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Lithium ion batteries are now widely used as power sources in mobile 

electronics due to their high energy density. Layered LiCoO2 is currently employed as  

the cathode material in commercial lithium ion batteries, but its reversible capacity is 

limited to only 50 % of its theoretical capacity. Co is also relatively expensive and 

toxic. In this regard, layered LiNi1-y-zMnyCozO2 cathodes have become appealing 

recently as they offer higher capacity, lower cost, and enhanced safety compared to 

the LiCoO2 cathode. This dissertation explores the chemical and structural factors and 

instabilities that control and limit the electrochemical performance parameters such as 

the capacity, cyclability, and rate capability of various layered LiNi1-y-zMnyCozO2 

cathodes.  

A quantitative determination of proton contents in various chemically 

delithiated oxide cathodes using Prompt Gamma Ray Activation Analysis (PGAA) 

indicates that while the delithiated layered Li1-xCoO2, Li1-xNi1/3Mn1/3Co1/3O2, and Li1-

 vi



xNi1/2Mn1/2O2 have a significant amount of proton in the lattice at deep lithium 

extraction, orthorhombic Li1-xMnO2, spinel Li1-xMn2O4, and olivine Li1-xFePO4 do not 

encounter such proton insertion. The results are complemented by mass spectrometric 

and thermogravimetric analysis data. The differences are attributed to the differences 

in the chemical instability of the various cathodes. 

From a systematic investigation of three series of layered LiNi1-y-zMnyCozO2 

compositions (LiNi0.5-yMn0.5-yCo2yO2, LiCo0.5-yMn0.5-yNi2yO2, LiNi0.5-yCo0.5-yMn2yO2), 

those around LiNi1/3Mn1/3Co1/3O2 are found to have optimized electrochemical 

performances with high reversible capacity, good cyclability, and good rate capability. 

The results are explained on the basis of chemical instability in the Co-rich 

compositions, lithium deficiency and concurrent cation disorder in the Ni-rich 

compositions, and existence of the impurity phase Li2MnO3 in the Mn-rich 

compositions. The electrochemical rate capability is found to bear a clear relationship 

to the chemical lithium extraction rate, which decreases with decreasing Co content 

due to an increasing cation disorder. Additionally, the lithium extraction rate is found 

to influence the structure of the chemically delithiated end members HxNi0.5-yMn0.5-

yCo2yO2; the structure changes from P3 to O1 to O3 with decreasing Co content 2y. 

A comparison of the chemical stability of the Na0.75-xCoO2 system shows that 

it maintains the theoretical value of the oxidation state of cobalt during chemical 

sodium extraction to low sodium contents of (0.75-x) ≈ 0.3, while Li1-xCoO2 

incorporates protons for (1-x) < 0.5. The differences between two systems are 

discussed based on the crystal structure and the position of Co3+/4+:3d band relative to 

the top of the O2-:2p band. 

 
 

 vii



TABLE OF CONTENTS 
 

LIST OF TABLES.................................................................................. xiii 

LIST OF FIGURES ................................................................................. xv 

CHAPTER 1 

Introduction .............................................................................................. 1 

1.1 Historical Background.......................................................................................... 3 

1.2 Basic Operating Principle..................................................................................... 6 

1.3 Materials for Lithium Ion Battery ........................................................................ 8 

1.3.1 Electrode materials ..................................................................................... 10 

1.3.1.1 Requirements ...................................................................................... 10 

1.3.1.2 Cathode materials ............................................................................... 11 

1.3.1.3 Anode materials.................................................................................. 14 

1.3.2 Electrolyte................................................................................................... 15 

1.3.3 Other materials ........................................................................................... 16 

1.3.3.1  Separator............................................................................................. 16 

1.3.3.2  Safety device...................................................................................... 17 

1.4 Layered Lithium Transition Metal Oxide Cathodes........................................... 18 

1.4.1 Crystal structure.......................................................................................... 19 

1.4.2 Structural nomenclature.............................................................................. 20 

1.4.3 LiCoO2........................................................................................................ 21 

1.4.4 LiNi1-yMyO2 ................................................................................................ 22 

1.4.5 LiMnO2....................................................................................................... 23 

1.5 Objectives ........................................................................................................... 25 

CHAPTER 2 

General Experimental Techniques ........................................................ 27 

2.1 Materials Synthesis............................................................................................. 27 

 viii



2.2 Chemical Lithium Extraction ............................................................................. 28 

2.3 Materials Characterization.................................................................................. 29 

2.3.1 X-ray powder diffraction (XRD)................................................................ 29 

2.3.2 Atomic Absorption Spectroscopy (AAS) ................................................... 30 

2.3.3 Redox Titration........................................................................................... 30 

2.3.4 Prompt Gamma-Ray Activation Analysis (PGAA).................................... 31 

2.3.5 Mass Spectrometry ..................................................................................... 32 

2.3.6 Thermogravimetric Analysis (TGA) .......................................................... 33 

2.3.7 Surface Area Measurement ........................................................................ 33 

2.3.8 Scanning Electron Microscopy (SEM)....................................................... 34 

2.4 Electrochemical Characterization....................................................................... 34 

2.4.1 Electrode fabrication and cell configuration .............................................. 34 

2.4.2 Cycle and rate capability test...................................................................... 34 

2.4.3 Cyclic Voltammetry (CV) .......................................................................... 35 

CHAPTER 3 

Proton Insertion into Oxide Cathodes during Chemical Delithiation . 36 

3.1 Introduction ........................................................................................................ 36 

3.2 Experimental....................................................................................................... 39 

3.3 Results and Discussion ....................................................................................... 40 

3.3.1 Redox titration and PGAA ......................................................................... 40 

3.3.2 TGA analysis and Mass spectrometry ........................................................ 43 

3.3.3 Sources of protons ...................................................................................... 46 

3.4 Conclusion.......................................................................................................... 53 

CHAPTER 4 

Role of Chemical and Structural Stabilities on the Electrochemical 
Properties of Layered LiNi1/3Mn1/3Co1/3O2 Cathodes ............................ 55 

4.1 Introduction ........................................................................................................ 55 

4.2 Experimental....................................................................................................... 56 

 ix



4.3 Results and Discussion ....................................................................................... 57 

4.3.1 Synthesis..................................................................................................... 57 

4.3.2 Electrochemical performance ..................................................................... 59 

4.3.3 Chemical stability ....................................................................................... 62 

4.3.4 Phase relationships ..................................................................................... 67 

4.3.5 Irreverisible capacity vs. surface area......................................................... 73 

4.3.5.1 Synthesis............................................................................................. 74 

4.3.5.2 Irreversible capacity in the first cycle................................................. 75 

4.3.5.3 Cyclic voltammogram ........................................................................ 79 

4.3.6 Comparison of lithium excess and stoichiometric samples........................ 81 

4.3.6.1 Synthesis............................................................................................. 82 

4.3.6.2 Cyclability .......................................................................................... 82 

4.3.6.3 SEM.................................................................................................... 85 

4.3.6.4 Volume change ................................................................................... 86 

4.4 Conclusions ........................................................................................................ 90 

CHAPTER 5 

Structural and Electrochemical Characterization of the Layered LiNi0.5-

y Mn0.5-yCo2yO2 (0 ≤ 2y ≤ 1) Cathodes..................................................... 92 

5.1 Introduction ........................................................................................................ 92 

5.2 Experimental....................................................................................................... 94 

5.3 Results and Discussion ....................................................................................... 95 

5.3.1 Crystal chemistry........................................................................................ 95 

5.3.2 Electrochemical performance ..................................................................... 99 

5.3.3 Electrical conductivity.............................................................................. 101 

5.3.4 Lithium extraction rate ............................................................................. 102 

5.3.5 Cation disorder vs. lithium extraction rate ............................................... 104 

5.3.6 Synthesis in O2 atmosphere ...................................................................... 106 

5.3.7 Phase relationships of HxNi0.5-yMn0.5-yCo2yO2.......................................... 108 

 x



5.3.8 Phase relationships of HxNi0.33Mn0.33Co0.33O2 and HxNi0. 5Co0.5O2 ......... 113 

5.4 Conclusions ...................................................................................................... 121 

CHAPTER 6 

Crystal Chemistry and Electrochemical Characterization of the 
Layered LiNi0.5-yCo0.5-yMn2yO2 and LiCo0.5-yMn0.5-yNi2yO2 (0 ≤ 2y ≤ 1) 
Cathodes ................................................................................................ 123 

6.1 Introduction ...................................................................................................... 123 

6.2 Experimental..................................................................................................... 124 

6.3 Results and Discussion ..................................................................................... 125 

6.3.1 Crystal chemistry...................................................................................... 125 

6.3.2 Electrochemical performances ................................................................. 131 

6.3.3 LiNi0.25Co0.25Mn0.5O2................................................................................ 136 

6.4 Conclusions ...................................................................................................... 140 

CHAPTER 7 

Chemical and Structural Stabilities of Na0.75-xCoO2 Oxides prepared by 
Chemical Sodium Extraction (0.32 ≤ (0.75 - x)≤ 0.75)....................... 141 

7.1 Introduction ...................................................................................................... 141 

7.2 Experimental..................................................................................................... 143 

7.3 Results and Discussion ..................................................................................... 144 

7.3.1 Chemical stability ..................................................................................... 144 

7.3.2 Structural stability..................................................................................... 148 

7.3.3 Comparison of Na0.75-xCoO2 with Li1-xCoO2............................................ 153 

7.4 Conclusions ...................................................................................................... 154 

 xi



CHAPTER 8 

Summary ............................................................................................... 156 

PUBLICATIONS FROM THIS WORK........................................... 161 

REFERENCES .................................................................................... 162 

VITA ..................................................................................................... 170 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 xii



LIST OF TABLES 

Table 1.1 Characteristics of the major secondary battery systems.5 ............................ 2 

Table 1.2 Crystal Field Stabilization Energies and Octahedral Site Stabilization 
Energies of nickel, cobalt, and manganese ions.69.................................... 24 

Table 3.1 Chemical analysis and PGAA data of the chemically delithiated (with 
NO2BF4 in acetonitrile medium) oxide cathodes...................................... 41 

Table 3.2 Chemical analysis data of the chemically delithiated layered oxides in 
electrolyte media....................................................................................... 52 

Table 4.1 Structural parameters of Li1.03(Ni1/3Mn1/3Co1/3)0.97O2................................ 58 

Table 4.2 Rietveld analysis results of the layered LiNi1/3Mn1/3Co1/3O2 samples 
synthesized at various temperatures.......................................................... 75 

Table 4.3 Comparison of the rate capabilities after 50 cycles. .................................. 85 

Table 5.1 Summary of the Rietveld analysis results of the layered LiNi0.5-yMn0.5-

yCo2yO2 (0 ≤ 2y ≤ 1) samples. ................................................................... 97 

Table 5.2 Degree of cation disorder in the layered LiNi0.5-yMn0.5-yCo2yO2 
samples synthesized at 900 oC in air and O2 atmospheres...................... 107 

Table 5.3 Structural parameters of HxNi0.5Mn0.5O2 ................................................. 111 

Table 5.4 Structural parameters of HxNi0.33Mn0.33Co0.33O2 ..................................... 111 

Table 5.5 Structural parameters of HxCoO2 ............................................................. 111 

Table 5.6 Structural parameters of HxNi0.33Mn0.33Co0.33O2 obtained from 
LiNi0.33Mn0.33Co0.33O2 at 600 oC............................................................. 116 

