Figure 5.2 and Table 5.1). For a given amount of Li and Ni co-substitutions (y 

and z values), the samples obtained by the precursor method, however, show 

slightly better capacity retention than those obtained by the oxide method. For 

example, LiMn1.89Li0.05Ni0.06O4 obtained by the precursor method loses only   

2.2 % of the capacity in 50 cycles at 60 oC compared to 6.4 % loss for 

LiMn1.88Li0.06Ni0.06O4 obtained by the oxide method. Interestingly, the capacity 

values do not differ much between the two synthesis methods. 
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Figure 5.2 Electrochemical cycling performances at (a) room temperature and (b) 
60 oC at C/5 rate of the LiMn2-y-zLiyNizO4 samples. Open and solid symbols refer, 
respectively, to samples obtained by the oxide and precursor methods: 

: LiMn2O4, : LiMn1.97Li0.03O4, : LiMn1.9Li0.05Ni0.05O4, : 
LiMn1.91Li0.04Ni0.05O4, : LiMn1.88Li0.06Ni0.06O4, and : LiMn1.89Li0.05Ni0.06O4. 
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5.3.3  Rate Capability 

Figure 5.3 compares the discharge profiles recorded at various C rates for 

the samples obtained by both the methods. For a comparison, the data for LiCoO2 

cathodes are also shown in Figure 5.3. The data were obtained by first charging 

the cathodes at C/5 rate and then discharging at various rates (C/10 to 4C rates) 

between 4.3 and 3.5 V. The doubly substituted LiMn2-y-zLiyNizO4 samples exhibit 

remarkable rate capability compared to both the LiMn2O4 cathode obtained by the 

oxide method and the LiMn1.97Li0.03O4 cathode obtained by the precursor method. 

For a given amount of Li and Ni co-substitutions (y and z values), the rate 

capability does not vary significantly between the two synthesis methods. More 

importantly, the LiMn2-y-zLiyNizO4 samples exhibit better rate capability than the 

presently used LiCoO2 cathodes. For example, LiMn1.89Li0.05Ni0.06O4 retains  

93.2 % of its C/10 rate capacity on going to 4C rate, while LiCoO2 retains 91 % 

under similar conditions. The excellent rate capability of the LiMn2-y-zLiyNizO4 

cathodes makes them attractive particularly for electric vehicles. 
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Figure 5.3 Comparison of the discharge profiles illustrating the rate capabilities 
of the LiMn2-y-zLiyNizO4 samples obtained by the two synthesis methods and 
LiCoO2. LiMn2O4, LiMn1.88Li0.06Ni0.06O4, and LiMn1.85Li0.075Ni0.075O4 were 
obtained by the oxide method while LiMn1.97Li0.03O4 and LiMn1.89Li0.05Ni0.06O4 
were obtained by the precursor method. 
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5.3.4  Storage Performance 

Figure 5.4 compares the storage characteristics of the samples obtained by 

both the synthesis methods. The storage performance data were evaluated as 

described in section 2.5.2 in chapter 2. While both LiMn2O4 obtained by the oxide 

method and LiMn1.97Li0.03O4 obtained by the precursor method lose significant 

amount of capacity after storage (up to 25 – 40 % at 60 – 80 % DOD) similar to 

that found by others,115 the doubly substituted LiMn2-y-zLiyNizO4 cathodes retain  

> 95 % of their initial capacity, demonstrating excellent storage characteristics. 

The storage characteristics do not vary significantly between the two synthesis 

methods. 
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Figure 5.4 Comparison of the % capacity retention after storing at 60 oC for 7 
days at different depth of discharge (DOD). (See section 5.3.4 for detail) Open 
and solid symbols refer, respectively, to samples obtained by the oxide and 
precursor methods: : LiMn2O4, : LiMn1.97Li0.03O4, : LiMn1.91Li0.04Ni0.05O4, 

: LiMn1.89Li0.05Ni0.06O4, : LiMn1.85Li0.075Ni0.075O4, and : 
LiMn1.8Li0.1Ni0.1O4. 
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5.3.5  Comparison of Morphologies 

The electrochemical performance data in Figures 5.2 – 5.4 reveal that the 

synthesis method does not influence the rate capability and storage properties 

(Figures 5.3 and 5.4), but does affect the cyclability (Figure 5.2). With an aim to 

understand the origin of the differences in cyclability, the morphology of the 

samples was examined by scanning electron microscopy (SEM). Figures 5.5 and 

5.6 compare the SEM photographs of LiMn1.88Li0.06Ni0.06O4 obtained by the oxide 

method and LiMn1.89Li0.05Ni0.06O4 obtained by the precursor method at, 

respectively, low and high magnifications. While the sample obtained by the 

oxide method has a non-uniform distribution of particle size (1 to 10 µm) (Figure 

5.5a), the sample obtained by the precursor method has a more uniform 

distribution of particle size (~10 µm) without any particles of < 5 µm (Figure 

5.5b). Also, the primary particles of the samples obtained by the oxide method are 

larger with > 2 µm (Figure 5.6a), while those of the sample obtained by the 

precursor method are smaller with ~0.5 µm and are more uniform (Figure 5.6b).  
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(a) 

(b) 

Figure 5.5 SEM photographs of (a) LiMn1.88Li0.06Ni0.06O4 obtained by the oxide
method and (b) LiMn1.89Li0.05Ni0.06O4 obtained by the precursor method at low 
magnification. 
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(b) 

(a) 

Figure 5.6 SEM photographs of (a) LiMn1.88Li0.06Ni0.06O4 obtained by the oxide
method and (b) LiMn1.89Li0.05Ni0.06O4 obtained by the precursor method at high 
magnification. 
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The better cyclability of the samples obtained by the precursor method 

(Figure 5.2) could be due to the larger and more uniform size of the secondary 

particles (Figure 5.5b) compared to that of the sample obtained by the oxide 

method (Figure 5.5a). On the other hand, the higher amount of manganese 

dissolution encountered with the samples obtained by the precursor method 

(Table 5.1) could be due to the smaller size of the primary particles (Figure 5.6b) 

compared to that of the samples obtained by the oxide method (Figure 5.6a). The 

better cyclability of the samples obtained by the precursor method despite a 

higher manganese dissolution suggests that manganese dissolution may not be the 

primary or most important reason for the capacity fade of the spinel manganese 

oxides. This conclusion is further reinforced by the fact that the doubly 

substituted samples exhibit superior capacity retention compared to LiMn2O4 

(samples 1 to 5 in Table 5.1) although the manganese dissolution remains nearly 

the same.  