Table 5.7 Surface areas and lithium contents remaining after 15 min of chemical 
lithium extraction reaction of the layered LiNi0.33Mn0.33Co0.33O2 
synthesized at various temperatures........................................................ 117 

Table 5.8 Summary of the average oxidation state of transition metal ions and 
the calculated proton contents in HxNi0.33Mn0.33Co0.33O2 that were 
obtained by chemically extracting lithium from the 
LiNi0.33Mn0.33Co0.33O2 samples synthesized at various temperatures..... 118 

Table 5.9 Summary of the Rietveld analysis results and experimentally 
measured lithium contents of the layered LiNi0.5Co0.5O2 synthesized 
at various temperatures ........................................................................... 119 

 xiii



Table 6.1  Summary of the Rietveld analysis results of the layered LiNi0.5-yCo0.5-

yMn2yO2 (0 ≤ 2y ≤ 1) samples. ................................................................ 128 

Table 6.2  Summary of the Rietveld analysis results of the layered LiCo0.5-

yMn0.5-yNi2yO2 (0 ≤ 2y ≤ 1) samples........................................................ 129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 xiv



LIST OF FIGURES 

Figure 1.1 Growth of dendrite in lithium metal anode.17............................................. 4 

Figure 1.2 Schematic illustration of lithium ion battery during the charge-
discharge process. ..................................................................................... 7 

Figure 1.3 Schematics of the energies involved in.23................................................... 8 

Figure 1.4 Schematic diagram of cylindrical lithium ion battery.24............................. 9 

Figure 1.5 Crystal structure of spinel LiMn2O4. ........................................................ 12 

Figure 1.6 Crystal structure of olivine LiFePO4. ....................................................... 14 

Figure 1.7 Mechanism of Current Interruption Device24: (1) Al disk and (2) Al 
lead.......................................................................................................... 18 

Figure 1.8 Crystal Structure of an ideal layered LiMO2 cathode............................... 19 

Figure 1.9 Crystal structures of (a) O3-type, (b) O1-type, and (c) P3-type 
layered structure...................................................................................... 20 

Figure 1.10 Comparison of the qualitative energy diagrams of Li1-xCoO2 and 
Li1xNiO2.60 .............................................................................................. 22 

Figure 2.1 Schematics of magnetc mass spectrometer76............................................ 33 

Figure 3.1 Comparisons of the variations of the average oxidation state of the 
transition metal ions with lithium content (1-x) in Li1-xNi1-y-

zMnyCozO2. The solid line refers to the theoretically expected 
oxidation state.52-56.................................................................................. 37 

Figure 3.2 TGA plot of chemically delithiated (a) H0.41Li0.05CoO2 and (b) 
Li0.08NiO2. ............................................................................................... 44 

Figure 3.3 TGA plot of chemically delithiated (a) H0.40Li0.02Ni1/3Mn1/3Co1/3O2 
and (b) X-ray diffraction patterns recorded after the TGA 
experiment............................................................................................... 45 

Figure 3.4 Ionic current vs. temp. in the mass spectrum of H0.41Li0.05CoO2: (a) 
whole mass range, (b) mass of 18 (H2O), and (c) mass of 32 (O2). 
The consolidated mass spectrum at the peak temperature is shown in 
(d)............................................................................................................ 47 

Figure 3.5 Ionic current vs. temp. in the mass spectrum of 
H0.34Li0.08Ni1/2Mn1/2O2: (a) whole mass range, (b) mass of 18 (H2O), 

 xv



and (c) mass of 32 (O2). The consolidated mass spectrum at the peak 
temperature is shown in (d)..................................................................... 48 

Figure 3.6 Ionic current vs. temp. in the mass spectrum of 
H0.40Li0.02Ni1/3Mn1/3Co1/3O2: (a) whole mass range, (b) mass of 18 
(H2O), and (c) mass of 32 (O2). The consolidated mass spectrum at 
the peak temperature is shown in (d). ..................................................... 49 

Figure 3.7 Ionic current vs. temp. in the mass spectrum of o-Li0.25MnO2: (a) 
whole mass range, (b) mass of 18 (H2O), and (c) mass of 32 (O2)......... 50 

Figure 4.1 Rietveld refinement data of LiNi1/3Mn1/3Co1/3O2. Circles and lines 
correspond, respectively, to the observed and calculated intensities. 
The difference between the observed and calculated patterns and the 
peak positions corresponding to the O3 type phase are also shown. ...... 59 

Figure 4.2 Comparison of the cyclabilities of the LiNi1/3Mn1/3Co1/3O2 cathode 
between 3 V and various cutoff charge voltages at C/5 rate : (a) 
discharge capacity and (b) % capacity retention vs cycle number. ........ 60 

Figure 4.3 Discharge profiles illustrating the rate capability of 
LiNi1/3Mn1/3Co1/3O2 at (a) 4.3 – 3.0 V and (b) 4.6 – 3.0 V at C/10 
(15 mA/g), C/5 (30 mA/g), C/2 (75 mA/g), 1C (150 mA/g), 2C (300 
mA/g), and 4C rates (600 mA/g). ........................................................... 62 

Figure 4.4 Variations of the average oxidation state of (Ni1/3Mn1/3Co1/3) with 
lithium content (1-x) in Li1-xNi1/3Mn1/3Co1/3O2. The solid line refers 
to the theoretically expected oxidation state........................................... 63 

Figure 4.5 Relationship between the % capacity retention after 50 cycles and 
lithium content calculated from the reversible capacity (first 
discharge capacity). The voltage values indicated refer to the cutoff 
charge voltages........................................................................................ 65 

Figure 4.6 Qualitative energy diagram for Li0.35Ni1/3Mn1/3Co1/3O2. .......................... 66 

Figure 4.7 Evolution of the X-ray diffraction patterns of Li1-xNi1/3Mn1/3Co1/3O2, 
with an enlargement of a small region shown on the right. The 
closed and open circles refer, respectively, to the O3 and O1 type 
phases...................................................................................................... 68 

Figure 4.8 Rietveld fitting of the O1-phase HxNi1/3Mn1/3Co1/3O2. : a = 2.8316(1) 
Å, c = 4.5066(2) Å, V = 31.292(2) Å3, Rwp = 13.13 %, Rp = 10.28 %, 
and s = 2.77. Circles and lines correspond, respectively, to the 
observed and calculated intensities. The difference between the 
observed and calculated patterns and the peak positions is also 
shown. ..................................................................................................... 69 

 xvi



Figure 4.9 Variations of the unit cell parameters of Li1-xNi1/3Mn1/3Co1/3O2 with 
lithium content (1-x). The lattice parameter c and unit cell volume 
of O1 type phases displayed in (a) and (c) were multiplied by 3 for 
comparisons. The closed and open circles refer, respectively, to the 
O3 and O1 type phases. .......................................................................... 71 

Figure 4.10 (a) Discharge profiles (4.3 – 3.0 V at 30 mA/g up to 10 cycles) of 
HxNi1/3Mn/3Co1/3O2 prepared by chemical delithiation and (b) X-ray 
diffraction pattern of the lithium reinserted Li1-xNi1/3Mn1/3Co1/3O2. 
The numbers in (a) refer to discharge cycle number. ............................. 72 

Figure 4.11 Comparison of the first charge and discharge profiles of 
LiNi1/3Mn1/3Co1/3O2 synthesized at (a) 900 oC, (b) 800 oC, (c) 700 
oC, and (d) 600 oC. The data were obtained at a very slow rate of 
C/100 between 3.0 and 4.6 V.................................................................. 76 

Figure 4.12 Relationship between BET surface area and IRC of (a) 
LiNi1/3Mn1/3Co1/3O2 and (b) LiCoO2 cathodes. The open and closed 
symbols refer, respectively, to 3.0 – 4.3 V and 3.0 – 4.6 V at a very 
slow rate of C/100................................................................................... 77 

Figure 4.13 Comparison of the cyclic voltammograms recorded between 2.5 and 
4.8 V at 100 μV/s of LiNi1/3Mn1/3Co1/3O2 synthesized at various 
temperatures (600 – 900 oC): (a) first cycle and (b) second cycle.......... 80 

Figure 4.14 Comparison of the cyclabilities of the (a) stoichiometric and (b) 
lithium excess samples. The data were collected at C/5 rate between 
3 V and various cutoff charge voltages: : 4.3 V, : 4.4 V, : 4.5 
V, : 4.6 V, and : 4.7 V. .................................................................... 83 

Figure 4.15 Discharge profiles of the (a) stoichiometric and (b) lithium excess 
samples, illustrating the rate capability................................................... 84 

Figure 4.16 SEM photographs of the (a) stoichiometric and (b) lithium excess 
cathodes after subjecting to 50 cycles with a cutoff charge voltage of 
4.6 V........................................................................................................ 87 

Figure 4.17 Comparisons of the variations of lattice parameters and unit cell 
volume with lithium content for the stoichiometric and lithium 
excess samples. Closed and open symbols refer, respectively, to the 
stoichiometric and the lithium excess samples. ...................................... 88 

Figure 5.1 X-ray diffraction patterns of layered LiNi0.5-yMn0.5-yCo2yO2 oxides (0 
≤ 2y ≤1)................................................................................................... 96 

 xvii



Figure 5.2 Comparisons of first discharge capacities and capacity retentions of 
layered LiNi0.5-yMn0.5-yCo2yO2 cathodes. The data were collected 
between 3.0 and 4.5 V at C/5 rate up to 50 cycles.................................. 99 

Figure 5.3 Comparison of the rate capabilities (from 0.1C to 4C rate) of the 
LiNi0.5-yMn0.5-yCo2yO2 cathodes with various Co contents 2y. The 
capacity ratio values were obtained by dividing the capacity at 
various C rates by the capacity at 0.1C rate.......................................... 100 

Figure 5.4 Comparison of the electrical conductivities of the LiNi0.5-yMn0.5-

yCo2yO2 samples obtained by the four-probe method from 100 to 700 
oC........................................................................................................... 102 

Figure 5.5 Comparison of the lithium contents remaining after 15 min of 
chemical lithium extraction reaction of the layered LiNi0.5-yMn0.5-

yCo2yO2 with NO2BF4 in acetonitrile medium. ..................................... 103 

Figure 5.6 Correlation of the (a) electrochemical rate capability and (b) lithium 
extraction rate (lithium content remaining in the sample after 15 min 
of chemical lithium extraction reaction) with the cation disorder in 
the layered LiNi0.5-yMn0.5- yCo2yO2 cathodes. The capacity ratio 
values in (a) were obtained by dividing the capacity at 2C rates by 
that at 0.1C rate. .................................................................................... 104 

Figure 5.7 (001) lithium plane with a transition metal ion ...................................... 106 

Figure 5.8 Comparison of the rate capabilities of the LiNi0.5-yMn0.5-yCo2yO2 
samples synthesized in air and in O2 atmospheres................................ 107 

Figure 5.9 Comparison of the X-ray diffraction patterns of the delithiated 
HxNi0.5-yMn0.5-yCo2yO2 obtained by reacting LiNi0.5-yMn0.5-yCo2yO2 
synthesized at 900 oC with NO2BF4 for 2 days: (a) HxCoO2, (b) 
HxNi0.25Mn0.25Co0.5O2, (c) HxNi0.295Mn0.295Co0.41O2, (d) 
HxNi0.33Mn0.33Co0.33O2, (e) HxNi0.425Mn0.425Co0.15O2, and (f) 
HxNi0.5Mn0.5O2...................................................................................... 109 

Figure 5.10 Rietveld fitting of the delithiated (a) HxNi0.5Mn0.5O2, (b) 
HxNi0.33Mn0.33Co0.33O2, and (c)  HxCoO2 that were obtained by 
reacting, respectively, LiNi0.5Mn0.5O2, LiNi0.33Mn0.33Co0.33O2, and 
LiCoO2 synthesized at 900 oC with NO2BF4 for 2 days. Circles and 
lines correspond, respectively, to the observed and calculated 
intensities. The difference between the observed and calculated 
patterns and the peak positions corresponding to the O3, O1, and P3 
phases are also shown. .......................................................................... 110 

 xviii



Figure 5.11 Comparison of the X-ray diffraction patterns of the delithiated 
HxNi0.33Mn0.33Co0.33O2 obtained by reacting with NO2BF4 for 2 days 
the LiNi0.33Mn0.33Co0.33O2 samples synthesized at various 
temperatures (600 – 900 oC). ................................................................ 114 

Figure 5.12 Rietveld fitting of the delithiated HxNi0.33Mn0.33Co0.33O2 that was 
obtained by reacting with NO2BF4 for 2 days. LiNi0.33Mn0.33Co0.33O2  
synthesized at 600 oC. Circles and lines correspond, respectively, to 
the observed and calculated intensities. The difference between the 
observed and calculated patterns and the peak positions 
corresponding to the P3 phase are also shown...................................... 116 

Figure 5.13 Comparison of the X-ray diffraction patterns of the delithiated 
HxNi0.5Co0.5O2 obtained by reacting with NO2BF4 for 2 days 
LiNi0.5Co0.5O2 synthesized at various temperatures (700 – 900 oC). 
For the 900 oC sample, Li0.2HxNi0.5Co0.5O2  is displayed instead of 
HxNi0.5Co0.5O2. ...................................................................................... 120 

Figure 6.1 X-ray diffraction patterns of LiNi0.5-yCo0.5-yMn2yO2 for 0 ≤ 2y ≤ 0.8. ... 126 

Figure 6.2 X-ray diffraction patterns of LiCo0.5-yMn0.5-yNi2yO2 for 0 ≤ 2y ≤ 1. ...... 127 

Figure 6.3 Comparisons of first discharge capacities and capacity retentions of 
the layered LiNi0.5-yCo0.5-yMn2yO2 cathodes. The data were collected 
between 3.0 and 4.5 V at C/5 rate up to 50 cycles................................ 132 

Figure 6.4 Comparisons of the discharge profiles at various cycle numbers of (a) 
LiNi0.21Co0.21Mn0.58O2, (b) LiNi0.21Mn0.21Co0.58O2, (c) 
LiCo0.21Mn0.21Ni0.58O2. The data were collected between 3.0 and 4.5 
V at C/5 rate up to 50 cycles................................................................. 133 

Figure 6.5 Comparisons of first discharge capacities and capacity retentions of 
layered LiCo0.5-yMn0.5-yNi2yO2 cathodes. The data were collected 
between 3.0 and 4.5 V at C/5 rate up to 50 cycles................................ 135 

Figure 6.6 Comparison of the rate capabilities of (a) LiNi0.5-yCo0.5-yMn2yO2 (b) 
LiCo0.5-yMn0.5-yNi2yO2 cathodes............................................................ 136 

Figure 6.7 X-ray diffraction patterns of chemically delithiated Li1-

xNi0.25Co0.25Mn0.5O2. The patterns on the right show an expansion of 
a small 2θ range. ................................................................................... 137 

Figure 6.8 Comparison of the cyclic voltammograms recorded between 2.5 and 
4.8 V at 100 μV s-1: (a) LiCo0.25Mn0.25Ni0.5O2, (b) 
LiNi0.25Mn0.25Co0.5O2, and (c) LiNi0.25Co0.25Mn0.5O2. Solid and 
dotted lines refer, respectively, to first and second cycles.................... 139 

 xix



Figure 7.1 Rietveld refinement data of Na0.75CoO2. Circles and lines correspond, 
respectively, to the observed and calculated intensities. The 
difference between the observed and calculated patterns and the 
peak positions are also shown. Space group: P63/mmc, a = 2.8368(1) 
Å, c = 10.9115(5) Å, V = 70.046(4) Å3, Rwp = 13.96 %, Rp = 
10.85 %, and s = 2.47 RBragg = 4.56. ..................................................... 144 

Figure 7.2 The variations of the oxidation state of cobalt with sodium content 
(0.75-x) in Na0.75-xCoO2. Closed and Open circles refer, respectively, 
to the data obtained immediately after chemical sodium extraction 
and after exposing to air for 1 day. Closed and Open triangles refer, 
respectively, to the data obtained after drying the air-exposed 
samples at 100 oC for 1 day and recalculating the oxidation state 
with the actual molecular weight of the air-exposed sample 
(monolayer hydrate).............................................................................. 145 

Figure 7.3 TGA plots of Na0.32CoO2: (a) immediately after chemical sodium 
extraction and (b) after storing the sample in air for 1 day................... 147 

Figure 7.4 Evolution of the X-ray diffraction patterns of Na0.75-xCoO2 with 
sodium contents (0.75-x). ..................................................................... 149 

Figure 7.5 X-ray diffraction patterns of the Na0.32CoO2 sample: (a) covered with 
a tape to protect from ambient air, (b) not covered with a tape, and 
(c) after storing in the dessicator with the tape for 3 days. ................... 151 

Figure 7.6 Variations of the unit cell parameters of Na0.75-xCoO2 with sodium 
content (0.75-x). The closed and open circles refer, respectively, to 
AH and MLH phases. ........................................................................... 152 

 xx



CHAPTER 1 

Introduction 

The exponential growth of small gadgets or electronics overwhelms our 

modern society. They have been made possible by the on-going success in the 

semiconductor industry, presenting us smaller, more functional, and spectacular 

devices everyday. Now, people are buying more laptops, which did not even exist 

until the early 90s, and are disconnecting local phone services because they prefer to 

talk only on their cell phones.  

One of the major complaints on these marvelous portable gadgets is their 

limited time of mobile use. Even though there have been a lot of effort from the 

battery industry as well as electronic industry to increase the running time by 

increasing the energy density of battery itself or reducing the energy consumption by 

optimizing the electric circuits, they could not catch up with the rapid development in 

electronics, e.g. Moore’s law, predicting a doubling of memory capacity in every two 

year. Moreover, those portable electronics are now demanding more energy by 

becoming more multifunctional and colorful.  

Lithium ion battery was developed by Sony in the early 90’s1,2 to cope with 

those huge demands for power sources by mobile electronics, and it is now 

representing the largest part of the portable battery industry, powering most of the  
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Table 1.1 Characteristics of the major secondary battery systems.5

  Lead-acid Ni-Cd Ni-MH Li-ion 

Anode Pb Cd Metal 
Hydride C 

Cathode PbO2 NiOOH NiOOH LiCoO2

Electrolyte H2SO4 in 
H2O 

KOH in 
H2O KOH in H2O Organic 

Solvent 

     
Cell Voltage 2.0 1.2 1.2 3.6 

     
Operating 

Temp. -40 to 55 oC -20 to 45 oC -20 to 50 oC -20 to 55 oC 

     
Energy Density:     

Wh/kg 35 40 90 200 
Wh/L 70 100 245 440 

 

laptop computers, cell phones, and camcorders.3,4 The command of lithium ion 

batteries over the portable battery market is derived from their higher gravimetric 

energy density ( ~ 200 Wh/kg) and volumetric energy density ( ~ 400 Wh/L), which 

are still improving, compared to any other rechargeable battery systems such as Ni-

Cd and Ni-MH, as seen in Table 1.1. The lithium ion battery primarily owes its higher 

energy density to higher operating voltage (3.6 V) compared to the other aqueous 

rechargeable battery systems (1.2 – 2.0 V).   

In addition to the portable applications, lithium ion batteries also draw a lot of 

attention for their potential use in lager applications such as hybrid electric vehicles 
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(HEV) because of their high energy density. The HEV, which already has been 

introduced into the market since late 90’s, is now considered as the most practical 

substitute for the present gasoline-only vehicles. Although the nickel-metal hydride 

batteries are currently employed for most of the HEVs due to several disadvantages 

of lithium ion batteries in the calendar-life performance, thermal abuse characteristics, 

and cost issues, the researchers around the globe are actively carrying out studies to 

address those difficulties.6  

1.1 HISTORICAL BACKGROUND 

The biggest advantage of employing lithium for energy storage use is based 

on the fact that it is not only the lightest metal with molecular weight of 6.94 g/mol, 

but also the most electropositive element when used as anode (-3.045 V vs. NHE)7. 

The combination of these exceptional features provides high energy density to the 

battery system. After the first report on the lithium battery in the early 60’s8, most of 

the lithium battery research projects exploited the lithium metal as the anode and 

focused on two aspects. One was to find a suitable electrolyte compatible with the 

very reactive metallic lithium and the other was to search for reversible cathode 

materials, which can reversibly insert as much lithium as possible. 

In the early 70’s, the concept of electrochemical intercalation began to evolve 

among solid-state chemists and led to the development of the layered 

dichalcogenides.9-11 Among the various layered dichalcogenides studied, TiS2 was 
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most attractive due to its light weight.12-14 Afterwards, Exxon launched the first 

marketed rechargeable lithium battery using TiS2 as the cathode material and LiAl 

alloy as the anode material, which was used as a coin cell for watches at that time and 

even developed in the form of proto-type cylindrical cells later.15

Eventually, the Canadian battery manufacturer, Moli Energy, succeeded in 

supplying 1.5 million cylindrical lithium rechargeable batteries using MoS2 and 

metallic lithium to the Japanese largest telephone service company, NTT (Nippon 

Telephone and Telegraph), which ended up as a huge failure due to safety issues. The 

reason why the cycled MoS2-Li batteries exploded primarily lies in the growth of 

dendrite in the lithium surface during charge and discharge, leading to an abrupt 

internal short circuit.16,17 Moli engineers expected that the passivation film formed by 

the reaction between lithium metal and electrolyte would protect such a growth of 

dendrite, but it did not work well enough.  

 

 

 

 

 

Figure 1.1 Growth of dendrite in lithium metal anode.17
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The electrochemical insertion of lithium into graphite was investigated by 

Besenhard’s group as early as 1976,18 but most of the researchers were obsessed by 

the much higher theoretical capacity of metallic lithium (3860 mAh/g) than that of 

graphite (372 mAh/g) and they neglected the potential use of carbon materials in 

rechargeable lithium batteries. Moreover, the exfoliation problem during lithium 

intercalation into graphite arising from the co-intercalation of electrolyte molecules 

between the graphene layers resulted in poor electrochemical performances and 

limited its potential application,19 which was later solved by using ethylene carbonate 

as one of the components of the nonaqueous electrolyte.  

The electrochemical lithium extraction from LiCoO2 having a layered 

structure similar to the dichalcoganides and its potential application as a cathode 

material was first demonstrated by  Goodenough’s group in the early 80’s.20 However, 

it also hardly attracted any attention, partly because there was little knowledge over 

stable electrolytes that can withstand such a high operating voltage and partly because 

most of researchers at that time were more interested in lithium-free cathode materials 

rather than lithiated ones.  