5.4  Conclusions 

A double substitution of small amounts of Li and Ni to give       

LiMn2-y-zLiyNizO4 (0.04 ≤ y ≤ 0.075 and 0.05 ≤ z ≤ 0.075) is found to lead to 

superior capacity retention, rate capability, and storage characteristics compared 

to both the stoichiometric LiMn2O4 and lithium-rich LiMn1.97Li0.03O4 spinel 

oxides. With the doubly substituted LiMn2-y-zLiyNizO4 samples, the microstructure 
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is found to influence the cyclability, but not the rate capability or storage 

characteristics. Samples with larger and more uniform secondary particles, but 

with smaller primary particles, are found to give better cyclability despite a higher 

amount of manganese dissolution arising from smaller primary particles. The 

study suggests that factors other than manganese dissolution may play a dominant 

role in the capacity fading mechanism of spinel manganese oxides.
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CHAPTER 6 

Origin of the High Voltage (> 4.5 V) Capacity of Spinel Lithium 
Manganese Oxides 

6.1  Introduction 

Commercial lithium ion batteries currently use the layered LiCoO2 

cathode that offers a discharge voltage of around 4 V versus Li/Li+, which is the 

highest voltage among the commercial rechargeable systems. The development of 

electrolyte compositions that are stable over 5 V has drawn some attention 

recently towards cathodes exhibiting capacities at higher voltages (> 4.5 V) as 

they have the possibility of offering higher energy and power densities. As 

mentioned in chapter 1, most of the high voltage (> 4.5 V) cathodes have the 

spinel structure with the general formula LiM2-yM'yO4 (M = Mn or V and M' = Cr, 

Fe, Co, Ni, and Cu)86-99 excepting LiCoPO4 that has the olivine structure.100 

Among them, the manganese-based normal spinel oxides LiMn2-yMyO4 are 

recalled in Table 6.1. These materials usually exhibit two plateaus in the 

discharge profile, one around 4 V and the other around 5 V. The capacity and the 

precise discharge voltage in the 5 V region depend on the replacing transition 

metal ion and the amount of cation substitution in LiMn2-yMyO4. As a result, the 

high voltage (> 4.5 V) capacity of these manganese-based LiMn2-yMyO4 cathodes 
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has generally been attributed to the other transition metal ion redox couples 

Fe3+/4+, Co3+/4+, Ni2+/3+/4+, and Cu2+/3+.  

As shown in chapter 1, most of the high voltage (> 4.5 V) studies have 

focused on samples that have other transition metal ions in addition to manganese. 

No spinel lithium manganese oxides free from other transition metal ions have 

been studied systematically above 4.5 V excepting a report by Wang et al.116 

suggesting that excess oxygen is required to impart the high voltage capacity of 

LiMn2-yLiyO4+δ. With an aim to develop a better understanding of the origin of the 

high voltage capacity of the manganese-based spinel oxide cathodes, a systematic 

investigation and comparison of both the transition metal-substituted and Li-

substituted spinel oxides such as LiMn2-yMyO4 (M = Co, Ni, and Cu),     

LiMn2-y-zMyLizO4, LiMn2-yLiyO4, Li2Mn4O9-δ, and Li4Mn5O12 are presented in this 

chapter.  

Table 6.1 List of the manganese-based high voltage (> 4.5 V) spinel materials 
with their cation distribution and average voltages. 

Composition y range High voltage 

(Li)8a[Mn2-yCry]16dO4 0 < y < 1.0 4.8 V 

(Li)8a[Mn2-yFey]16dO4 0 < y < 0.5 4.9 V 

(Li)8a[Mn2-yCoy]16dO4 0 < y < 1.0 5.1 V 

(Li)8a[Mn2-yNiy]16dO4 0 < y < 0.5 4.7 V 

(Li)8a[Mn2-yCuy]16dO4 0 < y < 0.5 4.9 V 
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6.2  Experimental 

The cation-substituted spinel lithium manganese oxides LiMn2-yMyO4    

(0 ≤ y ≤ 0.5) and LiMn2-y-zMyLizO4 (0 ≤ y ≤ 0.2 and 0 ≤ z ≤ 0.15) with M = Co, 

Ni, and Cu were synthesized by conventional solid-state reactions. Required 

amounts of Li2CO3 and Mn2O3 with Co3O4, NiO, or CuO were fired at 700 and 

800 oC for 48 h. Li2Mn4O9-δ, Li4Mn5O12, and LiMn2-yCuyO4+δ (0 ≤ y ≤ 0.5) were 

synthesized by a solution-based method as described below.45 A mixture of    

80 mL of 0.05 – 0.15 M LiOH·H2O and 80 mL of 0.2 M Li2O2 was added under 

constant stirring to 20 mL of a 0.5 M solution containing the manganese acetate 

and copper acetate in the required ratio. After stirring the reaction mixture for   

5 minutes, the precipitate formed was filtered, dried, and fired at 500 oC in air for 

3 days. Some of the LiMn2-yLiyO4 samples obtained by a solid-state reaction were 

then reduced in a mixture of 10 % H2 – 90 % Ar at 300 oC for 10 h to obtain 

oxygen-deficient LiMn2-yLiyO4-δ. 

The samples synthesized were characterized by X-ray powder diffraction. 

Chemical compositions of the samples synthesized by the solution-based 

procedure were determined by atomic absorption spectroscopy (AAS). The 

oxidation state of manganese was determined by a redox titration as described in 

section 2.4.3 in chapter 2. From the oxidation state of manganese, the oxygen 

contents were then calculated using the charge neutrality principle and the Li and 

Mn contents obtained from AAS. Electrochemical performances were evaluated 
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with CR2032 coin cells as described in section 2.5 in chapter 2. Cyclic 

voltammetric studies were carried out with coin cells between 5.2 and 3.5 V at  

50 µV/s. 

6.3  Results and Discussion 

X-ray powder diffraction patterns of some representative samples are 

shown in Figures 6.1 and 6.2. All the samples have the spinel structure and the 

lattice parameters are given in Table 6.2. For the same degree of cation 

substitution, the substitution by lithium ions decreases the lattice parameters more 

profoundly compared to that by the transition metal ions. The difference is 

primarily due to a greater replacement of the larger Mn3+ ions by the smaller Mn4+ 

ions during the substitution by Li+. 
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Figure 6.1 X-ray powder diffraction patterns of LiMn2-y-zMyLizO4 synthesized by 
solid-state reactions at 800 oC: (a) LiMn1.95Li0.05O4, (b) LiMn1.9Li0.1O4, (c) 
LiMn1.88Li0.12O4, (d) LiMn1.8Co0.2O4, (e) LiMn1.8Co0.1Li0.1O4, (f) LiMn1.8Ni0.2O4, 
and (g) LiMn1.8Ni0.1Li0.1O4. * refers to a peak due to the tungsten target. 
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Figure 6.2 X-ray powder diffraction patterns of (a) Li2Mn4O9-δ, (b) Li4Mn5O12, 
(c) LiMn1.8Cu0.2O4, and (d) LiMn1.5Cu0.5O4 synthesized at 500 oC. 
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a Manganese oxidation state was determined by the redox titration for LiMn2-yLiyO4, Li2Mn4O9-δ, 
and Li4Mn5O12, and by calculation from the composition assuming Co3+ and Ni2+ for      
LiMn2-y-zMyLizO4 (M = Co and Ni). 