In 1991, Sony first commercialized the revolutionary lithium “ion” battery 

with LiCoO2 as the cathode material and carbon as the anode material.1,2 The safety 

issue involving the lithium metal anode could ultimately be settled by using the 

carbon materials as the anode instead of the lithium metal anode, permanently 
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eliminating any possible dendrite growth in the anode surface. It was a very striking 

event to both the battery industry and the academic community because Sony has no 

previous experience with battery manufacturing at that time. Their manufacuturing 

technology was completely different from those of conventional rechargeable 

batteries such as Ni-Cd and was based on magnetic tape manufacturing process. 

Since its commercialization by Sony in 1991, there has been no fundamental 

changes in the chemistry of commercial lithium ion batteries, even though the 

capacity has been constantly increasing year by year.21 The improvement in capacity 

or energy density is mostly due to electrode design and manufacturing process 

technology rather than intrinsic increase of capacity in the cathode or anode materials. 

1.2 BASIC OPERATING PRINCIPLE 

Generally speaking, battery can be defined as an electrochemical cell, which 

can provide electricity by converting stored chemical energy. A battery is usually 

comprised of a cathode, anode, electrolyte, and separator. During the discharge 

process, electrons pass from the anode to the cathode through an external load and 

ions flow through the electrolyte, leading to the oxidation of the anode and the 

reduction of the cathode. During the charge process, electrons are forced to move in 

the opposite direction by an external power to store chemical energy in the battery.  

In the case of the lithium ion battery, both the anode and cathode are lithium 

intercalation compounds and the lithium ion shuttles between the electrode through 
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the electrolyte during charge-discharge process as shown in Figure 1.2. During charge 

process, lithium ions are deintercalated from the cathode, travel through the 

electrolyte, and get intercalated into the graphite anode. The reverse process occurs 

on discharge process. Because of this lithium ion movement, the lithium ion battery is 

often called as “rocking chair”, or “swing”, or “shuttlecock” battery.22  

From a thermodynamic consideration, the open circuit voltage Voc of a lithium 

ion battery can be defined as the difference in the electrochemical potentials of the 

lithium ion between the anode and the cathode divided by the electronic charge or the 

Faraday’s constant as shown in Figure 1.3. Since the chemical potential of lithium ion 

 

 

 

 

 

 

 

 

Figure 1.2 Schematic illustration of lithium ion battery during the charge-discharge 
process. 

 7



 

 

 

 

 

 

 

 

Figure 1.3 Schematics of the energies involved in.23

is involved in determining the open circuit voltage Voc, it is affected not only by the 

difference in the work functions of the cathode and anode, but also by the crystal 

structure and the coordination geometry of the sites occupied for lithium ions.  

1.3 MATERIALS FOR LITHIUM ION BATTERY 

Figure 1.4 shows the schematic diagram of a commercial cylindrical lithium 

ion cell used mostly in the laptop computer battery pack as one of 6 or 8 connected 

cells.24 The electrodes are coated on the metallic current collector (cathode-Al, anode-

Cu) with a thickness of less than 200 μm and spirally wound together with a 

polymeric separator in between the anode and cathode. The electrolyte is injected 
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later to fill up all the pores in the electrodes as well as the separator. This type of cell 

consideration with thinner and larger surface electrodes was devised to overcome a 

lower conductivity of the nonaqueous electrolytes compared with that of the aqueous 

electrolyte in the Ni-Cd batteries.  

 

 

 

 

 

 

 

 

Figure 1.4 Schematic diagram of cylindrical lithium ion battery.24

The electrodes (anode and cathode) of lithium ion battery consist of the active 

materials (LiCoO2 for cathode and graphite for anode), polymeric binder, and 

conductive carbon. The binder gives the mechanical strength necessary to maintain 

the integrity of the electrode not only during the manufacturing process, but also 

during the service, because both the active materials experience a volume change 
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during the charge-discharge process. The role of conductive carbon is to provide the 

electronic conductivity in order to minimize the ohmic resistance of the electrode. 

Even though LiCoO2 and graphite exhibit good electronic conductivity, it is much 

improved with the addition of high surface area carbon such as acetylene black.  

1.3.1 Electrode materials 

1.3.1.1 Requirements 

There are several requirements for the electrode materials to be successfully 

adopted in lithium ion batteries: 

1) In order to maximize the cell voltage and thus the energy density, the 

difference in the lithium chemical potential between the cathode and 

anode must be large. For this reason, the cathode candidate material 

should have a high lithium chemical potential and the anode candidate 

material should have a low lithium chemical potential. 

2) It should be able to insert a large number of lithium to maximize the 

reversible capacity. 

3) It should maintain the structure or endure the change in the structure 

during the lithium insertion/extraction process, providing good cyclability. 
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4) It should support good electronic and ionic conductivities to facilitate high 

charge-discharge rates. 

5) It should be chemically stable with the electrolyte within the operating 

voltage and temperature ranges. 

6) It should be inexpensive and preferably environmentally benign. 

1.3.1.2 Cathode Materials 

Most of the commercial lithium ion batteries have employed the layered 

LiCoO2 as a cathode material since the introduction of lithium ion batteries in 1991. 

However, there are several shortcomings with LiCoO2, such as the relatively lower 

reversible capacity, safety issues, and cost, which have ignited a wide investigation of 

alternative cathode materials. Major candidate materials can be classified according to 

their crystal structures: LiNi1-yMyO2 with the same layered structure as LiCoO2 for 

high capacity,25-32,85-88 and LiMn2O4 with the spinel structure33,36-38 and LiFePO4 with 

the olivine structure34,35 for improved safety and lower cost. The layered materials 

with high capacity are the subject of my dissertation and will be discussed later in 

section 1.4. 

 11



Spinel structure 

Figure 1.5 shows the crystal structure of spinel LiMn2O4. It can be described 

as a cubic close-packed oxygen array with Li+ ions filling 1/8 of tetrahedral sites and 

Mn3+ or Mn4+ sites filling 1/2 of the octahedral sites. Unlike the layered structure, 

which has two-dimensional diffusion path for Li+, the spinel structure has a three- 

dimensional diffusion path for Li+ involving unoccupied octahedral sites, enabling 

high rate capability.  

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Crystal structure of spinel LiMn2O4. 
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The spinel LiMn2O4 has several advantages over the layered LiCoO2 in terms 

of its safer chemistry and lower cost compared to LiCoO2. However, it is suffering 

from poor cyclability especially at elevated temperatures and lower capacity, 

preventing LiMn2O4 from competing with LiCoO2. The severe capacity fade of 

LiMn2O4 is attributed mostly to the dissolution of manganese from the lattice with a 

disproportiontion of Mn3+ to Mn2+ and Mn4+, and microstrains arising from the lattice 

parameter difference between the two cubic phases formed during the charge-

discharge process.36-38 Substituting lithium or other transition metals for manganese 

significantly improves the cyclability of the spinel cathodes by increasing the 

oxidation state of manganese, and thereby depressing the manganese dissolution and 

minimizing the lattice parameter differences between the two cubic phases.37,38 

However, the substituted spinels show a lower capacity than the unsubstituted ones, 

which is a critical shortcoming for applications. Nevertheless, the spinel LiMn2O4 is 

still widely investigated for larger applications such as HEV due to its several 

attractive merits like low cost, safety, and high power.  

Olivine structure  

There had been many attempts to make a viable cathode material using Fe 

because of its huge advantage in cost and toxicity. Padhi et al34 first reported the 

olivine LiFePO4 as a successful candidate material containing Fe. The olivine 

LiFePO4 shows a flat discharge voltage of around 3.3 V and a reversible capacity of  
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Figure 1.6 Crystal structure of olivine LiFePO4. 

as high as 150 mAh/g. However, it suffers from low electronic conducitivity arising 

from the Fe-O-P-O-Fe linkage, as shown in Figure 1.6. The synthesis of nano-sized 

particles together with carbon coating has been suggested as an effective way to 

improve the electronic conductivity.39-41 

1.3.1.3 Anode Materials 

As mentioned earlier in section 1.1, despite its much lower capacity compared 

to that of the metallic lithium anode, graphite has been successfully used as an anode 

material for lithium ion battery. With an aim to develop high capacity lithium ion 

battery, there have been a lot of effort to replace the graphite with a theoretical 

capacity of 372 mAh/g by less crystallized carboneous materials or lithium alloy 

compounds, which show much higher capacities.42-45 However, high irreversible 

capacity in the first cycle and the very large volume expansion during the charge-
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discharge process of those materials pose problems for them to be considered as 

competitive candidate materials.  

1.3.2 Electrolyte 

The lithium ion battery electrolyte must satisfy several fundamental 

requirements: (1) high ionic conductivity to give sufficient rate capability, (2) wide 

potential window to provide electrochemical stability, (3) thermal and chemical 

stability to guarantee safety, (4) low reactivity with other constituents in the battery, 

and (5) non-toxicity. The electrolyte is comprised of several organic solvents and 

lithium salt that satisfy these characteristics.  

Alkyl carbonates have been widely adopted as organic solvents in lithium ion 

batteries. Since it is rather difficult to meet the above conditions with a single alkyl 

carbonate, combinations of several alkyl carbonates have been intensively 

investigated to compensate for the disadvantages of individual candidates. Generally, 

viable combinations of solvent include the cyclic esters such as ethylene carbonate 

(EC) and linear esters such as dimethyl carbonate (DMC). The cyclic esters that show 

higher permittivities favorable to high ionic conductivity suffer from higher 

viscosities due to their strong intermolecular forces. On the other hand, the linear 

esters have both lower viscosities and permittivities, owing to their molecular 

structures that allow easy rotation of the alkyl groups.  
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There are several electrolyte additives, which can significantly improve the 

electrochemical performances such as cyclability as well as the safety of the lithium 

ion battery.46 The implementation of adding electrolyte additives is the most cost-

saving way of improving the performance of lithium ion batteries, so extensive 

studies on the electrolyte additive have been carried out mostly by industrial research 

projects. The role of electrolyte additives is known to change the chemistry of the 

electrode surface (both anode and cathode), during first charge or the charge-

discharge beyond operating voltage,47 leading to desired characteristics.  

1.3.3 Other materials 

1.3.3.1 Separator 

The separator is conventionally made of polyethylene (PE) or polypropylene 

(PP) or multi-layered films such as PP/PE/PP. The primary role of a separator is to 

separate the cathode and anode electronically to avoid any kind of internal short-

circuit that can lead to loss of available capacity and even to serious overheating. 

Additionally, it can operate as a safety device by closing the pores, known as 

shutdown, when the temperature increases abnormally as in the case of overcharging 

beyond the voltage limit. Once the pores are closed, the flow of lithium ion from the 

anode and cathode is not possible, protecting the battery from further overcharging.  
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1.3.3.2 Safety Device 

The lithium ion battery in the fully charged state tends to explode or catch fire 

when the temperature goes above 150 oC, because charged electrode materials, Li1-

xCoO2 and LixC6, experience thermal instability, resulting in excessive self-heating. 

The trigger reaction, which has the lowest on-set temperature and iginite other 

exothermic reactions, is known to be the decomposition of cathode materials emitting  

oxygen gas.48,49 Therefore, it is very important to protect the lithium ion battery from 

excessive heat, which is usually generated by overcharging following a 

malfunctioning of defective control circuit.  

There are two safety devices installed in the commercial lithium ion battery. 