Table 6.2 Lattice parameters and average manganese valences of various 
manganese-based spinel oxides made at 800 oC. 

Sample Lattice Parameter (Å) Manganese valence a 

LiMn2O4 8.249 3.49 

LiMn1.95Li0.05O4 8.232 3.58  

LiMn1.9Li0.1O4 8.218 3.61 

LiMn1.88Li0.12O4 8.206 3.66 

Li2Mn4O9-δ 8.175 3.75 

Li4Mn5O12 8.135 3.90 

LiMn1.9Co0.1O4 8.232 3.53 

LiMn1.8Co0.2O4 8.210 3.56 

LiMn1.9Co0.05Li0.05O4 8.221 3.58 

LiMn1.8Co0.1Li0.1O4 8.201 3.67 

LiMn1.9Ni0.1O4 8.232 3.58 

LiMn1.8Ni0.2O4 8.214 3.67 

LiMn1.9Ni0.05Li0.05O4 8.218 3.61 

LiMn1.8Ni0.1Li0.1O4 8.202 3.72 
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6.3.1  LiMn2-yLiyO4, Li2Mn4O9-δ, and Li4Mn5O12 Samples 

Figure 6.3 compares the voltage profiles of LiMn2-yLiyO4, Li2Mn4O9-δ, and 

Li4Mn5O12 that are free from other transition metal ions. The first charge was 

carried out until all the lithium could be extracted from the 8a tetrahedral sites and 

the subsequent discharge and charge were carried out between 3.5 V and the end 

voltage of first charge at C/20 rate. While LiMn2O4 with an average oxidation 

state of 3.5+ does not show any significant capacity above 4.5 V, the other lithium 

manganese oxides with a higher manganese valence of > +3.5 show the capacity 

(particularly charge capacity) above 4.5 V. The high voltage capacity increases 

with increasing lithium substitution in LiMn2-yLiyO4.  Furthermore, while the 

LiMn2-yLiyO4 samples that were synthesized at 800 oC show two well defined 

plateaus, one around 4 V and the other around 5 V (Figure 6.3a), both Li2Mn4O9-δ 

and Li4Mn4O12 that were synthesized at a lower temperature of 500 oC show 

somewhat a slopping voltage profile without well defined plateaus. The difference 

could be due to the differences in the crystallinity and crystallite size of the 

samples (see later) as indicated by the X-ray powder diffraction patterns in 

Figures 6.1 and 6.2. Also, while the high temperature materials show some 

discharge capacity above 4.5 V (Figure 6.3a), the low temperature materials do 

not show any discharge capacity above 4.5 V (Figure 6.3b).  
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Figure 6.3 Voltage profiles of spinel lithium manganese oxides free from other 
transition metal ions at C/20 rate: (a) LiMn2-yLiyO4 made at 800 oC and  (b) 
Li2Mn4O9-δ  and Li4Mn5O12 made at 500 oC.  
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Figure 6.4 compares the capacity retention below and above 4.5 V of the 

spinel lithium manganese oxides that are free from other transition metal ions. For 

the LiMn2-yLiyO4 samples that were synthesized at a high temperature of 800 oC, 

while the capacity below 4.5 V is quite stable, that above 4.5 V decreases with 

cycle number. For the Li2Mn4O9-δ and Li4Mn5O12 samples that were synthesized 

at a low temperature of 500 oC, the capacity below 4.5 V increases slightly during 

the first couple of cycles. Although Li2Mn4O9-δ and Li4Mn5O12 do not have the 
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Figure 6.4 Cyclability data of spinel lithium manganese oxides free from other 
transition metal ions. , : LiMn2O4; , : LiMn1.95Li0.05O4; , : 
LiMn1.9Li0.1O4; , : LiMn1.88Li0.12O4; , : Li2Mn4O9-δ; , : Li4Mn5O12. 
Open symbols and : capacities above 4.5 V; solid symbols and : capacities 
below 4.5 V.  
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discharge capacity above 4.5 V, charging them above 4.5 V influences their 

discharge capacity below 4.5 V. It is also found that the first discharge capacities 

of LiMn1.9Li0.1O4, LiMn1.88Li0.12O4, Li2Mn4O9-δ, and Li4Mn5O12 are larger than 

their first charge capacities below 4.5 V. For example, the first discharge and 

charge capacities of LiMn1.9Li0.1O4 below 4.5 V are, respectively, 112 and     

102 mAh/g. Additionally, as seen in Figure 6.3b, the discharge capacities of both 

Li2Mn4O9-δ and Li4Mn5O12 below 4.5 V are smaller when they are charged up to 

4.3 V instead of 5 V. These results suggest that the electrochemical reaction 

occurring above 4.5 V in LiMn2-yLiyO4, Li2Mn4O9-δ, and Li4Mn5O12 influences the 

discharge capacity below 4.5 V and it may not be due to unwanted side reactions 

such as the oxidation of the electrolyte. 

The data suggest that if there is extractable lithium in the 8a tetrahedral 

sites of the spinel lattice after the manganese valence becomes 4+, the material 

can exhibit capacity (particularly charge capacity) at higher voltages (> 4.5 V).  

The high voltage capacity in such cases could be associated with the Mn4+/5+ 

and/or the O2-/- couples.104 In the case of LiMn2O4, since there is no available 

lithium in the 8a tetrahedral sites after the manganese valence reaches 4+, no 

further oxidation of Mn4+ or O2- can happen. On the other hand, in the case of 

lithium-substituted LiMn2-yLiyO4 samples, the oxidation of Mn4+ and/or O2- can 

occur since they contain extractable Li+ ions in the 8a sites even after oxidizing all 

the Mn3+ to Mn4+.  
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6.3.2  LiMn2-yMyO4 and LiMn2-y-zMyLizO4 Samples 

Figures 6.5 and 6.6 compare the voltage profiles of LiMn2-yMyO4 and 

LiMn2-y-zMyLizO4 (M = Co and Ni, 0.05 ≤ y ≤ 0.2, and 0 ≤ z ≤ 0.1) samples while 

Figures 6.7 and 6.8 compare their cyclability data. While all the Co substituted 

samples have one step in the 5 V region regardless of lithium substitution (Figure 
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Figure 6.5 Voltage profiles of (a) LiMn2-yCoyO4 (0.1 ≤ y ≤ 0.2) and (b) 
LiMn2-2yCoyLiyO4 (0.05 ≤ y ≤ 0.1) at C/20 rate. 
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6.5), the Ni substituted samples appear to have two steps above 4.5 V (Figure 

6.6). In the latter case, the first step increases with increasing Ni substitution, 

which could be related to the oxidation of Ni2+, and the second step increases with 

increasing Li substitution, which could be related to a phenomenon similar to that 

observed in LiMn2-yLiyO4 (Figure 6.3).  
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Figure 6.6 Voltage profiles of (a) LiMn2-yNiyO4 (0.1 ≤ y ≤ 0.2) and (b) 
LiMn2-2yNiyLiyO4 (0.05 ≤ y ≤ 0.1) at C/20 rate. 
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The LiMn2-yCoyO4 and LiMn2-y-zCoyLizO4 samples show similar capacity 

retention behavior above 4.5 V regardless of Li substitution and their high voltage 

capacities decrease slowly with cycle number (Figure 6.7). In contrast, the  

LiMn2-yNiyO4 and LiMn2-y-zNiyLizO4 samples show slight difference in their 

capacity retention behaviors (Figure 6.8). While the LiMn2-yNiyO4 samples show 

good capacity retention above 4.5 V, the LiMn2-y-zNiyLizO4 samples exhibit a 

decrease in capacity with cycle number like the LiMn2-yLiyO4 samples in Figure 

6.4. Overall, the capacity retention above 4.5 V decreases in the order     

LiMn2-yNiyO4 > LiMn2-yCoyO4 ≈ LiMn2-y-zCoyLizO4 > LiMn2-y-zNiyLizO4. Since 

the capacities arising from Co and Li substitutions appear to occur together in the 

same step in Figure 6.5, both LiMn2-yCoyO4 and LiMn2-y-zCoyLizO4 have similar 

capacity retention behavior. On the other hand, since the capacities arising from 

Ni and Li substitutions occur in two steps in Figure 6.6, LiMn2-y-zNiyLizO4 has 

poor capacity retention like LiMn2-yLiyO4 compared to LiMn2-yNiyO4. The results 

suggest that the capacity arising from Li substitution is relatively less stable or 

less reversible compared to that arising from transition metal ion substitutions. 
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Figure 6.7 Cyclability data of LiMn2-yCoyO4 and LiMn2-2yCoyLiyO4: 
, : LiMn1.9Co0.1O4; , : LiMn1.8Co0.2O4; , : LiMn1.9Co0.05Li0.05O4;
, : LiMn1.8Co0.1Li0.1O4. Open symbols: capacities above 4.5 V; solid symbols:

capacities below 4.5 V.  
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6.3.3  Cyclic Voltammetry 

Figures 6.9 – 6.11 compare the cyclic voltammograms of various samples. 

LiMn2O4 shows no redox peak above 4.6 V and the small reversible peak seen 

around 4.5 V (Figure 6.9a) could be related to the phase transition between 

normal spinel and double hexagonal structures proposed in the literature.117 On 

the other hand, LiMn1.9Li0.1O4 shows a quasi-reversible redox peak at 5 V (Figure 
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Figure 6.8 Cyclability data of LiMn2-yNiyO4 and LiMn2-2yNiyLiyO4:
, : LiMn1.9Ni0.1O4; , : LiMn1.8Ni0.2O4; , : LiMn1.9Ni0.05Li0.05O4; 
, : LiMn1.8Ni0.1Li0.1O4. Open symbols: capacities above 4.5 V; solid symbols:

capacities below 4.5 V.  



 112

6.9b) while Li4Mn5O12 shows only an anodic peak at 5.1 V (Figure 6.9c). These 

results are consistent with the voltage profiles in Figure 6.3. The LiMn2-yCoyO4 

and LiMn2-y-zCoyLizO4 samples also show a reversible redox peak around 5 V 

without much difference between the two sets of samples (Figure 6.10). In 

contrast, while the LiMn2-yNiyO4 samples show reversible peaks around 4.7 V, the 
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Figure 6.9 Cyclic voltammograms of spinel lithium manganese oxides free from 
other transition metal ions between 5.2 and 3.5 V at 50 µV/s: (a) LiMn2O4, (b) 
LiMn1.9Li0.1O4, and (c) Li4Mn5O12. 
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LiMn2-y-zNiyLizO4 samples show peaks around 4.7 and 5 V. While the peak at  

4.7 V corresponds to the oxidation of Ni2+, that at 5 V corresponds to a 

phenomenon similar to that in LiMn2-yLiyO4 (Figure 6.9b). These results are 

consistent with the voltage profiles in Figures 6.5 and 6.6.  
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Figure 6.10 Cyclic voltammograms of LiMn2-y-zCoyLizO4 between 5.2 and 3.5 V 
at 50 µV/s: (a) LiMn1.9Co0.1O4, (b) LiMn1.8Co0.2O4, (c) LiMn1.9Co0.05Li0.05O4, and 
(d) LiMn1.8Co0.1Li0.1O4. 
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Figure 6.11 Cyclic voltammograms of LiMn2-y-zNiyLizO4 between 5.2 and 3.5 V 
at 50 µV/s: (a) LiMn1.9Ni0.1O4, (b) LiMn1.8Ni0.2O4, (c) LiMn1.9Ni0.05Li0.05O4, and 
(d) LiMn1.8Ni0.1Li0.1O4. 
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6.3.4  Origin of the High Voltage (> 4.5 V) Capacity 

The foregoing observed electrochemical behaviors of the various cation-

substituted spinel lithium manganese oxides could be understood by considering 

the qualitative energy diagrams shown in Figure 6.12. While the oxidation of 

Mn3+ to Mn4+ involves the removal of electron density from the Mn3+/4+:eg band, 

that from Mn4+ to Mn5+ would involve removal of electrons from the Mn4+/5+:t2g 

band. A jump from eg to t2g band on going from Mn3+/4+ to Mn4+/5+ redox couple 

results in a larger energy separation between the Mn3+/4+ and Mn4+/5+ couples and 

Figure 6.12 Qualitative energy diagrams giving the relative positions of Mn3+/4+, 
Mn4+/5+, Ni2+/3+, Ni3+/4+, Co3+/4+, and O2-:2p bands: (a) well crystalline materials 
with broad bands and (b) poorly crystalline materials with narrow bands. 
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a lying of the Mn4+/5+:3d energy deep into the O2-:2p band, which makes the 

Mn4+/5+ couple generally inaccessible in oxides. However, in the case of well 

crystalline materials with good long-range periodicity, the Mn4+/5+:3d band could 

be broadened with its top lying close to the top of the O2-:2p band as shown in 

Figure 6.12a due to strong Mn–Mn and Mn–O–Mn interactions in the lattice. On 

the other hand, in the case of materials with broad diffraction peaks resulting from 

small crystallite size, defects, or poor crystallinity, the Mn4+/5+:3d band would be 

relatively narrow with its top lying well inside the O2-:2p band as shown in Figure 

6.12b. In essence, while the top of the O2-:2p band would have predominantly 

oxygen character in poorly crystalline materials (Figure 6.12b), it would have 

some Mn4+/5+:3d character as well in well crystalline materials (Figure 6.12a). 