One of them is a PTC (positive temperature coefficient), which protects the lithium 

ion battery from excessive charging or discharging current. The PTC is a blend of 

carbon and polymer with metal plates on both sides. When the current or heat is over 

its critical limit, the polymer is designed to expand abruptly, disconnecting carbon-

carbon conductive path and thus prevent further flow of current. The other is a safety 

vent and the operating principle is shown in Figure 1.7. When high gas pressure 

caused by excessive overcharging builds up inside the cell, the aluminum disk is  
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Figure 1.7 Mechanism of Current Interruption Device24: (1) Al disk and (2) Al lead. 

pushed upward and the contact between the aluminum disk and cathode lead becomes 

broken, leading to the disconnection of further charging current.24   

1.4 LAYERED LITHIUM TRANSITION METAL OXIDE CATHODES 

The layered lithium transition metal oxides with the general formula LiMO2 

(M = Co or Ni or Mn or their solid solutions) show a higher reversible capacity of 

140 to 200 mAh/g than other candidate cathode materials. The theoretical capacity of 

the layered lithium transition metal oxide is about 280 mAh/g, but only a portion of 

lithium can be reversibly extracted and inserted, limiting the reversible capacity to 

much less than the theoretical capacity. The chemical and structural instabilities are 

suggested as reasons for limited reversible capacities.50-58 
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1.4.1 Crystal Structure 

The crystal structure of an ideal layered oxide, as shown in Fig. 1.8, is based 

upon cubic close packed oxygen framework with Li+ and Mn+ ions filling the 

octahedral sites in the alternate (111) planes of the rock salt lattice. Large ionic radius 

difference between Li+ and Mn+ stabilizes the two-dimensional structure despite 

stronger columbic interaction between Mn+ ion in the same (111) plane.58 If the ionic 

radius difference between Li+ and Mn+ is not enough to overcome the columbic 

interaction between Mn+ ions, some of the Li+ and Mn+ ions switch their positions 

leading to a so-called cation disorder. Alternatively if the ionic radius difference is 

even smaller, other structures are formed as in the case of LiFeO2.58 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8 Crystal Structure of an ideal layered LiMO2 cathode. 
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1.4.2 Structural Nomenclature 

In general, the layered AMO2 (A = alkali metal and M = transition metal) 

oxides in which the A+ ions reside between the MO2 sheets formed by edge-shared 

MO6 octahedra can be classified by the coordination environment for the alkali-metal 

ions (octahedral, prismatic, or tetrahedral) and the number of MO2 sheets per unit 

cell. For example, the AMO2 oxides can have various types of structure such as O3, 

P3, O1, and T1 according to this classification.59 

With this classification, the LiMO2 (M = Co and Ni) oxides have the O3 type 

structure (space group: mR3 ) as shown in Fig. 1.9a, in which the lithium ions occupy 

the octahedral sites with three MO2 sheets per unit cell and an oxygen stacking 

sequence of ABCABC along the c axis. The MO2 sheets can, however, slide readily  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9 Crystal structures of (a) O3-type, (b) O1-type, and (c) P3-type layered 
structure 
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during the lithium extraction (charging) process, yielding O1 type (space group: 

13mP ) or P3 type structures (space group: R3m) that have an oxygen stacking 

sequence of, respectively, ABABAB and AABBCC along the c axis (Figs.1.9b and 

c). 

1.4.3 LiCoO2 

LiCoO2 has been exploited as a cathode material for most of the commercial 

lithium ion batteries since its commercialization in 1991. The popularity of LiCoO2 is 

due to its several advantageous features such as ease of synthesis, high reversibility, 

and high rate capability. LiCoO2 has the ideal layered structure due to the large 

difference in ionic radius between Li+ and Co3+, enabling high two-dimensional Li+ 

diffusion rate. On the other hand, the edge-shared CoO6 octahedra with a direct Co-

Co interaction promote good electronic conductivity.60 Combination of high lithium 

diffusion rate and electronic conductivity provides good rate capability. However, 

LiCoO2 shows a limited reversible capacity of 140 mAh/g, corresponding to 0.5 

lithium for LiCoO2 formula. Also, it is expensive and toxic. 

The limitation in the reversible capacity of LiCoO2 can be explained on the 

basis of the chemical instability of the Co3+/4+ redox couple.52-57  Figure 1.10 shows 

the position of the Co3+/4+:t2g band that is significantly overlapping with the O2-:2p 

band. At a deeper lithium extraction with (1-x) < 0.5, the electrons can be removed 
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not only from the Co3+/4+:t2g but also from the O2-:2p band, causing a chemical 

instability in Li1-xCoO2.  

1.4.4 LiNi1-yMyO2 

In an effort to develop high capacity cathode materials, layered LiNiO2 has 

been widely studied. The higher reversible capacity of LiNiO2 compared to that of 

LiCoO2 could also be explained on the basis of the better chemical stability of the 

Ni3+/4+ redox couple.53-55,61 Unlike the Co3+/4+:t2g band, Ni3+/4+:eg band locates above 

the O2-:2p band and allows the electrons to be removed with lithium extraction mostly 

from the Ni3+/4+:eg band, not from the O2-:2p band, providing better chemical stability 

to LiNiO2 compared to LiCoO2.  

 

 

 

 

 

 

Figure 1.10 Comparison of the qualitative energy diagrams of Li1-xCoO2 and 
Li1xNiO2.60
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However, LiNiO2 suffers from several critical shortcomings preventing its 

potential application. It is very difficult to obtain a perfectly ordered structure for 

LiNiO2 with all lithium ions in the lithium plane and all the Ni3+ ions in the nickel 

plane.61,62 There is always some amount of nickel ions in the lithium layer, strongly 

binding the NiO2 layers and reducing the lithium diffusion rate. It also experiences 

irreversible phase transitions during charge-discharge process,63,64 which is 

detrimental to the cyclability. More importantly, charged Li1-xNiO2 undergoes a 

spontaneous exothermic reaction with the release of oxygen at elevated temperature,48 

posing a potential safety issue with practical lithium ion cells.  

 In order to overcome these weaknesses, several cationic substitutions such as 

LiNi1-yCoyO2,25-27 LiNi1-yMnyO2,28-30 and LiNi1-y-zMnyCozO2
31,32,85-88 are being 

intensively studied. For example, the substitution by cobalt was shown to be effective 

in obtaining a two-dimensional structure without significant cation disorder and in 

suppressing unsatisfactory phase transformations during the charge-discharge process. 

The exothermic reaction at elevated temperature could also be minimized with Mn or 

Al substitution by making the delithiated phases more stable. 

1.4.5 LiMnO2 

Layered LiMnO2 is not a thermodynamically stable phase and can only be 

obtained by an ion exchange of NaMnO2 in LiBr containing solution65 or partial 
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substitution of Al, Ga, or Cr.66 However, these metastable layered LiMnO2 or LiMn1-

yMyO2 tend to experience phase transitions from layered to spinel structure over only 

a few cycles, developing a plateau around 3 V that is undesirable. This phase 

transformation is induced by the migration of transition metal ions from the transition 

metal plane to vacant lithium sites in the lithium plane via neighboring tetrahedral 

site.67-69 While the Co3+ ion is unable to migrate, the Mn3+ and Ni3+ ions readily 

migrate via the tetraheral sites at, respectively, room temperature or elevated 

temperature, leading to structural instabilities in charged Li1-xNiO2 and Li1-xMnO2. 

The difference can be explained by considering the crystal field stabilization energies  

Table 1.2 Crystal field stabilization energies and octahedral site stabilization energies 
of nickel, cobalt, and manganese ions.69

Octaheral  
coordination   Tetrahedral  

coordination Ions 
Configuration CFSE   Configuration CFSEb

OSSE 

Ni3+:3d7 (LSa) t2g
6eg

1 -18Dq  e4t2
3 -5.33Dq -12.67Dq 

Ni4+:3d6 (LS) t2g
6eg

0 -24Dq  e3t2
3 -2.67Dq -21.33Dq 

Co3+:3d6 (LS) t2g
6eg

0 -24Dq  e3t2
3 -2.67Dq -21.33Dq 

Co4+:3d5 (LS) t2g
5eg

0 -20Dq  e2t2
3 0Dq -20.00Dq 

Mn3+:3d4 (HS) t2g
3eg

1 -6Dq  e2t2
2 -1.78Dq -4.22Dq 

Mn4+:3d3 (HS) t2g
3eg

0 -12Dq   e2t2
1 -3.56Dq -8.44Dq 

a. LS and HS refer, respectively to low spin and high spin configurations. 
b. Obtained by assuming Δt = 4/9Δo; Δt and Δo refer, respectively,  
    to tetrahedral and octahedral splittings. 
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of each ion, as given in Table 1.2. A small site energy difference between the 

octahedral site and tetraheral site in the high spin Mn3+:3d4 ion and the low spin 

Ni3+:3d7 ion makes these ions to migrate to the tetrahedral site and then to the 

octahedral site in the lithium layer. In contrast, a large site energy difference for the 

low spin Co3+:3d6 ions, strongly favoring the octahedral site, resists its migration to 

the tetraheral site. 

1.5 OBJECTIVES 

The primary objective of this dissertation is to develop a firm fundamental 

understanding of the chemical and structural factors that control and limit the 

electrochemical performance parameters such as the capacity, cyclability, and rate 

capability of the layered oxide cathodes, LiNi1-y-zMnyCozO2. To accomplish this, 

lithium is extracted chemically from layered oxides to obtain bulk samples free from 

carbon and binders and characterized chemically and structurally, while most studies 

in the literature have invariably focused on mainly the structural characterization of 

electrochemically charged cathodes. The understanding obtained is then used to 

develop improved cathode compositions. 

After providing the general experimental procedures in Chapter 2, the proton 

contents in chemically delithiated Li1-xMO2 layered oxides that were determined 

quantitatively using Prompt Gamma-Ray Activation Analysis (PGAA) in order to 

elucidate the charge compensation mechanism at deep lithium extraction are 
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presented in Chapter 3. The PGAA data are complemented with the redox titration, 

thermogravimetric analysis (TGA), and mass spectroscopic results. 

In Chapter 4, the chemical stability of the layered Li1-xNi1/3Mn1/3Co1/3O2 

investigated by monitoring the average oxidation state of the transition metal ions 

with lithium content (1-x) in chemically delithiated samples and correlating it to the 

observed electrochemical properties such as the reversible capacity limits are 

presented.  

Chapters 5 and 6 explore the crystal chemistry, and electrochemical 

performances such as capacity, cyclability, and rate capability of three series of 

compositions, LiNi0.5-yMn0.5-yCo2yO2, LiCo0.5-yNi0.5-yMn2yO2, and LiNi0.5-yCo0.5-

yMn2yO2. From the investigation, the factors influencing the electrochemical 

performances and phase relationships in chemically delithiated samples and the 

optimum compositional range in the layered LiNi1-y-zMnyCozO2 cathodes are 

discussed. 

Chapter 7 presents the chemical and structural characterization of the 

analogous Na0.75-xCoO2 system with an aim to identify and understand the differences 

between the Li1-xCoO2 and Na0.75-xCoO2 systems. 
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CHAPTER 2 

General Experimental Techniques 

2.1 MATERIALS SYNTHESIS 

All the layered LiNi1-y-zMnyCozO2 oxides used in this study were synthesized 

either by conventional solid-state methods or by co-precipitation procedures. LiCoO2 

was synthesized by solid-state reaction between Li2CO3 (99.0 % purity, Alfa Aesar) 

and Co3O4 (reagent grade, GFS chemicals) at 900 °C for 24 h in air. The other LiNi1-

y-zMnyCozO2 samples were synthesized by a co-precipitation method. Required 

amounts of the metal acetates (Ni(CH3CO2)2·xH2O (99+ %, Alfa Aesar), 

Mn(CH3CO2)2·xH2O (99+ %, Acros organics), Co(CH3CO2)2·xH2O (98+ %, Alfa 

Aesar)) were first dissolved in de-ionized water. This solution was slowly dropped 

into a stirred solution of 0.1 M LiOH (laboratory grade, Fischer scientific) solution 

using a burette to co-precipitate the metal ions as fine hydroxides, Ni1-y-

zMnyCoz(OH)2, with a homogeneous cation distribution. The precipitate was filtered 

and washed with additional de-ionized water to remove any residual Li salts, and 

dried overnight at 100 °C in an air oven. The dried precipitate of mixed metal 

hydroxide was then ground with a 7 atom % excess LiOH.H2O (laboratory grade, 

Fischer scientific) for at least 30 min and fired at a specific temperature and 

atmosphere mentioned in the later chapters for respective compounds.  7 atom % 
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excess lithium was used in order to compensate for any volatilization of lithium that 

may occur during the high temperature firing. 