With this situation, oxidation beyond Mn4+ would involve the removal of 

electron density predominantly from the O2-:2p band in the case of poorly 

crystalline materials such as Li2Mn4O9-δ and Li4Mn5O12, but from a strongly 

hybridized band of O2-:2p and Mn4+/5+:3d in the case of well crystalline materials 

such as LiMn2-yLiyO4. As a result, while the latter case could show some 

reversibility due to the mixing with Mn4+/5+:3d, the former would have poor 

reversibility due to the oxidation of O2- as shown in, respectively, reactions 6.1 

and 6.2 below. The generation of significant amount of holes in the O2-:2p band or 

the generation of O- can cause subsequently self-discharge reactions involving the 
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reduction of high valence Mn4+ or Mn5+ and loss of oxygen from the lattice as 

shown in reactions 6.3 – 6.5 below.  

Electrochemical oxidation: 

Mn4+ →  Mn5+ +  e- [6.1]  

O2-  →  O-   +  e- [6.2]  

Self-discharge reactions: 

O-   + Mn4+  →  Mn3+ + 0.5 O2 ↑  [6.3] 

Mn5+ + O-      →  Mn4+ + 0.5 O2 ↑  [6.4] 

Mn5+ + O2-     →  Mn3+ + 0.5 O2 ↑  [6.5] 

In fact, the increase in the capacity below 4.5 V during cycling in the case 

of Li2Mn4O9-δ and Li4Mn5O12 (Figures 6.3 and 6.4) could be understood to be due 

to the increase in the concentration of Mn3+, providing indirect evidence for the 

oxidation of O2- during charging at higher voltages.  

Figure 6.12 also shows the relative positions of the Co3+/4+, Ni2+/3+, and 

Ni3+/4+ couples. Chemical extraction of lithium from the layered LiCoO2 and 

LiNiO2 followed by analyzing the products with a redox titration for oxidation 

states and oxygen contents have indicated that while the Co3+/4+:t2g band overlaps 

with the top of the O2-:2p band, the Ni3+/4+:eg band barely touches the top of the 

O2-:2p band.14,111 The overlap of the Co3+/4+:t2g band with the top of the O2-:2p 
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band leads to a loss of oxygen from Li1-xCoO2 for (1-x) < 0.5, which appears to 

limit its practical capacity to 140 mAh/g. On the other hand, a better chemical 

stability without any oxygen loss down to (1-x) ≈ 0.3 leads to a higher practical 

capacity of around 180 mAh/g for Li1-xNi0.85Co0.15O2. The relative positioning of 

the energies in Figure 6.12 is based on the above results found with the layered 

oxides.  

Since the Ni3+/4+:3d band touches barely the top of the O2-:2p band,  

LiMn2-yNiyO4 exhibits good capacity retention above 4.5 V (Figure 6.8) without 

losing much or any oxygen from the lattice. Furthermore, as the Ni3+/4+:3d and 

Mn4+/5+:3d bands barely touch each other, not only the capacities arising from the 

substitutions of Ni and Li in LiMn2-y-zNiyLizO4 occur separately (Figure 6.6), but 

also LiMn2-y-zNiyLizO4 exhibits poor capacity retention above 4.5 V compared to 

LiMn2-yNiyO4 (Figure 6.8) due to the loss of oxygen from the lattice as the 

Mn4+/5+:3d band lies inside the O2-:2p band. On the other hand, a good overlap 

between the Co3+/4+:3d and Mn4+/5+:3d bands and an overlap of the Co3+/4+:3d  

band with the top of the O2-:2p band results in similar capacity retention behaviors 

above 4.5 V for both LiMn2-yCoyO4 and LiMn2-y-zCoyLizO4, but their capacity 

retention is worse and better than, respectively, LiMn2-yNiyO4 and        

LiMn2-y-zNiyLizO4. The energy diagram in Figure 6.12 is thus consistent with the 

observation that the capacity retention above 4.5 V decreases in the order  

LiMn2-yNiyO4 > LiMn2-yCoyO4 ≈ LiMn2-y-zCoyLizO4 > LiMn2-y-zNiyLizO4. 
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The above discussion is further supported by the self-discharge data of 

high voltage capacity shown in Figure 6.13. Figure 6.13 shows the variations of 

the discharge capacity of LiMn1.9Li0.1O4, LiMn1.8Co0.2O4, LiMn1.8Ni0.2O4, and 

LiMn1.9Ni0.05Li0.05O4 below and above 4.5 V with the rest time allowed between 

charge and discharge. The experiments were carried out by first charging the 

cathode until all the lithium could be removed from the 8a tetrahedral sites, 

allowing the cathode to rest for a specific amount of time in the charged state, and 
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Figure 6.13 Variations of the discharge capacities below and above 4.5 V (C/5 
rate) with rest time allowed in the charged state. , : LiMn1.9Li0.1O4; 

, : LiMn1.8Co0.2O4; , : LiMn1.8Ni0.2O4; and , : LiMn1.9Ni0.05Li0.05O4.
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then discharging to 3.5 V. The data in Figure 6.13 reveal that the discharge 

capacity above 4.5 V decreases rapidly with increasing rest time in the cases of 

both LiMn1.9Li0.1O4 and LiMn1.8Co0.2O4. In fact, the discharge capacity vanishes 

completely in 10 and 5 h, respectively, for LiMn1.9Li0.1O4 and LiMn1.8Co0.2O4, 

indicating a fast self-discharge and instability in the charged state due to the 

oxygen loss from the lattice (reactions 6.1 - 6.5). In contrast, LiMn1.8Ni0.2O4 

exhibits only a very slow decrease in capacity with rest time, indicating a much 

better chemical stability. Also, the composition LiMn1.9Ni0.05Li0.05O4 shows a 

behavior in between those of LiMn2-yLiyO4 and LiMn2-yNiyO4 since the capacity 

arising from Li substitution is prone to self-discharge while that arising from of 

Ni substitution is not. However, the capacity below 4.5 V is quite stable with rest 

time for all samples (solid symbols in Figure 6.13) as one would expect for the 

Mn3+/4+ couple. 

In essence, the experimental data presented in this chapter suggest that the 

capacity above 4.5 V in manganese-based spinel oxides involves the participation 

of the O2-:2p band. In the absence of other transition metal ions as in the case of 

LiMn2-yLiyO4, electrons would be removed from the O2-:2p band with some 

Mn4+/5+:3d character, resulting in a greater chemical instability and some 

irreversibility in the capacity above 4.5 V. Such an instability and irreversibility 

would become even more pronounced in the case of poorly crystalline phases 

such as Li2Mn4O9-δ and Li4Mn5O12 as the Mn4+/5+:3d character on the top of the 
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O2-:2p band would be diminished due to the narrow bandwidth. On the other 

hand, in the presence of other transition metals as in the case of LiMn2-yMyO4  

(M = Cr, Fe, Co, Ni, and Cu), a pinning of the top of the O2-:2p band by the 

M3+/4+:3d or M2+/3+:3d bands could occur, resulting in a strongly hybridized M–O 

band and a much better chemical stability and reversibility of the capacity above 

4.5 V. However, the instability in this case would increase as the extent of 

lowering of the M3+/4+:3d or M2+/3+:3d energies into the O2-:2p band increases as 

noticed on going from LiMn2-yNiyO4 to LiMn2-yCoyO4.  

6.3.5  Role of Crystallinity on the High Voltage (> 4.5 V) Capacity 

Figure 6.14 compares the voltage profiles of the LiMn2-yCuyO4 samples 

made at 500 and 800 oC. While the sample prepared at 800 oC shows a reversible 

5 V capacity (Figure 6.14a), the samples synthesized at 500 oC do not regardless 

of the amount of Cu substitution (Figure 6.14b). The behaviors of the 500 oC 

samples with a sloping voltage are similar to that observed for Li2Mn4O9-δ and 

Li4Mn5O12 that were also synthesized at 500 oC. The observation in Figure 6.14 is 

consistent with the finding by Hernan and et al.105 that firing above 600 oC is 

necessary to impart the high voltage capacity. The difference between the 500 and 

800 oC samples could be due to the differences in crystallinity and crystallite size 

as indicated by the X-ray powder diffraction data in Figures 6.2 and 6.15. While 

the 800 oC sample has good crystallinity with sharp diffraction peaks (Figure 
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6.15a), the 500 oC sample has relatively poor crystallinity with broad diffraction 

peaks (Figures 6.2c and d). 

In order to gain further understanding of the role of crystallinity and 

crystallite size, the behavior of LiMn1.7Cu0.3O4, which was made at 800 oC, before 

and after ball milling has also been compared. As seen in Figures 6.15b and c, the 
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ball milled samples also show broad diffraction peaks similar to the 500 oC 

sample in Figures 6.2c and d, indicating poor crystallinity and smaller crystallite 

size. Accordingly, the ball milled samples behave similar to the 500 oC sample in 

Figure 6.14 without exhibiting a distinct plateau around 4.7 V; it rather shows a 

sloping voltage profile characteristic of nanocrystalline samples.118 The data 
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Figure 6.15 X-ray powder diffraction patterns of LiMn1.7Cu0.3O4 synthesized at 
800 oC: (a) before ball milling, (b) after ball milling for 5 min, and (c) after ball 
milling for 10 min. 
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demonstrate that long-range periodicity with good crystallinity and large enough 

crystallite size are essential to observe the high voltage capacity. While the broad 

metal:3d bands originating from a long-range periodicity as shown in Figure 

6.12a could lead to distinct discharge capacity above 4.5 V, a narrow metal:3d 

band resulting from poor crystallinity or smaller crystallite size as shown in 

Figure 6.12b does not. With broad metal:3d bands, the pinning at the top of the 

O2-:2p band would be stronger, resulting in a better chemical stability and 

reversible capacity above 4.5 V.  

6.3.6  Role of Oxygen Content on the High Voltage (> 4.5 V) Capacity 

With an aim to understand the role of oxygen content on the high voltage 

capacity (> 4.5 V), lithium-substituted LiMn2-yLiyO4+δ (0.05 ≤ y ≤ 0.15 and      

-0.07 ≤ δ ≤ 0.02) oxides were investigated in the 5 V region. Figure 6.16 

compares X-ray powder diffraction data of the LiMn2-yLiyO4±δ (0 ≤ y ≤ 0.15) 

samples prepared in air at 700 and 800 oC as well as those reduced in 10 % H2 – 

90 % Ar. Although the H2 reduced sample from the oxide made at 700 oC loses 

the spinel structure, the spinel oxide made at 800 oC retain the spinel structure 

after reducing with 10% H2 (Figures 6.16c and d). The lattice parameters and 

oxygen contents of the samples used in this study are given in Table 6.3. The 

lattice parameters decrease with increasing lithium content y due to an increase in 
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the amount of smaller Mn4+. For a given lithium content, the oxygen content 

decreases with increasing firing temperature in air or on reducing in 10 % H2 –  

90 % Ar, and therefore, the lattice parameter increases due to an increase in the 

amount of larger Mn3+.  

Figure 6.17 compares the cyclic voltammograms (CV) of selected  

LiMn2-yLiyO4±δ samples. While LiMn2O3.99 does not show any peak in the 5 V 

region, all the lithium excess LiMn2-yLiyO4±δ samples exhibit peaks in the 5 V 
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Figure 6.16 X-ray powder diffraction patterns of LiMn1.9Li0.1O4±δ synthesized by 
solid-state reaction at (a) 800 oC and (b) 700 oC and by reducing LiMn1.9Li0.1O4±δ
made at (c) 800 oC and (d) 700 oC with 10 % H2 at 300 oC. 
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region irrespective of the oxygen content value. For example, LiMn1.85Li0.15O3.95 

with a significant amount of oxygen vacancies exhibits a strong peak at 5 V 

(Figure 6.17h). For a given lithium content, the intensity of the 5 V peak 

decreases with decreasing oxygen content (Figures 6.17c-e and f-g) due to a 

decreasing amount of lithium in the 8a tetrahedral sites after reaching an oxidation 

state of 4.0+ for Mn during charging (see later). The CV data clearly show that 

excess oxygen is not needed to impart capacity in the 5 V region unlike that 

suggested by Wang et al.116 recently. 

Table 6.3 Characteristics of LiMn2-yLiyO4±δ made at various conditions. 

Sample 
No. Composition Synthetic condition Mn 

Valence 

Lattice 
Parameter 

(Å) 

1 LiMn2O4.02 700 oC in air 3.52 8.245 

2 LiMn2O3.99 800 oC in air 3.49 8.249 

3 LiMn1.95Li0.05O4.02 700 oC in air 3.58 8.225 

4 LiMn1.95Li0.05O4.01 800 oC in air 3.58 8.232 

5 LiMn1.9Li0.1O3.99 700 oC in air 3.63 8.217 

6 LiMn1.9Li0.1O3.98 800 oC in air 3.61 8.218 

7 LiMn1.9Li0.1O3.94 
800 oC in air &  

then 300 oC in 10 % H2 
3.57 8.220 

8 LiMn1.88Li0.12O3.99 800 oC in air 3.65 8.206 

9 LiMn1.88Li0.12O3.93 
800 oC in air &  

then 300 oC in 10 % H2 
3.58 8.216 

10 LiMn1.85Li0.15O3.95 700 oC in air 3.65 8.205 
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Figure 6.17 Cyclic Voltammograms of LiMn2-yLiyO4±δ recorded at 50 µV/s 
between 5.2 and 3.5 V. The synthesis conditions for the samples are given in 
Table 6.3. 
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Figure 6.18 compares the voltage profiles of the various LiMn2-yLiyO4±δ 