2.2 CHEMICAL LITHIUM EXTRACTION 

Chemical extraction of lithium was carried out by stirring the LiNi1-y-

zMnyCozO2 powders in an acetonitrile solution with an oxidizer of NO2BF4 for 2 days 

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

Equation 2.1: 

 

LiNi1-y-zMnyCozO2 + x NO2BF4  

→  Li1-xNi1-y-zMnyCozO2 + x NO2 + x LiBF4  [2.1] 

 

Li1-xNi1-y-zMnyCozO2 powders with various values of lithium contents (1-x) 

could be obtained by controlling the molar ratio of LiNi1-y-zMnyCozO2:NO2BF4 in the 

initial reaction mixture with some excess amounts of NO2BF4. The reaction products 

were washed several times with acetonitrile under argon to remove LiBF4 and dried 

under vacuum at ambient temperature. After drying, delithiated samples were 

collected inside an argon-filled glove box.  

Among several other oxidizers such as Br2 and I2, NO2BF4 was chosen 

because of its high enough oxidizing power to oxidize M3+ to M4+ and to synthesize 
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Li1-xNi1-y-zMnyCozO2 for the entire range of 0 ≤ (1-x) ≤ 1. According to the report by 

Wizansky et al,70 the NO2
+/NO2 redox couple shows an oxidizing power of 2.1 V vs. 

NHE (Normal Hydrogen Electrode), which corresponds to 5.1 V vs. lithium metal, 

leading to a complete extraction of lithium from the Li1-xNi1-y-zMnyCozO2 oxides. 

2.3 MATERIALS CHARACTERIZATION 

All the layered Li1-xNi1-y-zMnyCozO2 samples synthesized were characterized 

by the following techniques.  

2.3.1 X-ray powder diffraction (XRD) 

Structural characterizations were carried out using a Philips X-ray 

diffractometer 3550 with Cu Kα radiation. The X-ray diffraction data were collected 

either at a fast scan rate of 0.05o per 2 seconds or at a slow scan rate of 0.02o per 5 

seconds between 10 and 80o. Samples were typically prepared by adding a few drops 

of amyl acetate to the ground powder on a microscopic glass slide and spreading 

uniformly. The recorded X-ray diffraction patterns were then compared with the 

electronic JCPDS files using the JADE software. For more detailed analysis, Rietveld 

refinement of the X-ray diffraction data was carried out with the DBWS-9411 

program.71,72 
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2.3.2 Atomic Absorption Spectroscopy (AAS) 

The lithium contents (1-x) in the Li1-xNi1-y-zMnyCozO2 samples were 

determined with a Perkin-Elmer 1100 atomic absorption spectrometer (AAS). The 

AAS solutions were typically prepared by adding about 30 mg of the Li1-xNi1-y-

zMnyCozO2 sample into concentrated HCl acid in a small beaker (50 mL) and keeping 

it on the hot plate at around 60 °C for about half an hour to dissolve the sample 

completely. The dissolved sample solutions were diluted to the required 

concentrations with de-ionized water. A lithium standard solution of 2.00 mg/L was 

prepared with lithium carbonate (Li2CO3). 

2.3.3 Redox Titration 

The average oxidation states of the transition metal ions Ni1-y-zMnyCoz
(2+n)+ in 

the Li1-xNi1-y-zMnyCozO2 samples were determined by iodometric titration.73 About 40 

mg of the sample was dissolved in a solution of 15 mL of 10 wt % KI and 10 mL of 

3.5 N HCl. The liberated iodine was titrated against 0.03 N sodium thiosulfate 

solution with starch as the indicator. The following equations summarize the overall 

reactions: 

 

Ni1-y-zMnyCoz
(2+n)+ + n I-  → n/2 I2  + Ni1-y-zMnyCoz

 2+            [2-2] 
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n/2 I2 + n (S2O3)2- → n I- + n/2 (S4O6)2-                                        [2-3] 

 

The average oxidation state (2+n)+ was calculated based on the amount of 

thiosulfate consumed: 

 

  n = (0.03 × V × FW)/ (SW)                                          [2-4] 

 

where, V is the volume in mL of the thiosulfate consumed in the titration, FW is the 

formula weight of the sample, and SW is actual weight of the sample (in mg).  

2.3.4 Prompt Gamma-Ray Activation Analysis (PGAA) 

Quantitative measurements of hydrogen contents in the chemically delithiated 

samples were carried out with Prompt Gamma-Ray Activation Analysis (PGAA). 

PGAA is a nuclear, nondestructive technique employed for measuring trace 

concentrations of short lived, light elements such as hydrogen and boron, which are 

difficult to be determined with other traditional techniques.74,75 The gamma-ray 

detector in PGAA consists of high purity germanium (HPGe) to detect the prompt 

gamma-rays released immediately after the capture of neutron by hydrogen present in 

the sample being irradiated. The compound nuclei formed de-excite via emission of 
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these prompt gamma-rays in less than a nanosecond. Hydrogen has a single prompt 

gamma-ray peak (100 % yield) at 2223.25 keV and it is straightforward to detect it 

with PGAA as shown by the following reaction 2.5. 

 

   [2.5] γ0
0

2
1

*2
1

1
0

1
1 +→→+ HHnH

 

 The chemically delithiated samples were kept in a vacuum oven at 75 oC 

before analyzing by PGAA to remove any adsorbed water on the surface. Specially 

designed Teflon samples holders were used for packaging the samples to minimize 

background sources of hydrogen that are present in polyethylene vials. During 

experiments, Teflon holders were filled with helium to avoid contamination from 

ambient moisture 

2.3.5 Mass Spectrometry 

Mass spectrometric analysis was performed to identify the molecules or 

fragments coming out of the chemically delithiated samples when heating up to 600 

oC at a heating rate of 20 oC/min using a Micromass AutoSpec – Ultima instrument. 

The gas-phase ions produced from the samples were separated with respect to their 

mass-to-charge ratio (m/z) by a combination of electric and magnetic  

 32



 

 

 

 

 

 

Figure 2.1 Schematics of magnetc mass spectrometer76

field. The mass spectrum was generated by measuring the ion currents or the flux of 

ions at each value of m/z over a certain mass range. 

2.3.6 Thermogravimetric Analysis (TGA) 

A Perkin-Elmer series 7 thermogravimetric analyzer (TGA) was used to study 

the thermal behavior (change in mass with temperature) of the samples. 

2.3.7 Surface Area Measurement 

Surface area measurements were carried out by the Brunauer-Emmett-Teller 

(BET) method with a Quantochrome Autosorb instrument and N2 adsorption.  Before 

the measurements, the samples were outgassed overnight at 150 oC to remove any 

previously adsorbed gas molecules.  
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2.3.8 Scanning Electron Microscopy (SEM) 

Morphology of the powder samples was studied with a JEOL JSM-5610 

scanning electron microscope (SEM). 

2.4 ELECTROCHEMICAL CHARACTERIZATION 

2.4.1 Electrode fabrication and cell configuration 

The cathodes for evaluating the electrochemical performance were prepared 

by mixing 75 wt. % Li1-xNi1-y-zMnyCozO2 cathode powder with 20 wt. % acetylene 

black and 5 wt. % PTFE binder in a mortar, rolling the mixture into thin sheets of 

about 0.1 – 0.2 mm thick, and cutting into circular electrodes of 0.64 cm2 area. 

CR2032 coin cells were then assembled with the cathode thus fabricated, separator, 

lithium metal anode, and 1 M LiPF6 in ethylene carbonate (EC)/diethyl carbonate 

(DEC) electrolyte (from EM Science, battery grade) in an argon-filled glove box.  

2.4.2 Cycle and rate capability test 

Cycle performance testing of the LiNi1-y-zMnyCozO2 oxides was evaluated 

using an Arbin battery cycler. Coin cells were cycled between various cutoff charge 

voltages (4.3 – 4.7 V) and 3.0 V at C/5 rate up to 50 cycles. The rate capabilities were 

evaluated by first charging the cathodes at C/10 rate and then discharging at various 

rates (C/10 to 4C rate) between 4.3 and 3.0 V. A low cutoff charge voltage of 4.3 V 

 34



was chosen for the rate capability tests to minimize the effects of any capacity 

degradation that may occur due to poor cycling properties at higher cutoff voltages. 

2.4.3 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) was carried out between 2.5 and 4.8 V at a scan rate 

of 50 μV/s for 2 cycles using a potentiostat. Same type of coin cell was used for CV 

as that for the cycle and rate capability tests. 
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CHAPTER 3 

Proton Insertion into Oxide Cathodes during Chemical Delithiation 

3.1 INTRODUCTION 

Layered LiCoO2 is used as the cathode in most of the commercial lithium-ion 

cells and only 50 % of its theoretical capacity, which corresponds to a reversible 

extraction of 0.5 lithium per Co, could be used in practical cells. In contrast, the 

nickel-containing compositions such as LiNi1/2Mn1/2O2, LiNi1/3Mn1/3Co1/3O2, and 

LiNi0.85Co0.15O2 exhibit higher reversible capacities of 160 – 200 mAh/g25-32 although 

they all have the same O3 type structure like LiCoO2. To understand the factors 

controlling and limiting the reversible capacities, our group has been focusing on the 

chemical and structural characterization of bulk delithiated samples obtained by 

chemically extracting lithium from the layered oxides with the oxidizer NO2BF4 in 

acetonitrile medium as discussed in chapter 1.52-56 

An analysis of the oxidation state of the transition metal ions in the chemically 

delithiated phases by a redox iodometric titration has shown that the oxidation state 

deviates from the theoretically expected value (solid line) and remains constant at 

deep lithium extraction although Li+ ions are continuously being extracted (Fig. 3.1). 

However, the lithium content at which the oxidation state begins to remain constant  
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Figure 3.1 Comparisons of the variations of the average oxidation state of the 
transition metal ions with lithium content (1-x) in Li1-xNi1-y-zMnyCozO2. The solid line 
refers to the theoretically expected oxidation state.52-56

depends on the layered oxide system. For example, while the oxidation state of cobalt 

in the Li1-xCoO2 system becomes constant for (1-x) < 0.5, the average oxidation state 

of the transition metal ions in the other systems in Fig. 3.1 becomes constant at a 

lower lithium content of 0.3 – 0.4. The charge compensation during lithium extraction, 

while the oxidation state deviates from the theoretically expected value, could be 

accommodated by either a loss of oxygen from the lattice or an exchange of lithium 

ions by protons from the reaction medium. Either situation (ion exchange by protons 

or oxygen loss) may reflect the onset of chemical instability in the system. Thus the 

chemical delithiation experiments may serve as a tool to assess the relative chemical 

stability of the layered oxide cathodes with various transition metal ions. The 
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deviation of the oxidation state from the theoretical value at a higher lithium content 

(1-x) < 0.5 in Li1-xCoO2 compared to that in the Ni- and Mn-rich systems ((1-x) < 0.4) 

in Fig. 3.1 may imply a greater chemical instability and consequently a lower 

reversible capacity for the LiCoO2 system. 