samples cycled between 5.2 and 3.5 V synthesized at 800 oC. It also relates the 

charge profiles to both the amount of lithium (1-x) in the 8a tetrahedral sites and 
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Figure 6.18 (a) Charge-discharge profiles between 5.2 and 3.5 V, (b) voltage vs. 
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Figure 6.20 Cyclability data of (a) LiMn1.9Li0.1O3.98 and (b) LiMn1.88Li0.12O3.99 at 
C/20 rate. : discharge capacity at < 4.5 V; : charge capacity at < 4.5 V; : 
discharge capacity at > 4.5 V; and : charge capacity at > 4.5 V when cycled 
between 3.5 and 5.2 V. : discharge capacity at < 4.5 V; : charge capacity at < 
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cycled between 3.5 V and the voltage needed to extract all the lithium ions from 
the 8a tetrahedral sites, which was 5.14 and 5.15 V, respectively, for 
LiMn1.9Li0.1O3.98 and LiMn1.88Li0.12O3.99. Open symbols: charge capacities; solid 
symbols: discharge capacities; solid line: charged up to 5.2 V; and dotted line: 
charged until all the lithium ions from the 8a tetrahedral sites. 
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the oxidation state of manganese in Li1-xMn2-yLiyO4±δ. Figure 6.19 compares 

similar data for LiMn1.9Li0.1O4±δ having different oxygen contents. Figure 6.20 

compares the cyclability data of LiMn1.9Li0.1O3.98 and LiMn1.88Li0.12O3.99 collected 

at C/20 rate. It plots the charge and discharge capacities observed below and 

above 4.5 V with both a cutoff charge voltage of 5.2 V and a cutoff charge 

voltage where all the 8a site lithium ions would be extracted. 

Both the charge and discharge capacities increase in the 5 V region, but 

decrease in the 4 V region, with increasing lithium content y (Figure 6.18a) 

similar to that found with increasing amount of transition metal ion Mn+ in  

LiMn2-yMyO4.119 The decrease in the 4 V capacity is due to a decrease in the 

amount of Mn3+ in the lattice with increasing y. More importantly, the 5 V 

capacity is observed irrespective of the oxygen content in LiMn1.9Li0.1O4±δ 

(Figure 6.19), which is consistent with the CV data in Figure 6.17. However, the 

LiMn1.9Li0.1O3.94 sample with a significant amount of oxygen vacancies exhibit an 

additional plateau around 4.5 V compared to the other samples in Figure 6.19, 

which is in agreement with the literature data for oxygen-deficient samples.120 It 

is interesting to note that the charge profiles shift from the 4 V region to the 5 V 

region as the formal oxidation state of manganese exceeds 4.0+ irrespective of the 

oxygen content in the samples (Figures 6.18c and 6.19c). The 5 V capacity occurs 

for Mn valence > 4.0+ until all the 8a site lithium ions are extracted. After 

extracting all the 8a site lithium ions, any capacity observed for lithium content 
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(1-x) < 0 in Figures 6.18b and 6.19b may imply side reactions involving the 

oxidation of electrolyte rather than an extraction of lithium from the 16d sites. 

This is because an increase in the cutoff charge voltage above a critical value 

needed to extract all the 8a site lithium ions does not result in any increase in the 

5 V discharge capacity (Figure 6.20). For example, LiMn1.9Li0.1O3.98 exhibits 

similar discharge capacity irrespective of the cutoff charge voltage of 5.14 or  

5.2 V in Figure 6.20a. Also, the voltage tends to increase with a slightly steeper 

slope after extracting all the 8a site lithium ions. 

As mentioned in the previous sections, the capacity of LiMn2-yLiyO4±δ in 

the 5 V region thus appears to be related to the extraction of lithium ions from the 

8a tetrahedral sites that is accompanied by an electrochemical oxidation of Mn4+ 

or O2- as shown in reactions 6.1 and 6.2. However, since both Mn5+ and O- are 

chemically unstable, they can undergo further self-discharge reactions releasing 

oxygen from the lattice and a generation of low valence Mn3+ or Mn4+ ions or an 

oxidation of the electrolyte as expressed in reactions 6.3 – 6.5. 

If so, one would expect the 4 V capacity to increase due to an increase in 

the amount of Mn3+ and the 5 V capacity to decrease as the material is cycled. 

Indeed, the capacity above 4.5 V decreases and that below 4.5 V increases in 

Figures 6.20 on cycling LiMn1.9Li0.1O3.98 and LiMn1.88Li0.12O3.99 although such an 

increase in the 4 V capacity for the high temperature samples cannot be seen in 

Figures 6.3 and 6.4 due to a restricted charge method, in which the charging was 
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carried out until all the 8a site Li+ are just removed from the tetrahedral sites. 

Additionally, the polarization increases in the 5 V region with cycling (Figure 

6.21) due to (i) the formation of oxygen vacancies resulting in a decrease in the 

electrical conductivity and (ii) a decrease in the amount of 8a site lithium ions 

available for extraction in the 5 V region. 
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6.4  Conclusions 

The electrochemical behaviors above 4.5 V of a number of spinel lithium 

manganese oxides with and without other transition metal ions have been 

investigated. The experiments show that capacity above 4.5 V can be observed in 

spinel manganese oxides without the necessity of having other transition metal 

ions and excess oxygen, if the oxides contain extractable lithium ions in the 8a 

tetrahedral sites after reaching the valence state Mn4+. The capacity in such cases 

could be understood by considering the participation of the O2-:2p band in the 

redox process, but they are prone to rapid self-discharge in the charged state due 

to the loss of oxygen from the lattice. In the presence of other transition metals  

M = Cr, Fe, Co, Ni, and Cu, a pinning of the top of the O2-:2p band by the 

M3+/4+:3d or M2+/3+:3d bands could occur depending upon the relative positions of 

the M3+/4+ or M2+/3+ couples with respect to the top of the O2-:2p band, resulting in 

a strongly hybridized covalent system. In such systems, the self-discharge could 

be minimized or eliminated if the lowering of the M3+/4+:3d or M2+/3+:3d bands 

into the O2-:2p band is not significant enough. Furthermore, while long-range 

periodicity with good crystallinity is found to be essential to observe the high 

voltage (> 4.5 V) capacity, excess oxygen in LiMn2-yLiyO4+δ is found to be not 

necessary in contrast to a recent literature report.116 

 Between the LiMn2-yCoyO4 and LiMn2-yNiyO4 systems studied here, the 

former is found to suffer from self-discharge in the charged state above 4.5 V due 
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to the loss of oxygen from the lattice while the latter exhibits good chemical 

stability. The differences could be understood based on the relative position of the 

Co3+/4+ and Ni3+/4+ couples with respect to the top of the O2-:2p band. So from a 

practical point of view, the LiMn2-yNiyO4 oxides are more promising as 5 V 

cathodes compared to LiMn2-yCoyO4. A systematic investigation with similar 

experiments of a broad range of LiMn2-yMyO4 (M = Cr, Fe, Co, Ni, and Cu) 

oxides could help to identify the optimum cathode compositions for 5 V lithium 

ion cells. 
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CHAPTER 7 

Summary  

With an aim to develop a better understanding of the electrochemical 

characteristics of the spinel lithium manganese oxides in both the 4 and 5 V 

regions, a number of singly substituted LiMn2-yMyO4 (M = Li, Al, Ti, Co, Ni, and 

Cu and 0 ≤ y ≤ 0.2) and doubly substituted LiMn2-y-zMyLizO4 (M = Al, Ti, Fe, Co, 

Ni, Cu, and Ga, 0 ≤ y ≤ 0.1, and 0 ≤ z ≤ 0.1) oxides has been investigated. 