In previous studies,52-56 our group attributed the constancy of the oxidation 

state of the transition metal ions at lower lithium contents to a loss of oxygen from the 

lattice, assuming no proton insertion (ion exchange of Li+ by H+) occurs during the 

chemical delithiation process considering the non-aqueous (acetonitrile) reaction 

medium. However, there is a possibility of an ion exchange of Li+ by H+ ions that 

could be produced from acetonitrile in the presence of a powerful oxidizer like 

NO2BF4.77 In this regard, ion-exchange of Li+ by H+ as well as loss of oxygen from 

the lattice have been reported by Bruce et al78-80 during the electrochemical charging 

of Li2MnO3 and LixMn1-yLiyO2 beyond Mn4+.  

In this chapter, the proton contents in chemically delithiated layered Li1-xMO2 

(M = Co, Ni, Ni1/3Mn1/3Co1/3, and Ni1/2Mn1/2,) oxides are quantitatively determined  

by prompt gamma-ray activation analysis (PGAA) and this result is complemented by 

the data with the redox titration, thermogravimetric analysis (TGA), and mass 

spectroscopic results. Additionally, a comparison of (i) the chemically delithiated 

orthorhombic Li1-xMnO2, spinel Li1-xMn2O4 (4 V cathode), olivine Li1-xFePO4 oxides 

with that of the layered Li1-xMO2 oxides and (ii) the chemical delithiation of layered 
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oxides in acetonitrile and lithium ion battery electrolyte media are presented in this 

chapter. The results provide insight into the relative chemical instabilities of the 

layered, spinel, and olivine oxide cathodes. 

3.2 EXPERIMENTAL 

LiCoO2, LiNi1/3Mn1/3Co1/3O2 and LiNi1/2Mn1/2O2 oxides were synthesized by 

conventional solid-state method or by co-precipitation procedure as described in 

chapter 2. LiNiO2 was prepared by firing the precipitated nickel hydroxide and 

lithium hydroxide in O2 atmosphere at 750 oC for 24 h. Orthorhombic LiMnO2 

(designated hereafter as o-LiMnO2) was synthesized by solid state reaction between 

Li2CO3 and Mn2O3 at 1000 oC for 24 h in N2 atmosphere. LiMn2O4 was prepared by 

solid state reaction between required amounts of Li2CO3 and Mn2O3 at 800 oC for 48 

h in air. LiFePO4 was synthesized by firing required amounts of Li2CO3, 

Fe(CH3COO)2, and NH4H2PO4 first at 320 oC for 3 h in N2 atmosphere followed by 

grinding and refiring at 700 oC for 10 h.  

Chemical extraction of lithium from the various oxide cathodes was carried 

out by stirring the oxide powders with an acetonitrile solution of NO2BF4 (oxide to 

NO2BF4 molar ratio was 1:2) under argon atmosphere for 2 days as described in 

chapter 2. The lithium contents and the oxidation state of the transition metal ions 

were determined, respectively, by atomic absorption spectroscopy (AAS) and 

iodometric titration as described in chapter 2. The titration was carried out 

 39



 40

immediately after taking the samples out of the argon-filled glove box. The oxidation 

state of Fen+ ion in the Li1-xFePO4 was obtained by treating with a known excess of 

sodium oxalate and titrating the unreacted sodium oxalate with potassium 

permanganate because it is difficult to dissolve Li1-xFePO4 sample in the hydrochloric 

acid. Chemically delithiated cathodes thus obtained were characterized by 

Thermogravimetry Analysis (TGA), Mass Spectrometry, and Prompt Gamma-Ray 

Activation Analysis (PGAA) data as described in chapter 2. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Redox Titration and PGAA 

Table 3.1 summarizes the hydrogen content values measured by the PGAA 

technique for the various chemically delithiated oxide cathodes. The data reveal the 

insertion of a significant amount of protons due to an ion exchange of Li+ by H+ at 

deep lithium extraction in the case of layered Li1-xCoO2, Li1-xNi1/3Mn1/3Co1/3O2, and 

Li1-xNi1/2Mn1/2O2. However, little or no proton is inserted in cases like layered Li1-

xNiO2, o-Li1-xMnO2, spinel Li1-xMn2O4 (4 V cathode), and olivine Li1-xFePO4. The 

difference may be related to the good chemical stability of the Mn3+/4+ and Fe2+/3+ 

couples and the chemical instability of the Co3+/4+ couple at deep lithium extraction. 

However, with the same Ni3+/4+ couple, layered Li1-xNi1/2Mn1/2O2 incorporates 

significant amount of proton while Li1-xNiO2 with same layered structure does not.  
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Table 3.1 Chemical analysis and PGAA data of the chemically delithiated (with NO2BF4 in acetonitrile medium) oxide 
cathodes  

Compound Structure H content 
from PGAA Li content Mn+                   Compositiona

LiCoO2 Layered 0.33  0.05  3.54  H0.41Li0.05CoO2

LiNiO2 Layered 0.03  0.09  3.92  Li0.09NiO2

LiNi1/3Mn1/3Co1/3O2 Layered 0.48  0.02  3.58  H0.40Li0.02Ni1/3Mn1/3Co1/3O2

LiNi1/2Mn1/2O2 Layered 0.34  0.08  3.58  H0.34Li0.08Ni1/2Mn1/2O2

o-LiMnO2 Orthorhombic 0.03  0.25  3.70  H0.05Li0.25MnO2

LiMn2O4 Spinel 0.03  0.06  3.97  Li0.06Mn2O4

LiFePO4 Olivine 0.00  0.00  3.00  FePO4

a Obtained based on the Li content and oxidation state analysis assuming no oxygen loss occurs.
 

 



This could be related to the position of the Ni3+/4+ band relative to the top of the O2-

:2p band depending upon the composition, structure, and atomic arrangement.52-56,81

Table 3.1 also gives the hydrogen content values calculated based on the 

lithium content determined by atomic absorption spectroscopy and the oxidation state 

values obtained from the redox titration assuming no oxygen loss occurs during 

chemical delithiation and employing charge neutrality principle. The close agreement 

between the hydrogen content values obtained with PGAA and calculated from the 

redox titration validates the applicability of PGAA to obtain hydrogen content 

quantitatively. The data in table 3.1 reveal that an ion exchange of Li+ by H+ occur at 

deep lithium extraction rather than oxygen loss from the lattice in the case of the 

layered Li1-xMO2 oxides. Although our group previously attributed the deviation 

(lowering) of the oxidation state from the theoretical value (Fig. 3.1) to a loss of 

oxygen from the lattice as we did not have a clear cut evidence for the presence of 

protons in the samples,52-56 the PGAA experiments establish that the charge 

compensation occurs by an ion exchange of Li+ by H+ in chemically delithiated 

samples at deep lithium extraction. 
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3.3.2 TGA analysis and Mass spectrometry 

The presence or absence of protons in a few cases (Table 3.1) is also 

complemented by the TGA and mass spectrometry data as seen in Figs. 3.2 – 3.6. The 

observed weight loss of 12.0 % (Fig. 3.2a) agrees well with the expected weight loss 

of 11.5 % for the formula H0.41Li0.05CoO2 with proton in the lattice rather than with 

the expected weight loss of 7.8 % for the formula Li0.05CoO1.80 with a loss of oxygen 

from the lattice with the same oxidation state of 3.54+ for Co in both the formulas, 

assuming the final product after TGA to be 0.05 LiCoO2 and 0.95/3 Co3O4 as 

indicated by the X-ray diffraction data. On the other hand, the observed weight loss of 

Li0.08NiO2 showing chemical stability with no proton or loss of oxygen expected 

(Table 3.1) is found to be 15.6 % (Fig 3.2b) which agrees well with the calculated 

weight loss of 16.1 %, assuming the final product after TGA to be 0.08 LiNiO2 and 

0.92 NiO2 as observed by the X-ray diffraction data. The identifications of chemically 

delithiated formula by comparing the observed weight loss to the calculated weight 

loss were only possible for Li1-xCoO2 and Li1-xNiO2 because other compositions 

containing the manganese such as LiNi1/3Mn1/3Co1/3O2 show the final products mixed 

with 2 or more phases, making it very difficult to calculate the expected weight losses, 

as shown in Figure 3.3. 
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Figure 3.2 TGA plot of chemically delithiated (a) H0.41Li0.05CoO2 and (b) Li0.08NiO2.  
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Figure 3.3 TGA plot of chemically delithiated (a) H0.40Li0.02Ni1/3Mn1/3Co1/3O2 and (b) 
X-ray diffraction patterns recorded after the TGA experiment.  
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Figures 3.4 – 3.7 show the mass spectra of chemically delithiated 

H0.41Li0.05CoO2 (Fig. 3.4), H0.34Li0.08Ni1/2Mn1/2O2 (Fig. 3.5), 

H0.40Li0.02Ni1/3Mn1/3Co1/3O2 (Fig. 3.6), and o-Li0.25MnO2 (Fig. 3.7) on heating up to 

600 oC at a fast heating rate of 20 oC/min. The data reveal that H2O molecules are 

released at T > 250 oC in the cases of L1-xCoO2, Li1-xNi1/2Mn1/2O2, and Li1-

xNi1/3Mn1/3Co1/3O2, confirming the presence of protons in the lattice. The coincidence 

of the maximum release point of H2O with that of O2, as shown in Figs. 3.4 – 3.6, 

suggests that H2O molecules detected are coming out of the lattice, not from the 

adsorbed species. Interestingly, considerable amounts of molecules with masses of 16 

and 17 , which may correspond to a single oxygen atom (O) and a hydroxide 

molecule (OH) respectively, are found together with H2O and O2, implying that O 

and H atoms are released in several molecular forms with the reduction of transition 

metal ions at high temperature. In contrast, the chemically delithiated o-LiMnO2 does 

not release any molecule (Fig. 3.7), suggesting the stability of Mn4+ ions.  

3.3.3 Sources of protons 

Although one may not anticipate proton insertion considering the non-aqueous 

reaction medium, it is clear from the above data that protons are generated from 

acetonitrile. Acetonitrile may be decomposed by a strong oxidizer77 such as NO2BF4 

used in our case and the decomposition may be accelerated in the presence of highly 

oxidized Co4+ or Ni4+ ions that show catalytic activity.82 Additionally, protons could 
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Figure 3.4 Ionic current vs. temp. in the mass spectrum of H0.41Li0.05CoO2: (a) whole 
mass range, (b) mass of 18 (H2O), and (c) mass of 32 (O2). The consolidated mass 
spectrum at the peak temperature is shown in (d). 
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Figure 3.5 Ionic current vs. temp. in the mass spectrum of H0.34Li0.08Ni1/2Mn1/2O2: (a) 
whole mass range, (b) mass of 18 (H2O), and (c) mass of 32 (O2). The consolidated 
mass spectrum at the peak temperature is shown in (d). 
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Figure 3.6 Ionic current vs. temp. in the mass spectrum of 
H0.40Li0.02Ni1/3Mn1/3Co1/3O2: (a) whole mass range, (b) mass of 18 (H2O), and (c) 
mass of 32 (O2). The consolidated mass spectrum at the peak temperature is shown in 
(d). 
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Figure 3.7 Ionic current vs. temp. in the mass spectrum of o-Li0.25MnO2: (a) whole 
mass range, (b) mass of 18 (H2O), and (c) mass of 32 (O2).  
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be generated from trace amounts of water present as an impurity in acetonitrile. 