In the 4 V region, cation substitutions for Mn in the spinel lithium 

manganese oxide are found to enhance the capacity retention, and the doubly 

substituted spinel oxides show better cycle performance both at room and 

elevated temperatures and higher rate capability than the singly substituted oxides. 

Especially, the LiMn2-y-zNiyLizO4 (0.05 ≤ y ≤ 0.1 and 0.05 ≤ z ≤ 0.1) samples 

exhibit superior capacity retention and high rate capability with a small sacrifice 

in the reversible capacity. They exhibit a capacity of 90 – 115 mAh/g compared to 

120 mAh/g for LiMn2O4. The LiMn1.85Ni0.075Li0.075O4 and LiMn1.8Ni0.1Li0.1O4 

samples retain 98 % of their capacity on going from C/10 to 4C rate and 84 % at 

10C rate with excellent cycling performance at higher C rates as well. In addition, 

the LiMn1.85Ni0.075Li0.075O4 and LiMn1.8Ni0.1Li0.1O4 samples retain > 95 % of their 

initial capacity after storing at 60 oC for 7 days with various DOD, illustrating 

excellent storage characteristics. They also exhibit low irreversible capacity (IRC) 
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in the first cycle (< 1.5 mAh/g) compared to that for LiMn2O4 (11 mAh/g) and 

LiCoO2 (5 mAh/g). The superior cyclability, low IRC, high rate capability, and 

excellent storage characteristics of LiMn2-y-zNiyLizO4 coupled with the low cost 

and environmentally benign nature of Mn may make these cathodes attractive for 

electric vehicle applications. 

In order to identify the origin of the superior performance of       

LiMn2-y-zNiyLizO4 and develop a better understanding of the capacity fading 

mechanisms of spinel lithium manganese oxides, the % capacity fade of the singly 

and doubly substituted oxides has been correlated to the initial lattice parameter, 

initial manganese valence, degree of manganese dissolution, electrode resistance, 

IRC in the first cycle, and lattice parameter difference ∆a between the two cubic 

phases formed in the two-phase region during the charge-discharge process. The 

capacity fade and IRC in the first cycle show a clear relationship to the ∆a, initial 

lattice parameter, and initial Mn valence, but not to the degree of manganese 

dissolution. Additionally, the plots of ∆a, initial lattice parameter, capacity fade, 

and IRC in the first cycle vs. Mn valence can be divided into two regions with a 

boundary around a Mn valence of 3.58+, but a similar change cannot be seen in 

the plot of the degree of manganese dissolution vs. Mn valence. These 

observations suggest that although both Jahn-Teller distortion and manganese 

dissolution may play a role, the ∆a values play a dominant role in the capacity 

fade of spinel lithium manganese oxides.  
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The influence of microstructure on electrochemical performance of cation- 

substituted spinel lithium manganese oxides has also been investigated by 

comparing the performances of the spinel oxides made by two different synthesis 

procedures: conventional solid-state reactions of Li2CO3, Mn2O3 and NiO (oxide 

method) and reactions of a Li~0.5MnO2 precursor supplied by a commercial firm 

with lithium and nickel hydroxides (precursor method). While the rate capability 

and storage characteristics of the LiMn2-y-zNiyLizO4 samples do not differ 

significantly between the two synthesis procedures, the samples obtained by the 

precursor method exhibit slightly better capacity retention despite a higher 

amount of manganese dissolution than the samples obtained by the oxide method. 

The differences are attributed to the larger and more uniform size of the 

secondary particles and smaller primary particles of the former compared to those 

of the latter. Therefore, the slight sacrifice in capacity of the doubly substituted 

spinel oxides showing excellent electrochemical performances may be overcome 

by optimizing the synthesis conditions. 

In the 5 V region, in order to understand the origin of the high voltage   

(> 4.5 V) capacities, the electrochemical behaviors of a number of spinel lithium 

manganese oxides with and without other transition metal ions have been studied 

and compared. The oxides investigated are LiMn2-yMyO4 (M = Co, Ni and Cu), 

LiMn2-y-zMyLizO4, LiMn2-yLiyO4±δ, Li2Mn4O9-δ, and Li4Mn5O12. The      

LiMn2-yLiyO4±δ (0.05 ≤ y ≤ 0.15) oxides are found to exhibit capacity above 4.5 V 
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although they do not contain other transition metal ions regardless of the oxygen 

content. The experiments show that the capacity above 4.5 V can be observed in 

spinel manganese oxides without the necessity of having other transition metal 

ions and excess oxygen, if the oxides contain extractable lithium ions in the 8a 

tetrahedral sites after reaching the valence state Mn4+. The high voltage (> 4.5 V) 

capacity in such cases could be understood by considering the participation of the 

O2-:2p band in the redox process, but they are prone to rapid self-discharge in the 

charged state due to the chemical instability and the consequent loss of oxygen 

from the lattice. In the presence of other transition metals M = Cr, Fe, Co, Ni, and 

Cu, a pinning of the top of the O2-:2p band by the M3+/4+:3d or M2+/3+:3d bands 

could occur depending upon the relative positions of the M3+/4+ or M2+/3+ couples 

with respect to the top of the O2-:2p band, resulting in a strongly hybridized 

covalent system. In such systems, the self-discharge could be minimized or 

eliminated if the lowering of the M3+/4+:3d or M2+/3+:3d bands into the O2-:2p band 

is not significant enough as in the case of LiMn2-yNiyO4. Furthermore, long-range 

periodicity with good crystallinity is found to be essential to observe the high 

voltage (> 4.5 V) capacity.  

Overall, the investigation has provided a better understanding of the 

capacity fading mechanisms in the 4 V region and the origin of the high voltage 

(> 4.5 V) capacity of the spinel lithium manganese oxides. It has identified a new 

factor, viz., the microstrain developing from the lattice parameter differences (∆a), 
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to be more important than the widely perceived manganese dissolution for the 

capacity fading of spinel lithium manganese oxides. Use of this concept of 

minimizing the lattice parameter differences could lead to the development of 

further optimized compositions that can make the spinel lithium manganese 

oxides a viable replacement for the presently used layered LiCoO2 and a 

candidate for electric vehicle applications. If so, it will have a huge impact on the 

environment and the cost of high energy batteries. Future experiments on the 

synthesis and processing to optimize the microstructure of the compositions with 

low ∆a could also help to improve the performance further. Finally, although 

there are a lot of interests on 5 V cathodes, they are prone to chemical instability 

and self-discharge, but careful choice of metal ions may help to minimize this 

problem.
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