Although the proton content in the reaction medium may be small, the chemical 

instability of the highly oxidized Co4+ or Ni4+ ions with significant amount of holes 

into the O2-:2p band at deep lithium extraction may lead to a strong adsorption of 

protons on the delithiated cathode surface.83,84 

However, it is not clear whether proton insertion (ion exchange of Li+ by H+) 

could occur at deep charge in the actual lithium ion cell. To address this, the chemical 

delithiation experiments with NO2BF4 in the electrolyte medium used for lithium 

cells have been carried out. These samples also show a deviation of the oxidation 

state of the transition metal ions from the theoretically expected values as in Fig. 3.1 

although the degree of deviation is smaller than that found with the acetonitrile 

medium. Table 3.2 gives the proton content values calculated from the oxidation state 

values obtained from the redox titrations for the samples delithiated in 1 M LiClO4 

ethylene carbonate/dimethyl carbonate (EC/DMC) medium and in propylene 

carbonate/diethyl carbonate (PC/DEC) medium. Both mass spectroscopy and PGAA 

also confirm the presence of protons in these samples. However, the amount of 

electrolyte used in the electrochemical cells is much less than that used in the 

chemical lithium extraction reaction and thus the level of protons present during 

electrochemical charging is expected to be much smaller. Therefore, any chemical 

instability associated with the cathode may lead to a loss of oxygen from the lattice 

instead of proton insertion (exchange of Li+ by H+).  A direct quantitative analysis of  



 

 

 

 

 

 

Compound Medium Li content Mn+         Compositiona

LiCoO2 0.04  3.70  H0.26Li0.04CoO2

LiNi1/2Mn1/2O2 0.09  3.69  H0.22Li0.09Ni1/2Mn1/2O2

LiNi1/3Mn1/3Co1/3O2

1M LiClO4 
EC/DMC 

0.02  3.59  H0.40Li0.02Ni1/3Mn1/3Co1/3O2

LiCoO2 0.07  3.65  H0.28Li0.07CoO2

LiNi1/2Mn1/2O2 0.11  3.66  H0.23Li0.11Ni1/2Mn1/2O2

LiNi1/3Mn1/3Co1/3O2

PC/DEC 

0.02  3.55  H0.44Li0.02Ni1/3Mn1/3Co1/3O2

Table 3.2 Chemical analysis data of the chemically delithiated layered oxides in electrolyte media 

a Obtained based on the Li content and oxidation state analysis assuming no oxygen loss occurs 
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the electrochemically charged cathodes for protons by PGAA can clarify and settle 

this critical issue.  

3.4 CONCLUSION 

The possibility of proton incorporation into the lattice during the chemical 

delithiation process has been investigated with various oxide cathodes. Direct 

measurements of hydrogen contents with the PGAA technique show that protons are 

incorporated into the lattice at deep chemical lithium extraction only in certain cases 

like the layered Li1-xCoO2, Li1-xNi1/3Mn1/3Co1/3O2, and Li1-xNi1/2Mn1/2O2, but not in 

cases like the orthorhombic Li1-xMnO2, spinel Li1-xMn2O4, and olivine Li1-xFePO4. 

The PGAA results are complemented by TGA and mass spectroscopic data. The 

differences could be related to the differences in the relative positions of the 

Mn+/(n+1)+:3d band with respect to the top of the O2-:2p band and the consequent 

chemical instability arising from an introduction of significant amount of holes into 

the O2-:2p band at deep lithium extraction. For example, a significant overlap of the 

Co3+/4+:3d band with the top of the O2-:2p band results in an ion exchange of Li+ by 

H+ at deep lithium extraction in Li1-xCoO2 to relieve the chemical instability while the 

lying of the Mn3+/4+:3d and Fe2+/3+:3d bands well above the O2-:2p band avoids such 

chemical instabilities. However, whether such chemical instabilities of the layered 

oxide cathodes play a role in limiting their reversible capacity and how such chemical 

instabilities are accommodated in the actual lithium ion cells (oxygen loss or proton 
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insertion, or neither or both) need to be established.  
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CHAPTER 4 

Role of Chemical and Structural Stabilities on the Electrochemical 
Properties of Layered LiNi1/3Mn1/3Co1/3O2 Cathodes 

4.1 INTRODUCTION 

Lithium-ion batteries have become attractive energy storage system for 

portable electronic devices as they offer higher energy density compared to other 

rechargeable systems. Lithium ion cells currently use the layered LiCoO2 cathode, but 

only 50 % of its theoretical capacity could be utilized in practical cells (140 mAh/g) 

as mentioned in chapter 1. The limited capacity of Li1-xCoO2 has been attributed to 

the chemical instability at deep lithium extraction with (1-x) < 0.5, arising from an 

overlap of the Co3+/4+:3d band with the top of the O2-:2p band as has been 

demonstrated by a characterization of the chemically delithiated phases.  Also, Co is 

relatively expensive and toxic. These difficulties have created immense interest in the 

development of alternative cathodes with higher capacities and improved safety 

features.  

Recently, the layered LiNi1/3Mn1/3Co1/3O2 has drawn much attention as it 

exhibits much higher capacity of close to 200 mAh/g with enhanced safety.31,32,85-88 

Electronic structure studies have shown that it consists of Ni2+, Mn4+, and Co3+, and 

the reversible capacity involves the oxidation of Ni2+ to Ni4+ with a two-electron 
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transfer during initial stage and that of Co3+ to Co4+ in the later stage.89-91 Thus the 

higher capacity of the layered LiNi1/3Mn1/3Co1/3O2 could be due to the improved 

chemical stability associated with the Ni2+/3+ and the Ni3+/4+ redox couples compared 

to the Co3+/4+ redox couple.  

In this chapter, the chemical stability of the layered Li1-xNi1/3Mn1/3Co1/3O2 

cathode is investigated by monitoring the average oxidation state of the transition 

metal ions with lithium content (1-x) in chemically delithiated samples and is 

correlated to the observed electrochemical properties such as the reversible capacity 

limits. A correlation of irreversible capacity (IRC) to the surface area is also 

investigated by synthesizing LiNi1/3Mn1/3Co1/3O2 at various temperatures. 

Additionally, a comparison of the electrochemical properties of two sets of 

LiNi1/3Mn1/3Co1/3O2 samples (one synthesized without excess lithium and the other 

prepared with 7 atom % excess lithium) is presented in this chapter. 

4.2 EXPERIMENTAL 

The LiNi1/3Mn1/3Co1/3O2 sample was synthesized by firing required amounts 

of the coprecipitated hydroxides of Ni, Mn, and Co with 7 atom % excess lithium 

hydroxide in air at 900 oC for 24 h as described in chapter 2. Chemical extraction of 

lithium from the LiNi1/3Mn1/3Co1/3O2 sample was carried out as described in chapter 

2. The lithium contents after the lithium extraction were determined by atomic 

absorption spectroscopy. The oxidation state of the transition metal ions were 
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determined by a redox (iodometric) titration,73 which was carried out immediately 

after taking the samples out of the argon-filled glove box, as described in chapter 2. 

Structural refinements and lattice parameter determinations were carried out by 

analyzing the X-ray diffraction (XRD) data with the Rietveld method using the 

DBWS-9411 PC program.72 The cathodes for evaluating the electrochemical 

performances were prepared as described in chapter 2.  

4.3 RESULTS AND DISCUSSION 

4.3.1 Synthesis 

Atomic absorption spectroscopic and iodometric titration analyses indicated the 

sample to have a lithium-rich composition of Li1.03(Ni1/3Mn1/3Co1/3)0.97O2 as it was 

prepared with 7 atom % excess lithium. However, for simplicity, the sample will be 

referred to as simply LiNi1/3Mn1/3Co1/3O2 in this section 4.3. The X-ray diffraction 

data of the LiNi1/3Mn1/3Co1/3O2 sample was first fitted with a strict two-dimensional 

model based on the α-NaFeO2 structure (space group: mR3 ), in which no cation 

disorder (transition metal ions in the lithium planes) was allowed. This fitting 

produced a negative value for the thermal parameter of lithium BLi, indicating the 

existence of excess electron density in the lithium plane and cation disorder involving 

the presence of transition metal ions in the lithium plane.117 With an assumption that a  
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Table 4.1 Structural parameters of Li1.03(Ni1/3Mn1/3Co1/3)0.97O2
a

Atom Site x y z Occupancy 
Li 3a 0 0 0 0.968 
Ni 3a 0 0 0 0.032 
Ni 3b 0 0 0.5 0.292 
Co 3b 0 0 0.5 0.323 
Mn 3b 0 0 0.5 0.323 
Li 3b 0 0 0.5 0.062 
O 6c 0 0 0.2425(2) 2.000 

a Space group: mR3  (S.G. 166); a = 2.8562(1) Å, c = 14.2045(4) Å, V = 100.357(4) 
Å3; Rwp = 10.52 %, Rp = 8.24, s = 2.49. Constraints: total occupancy of 3a sites, (Li)3a 
+ (Ni)3a = 1 and total occupancy of 3b sites, (Li)3b + (Ni)3b + (Co)3b + (Mn)3b = 1. 

 

fraction of the Ni2+ ions exists in the lithium plane, the refinement with a model of 

[Li1-zNiz]3a((Ni1/3-z/0.97Mn1/3Co1/3)0.97Liz+0.03)3b{O2}6c was carried out. Due to a smaller 

size difference between Ni2+ (0.690 Å) and Li+ (0.76 Å) compared to that between 

Co3+ (0.545 Å, low spin) and Li+ or Mn4+ (0.530 Å) and Li+,92 only Ni2+ is expected 

to exist in the lithium plane, as confirmed by neutron diffraction studies.135,136 This 

model with cation disorder yielded a nickel content z = 0.032 in the lithium planes as 

shown in Table 4.1. Figure 4.1 shows the Rietveld fitting based on this model, in 

which the observed and calculated X-ray diffraction data and the difference between 

them are shown. The Rietveld analysis thus reveals the existence of a moderate 

amount of cation disoder in the LiNi1/3Mn1/3Co1/3O2 sample, which is in agreement 

with the previous report.85 
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Figure 4.1 Rietveld refinement data of LiNi1/3Mn1/3Co1/3O2. Circles and lines 
correspond, respectively, to the observed and calculated intensities. The difference 
between the observed and calculated patterns and the peak positions corresponding to 
the O3 type phase are also shown. 

4.3.2 Electrochemical performance 

With an aim to find an optimum cutoff charge voltage that gives the highest 

reversible capacity while maintaining good cyclability, the cycle tests have been 

carried out with various cutoff charge voltages from 4.3 to 4.7 V. The reversible 

capacity value found with the optimum cutoff charge voltage could help indirectly to 

identify the lithium content limit (1-x) within which the Li1-xNi1/3Mn1/3Co1/3O2 

cathode is chemically or structurally stable. Figure 4.2 compares the cyclability of the 

LiNi1/3Mn1/3Co1/3O2 cathodes with various cutoff charge voltages at C/5 rate up to 50  
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Figure 4.2 Comparison of the cyclabilities of the LiNi1/3Mn1/3Co1/3O2 cathode 
between 3 V and various cutoff charge voltages at C/5 rate : (a) discharge capacity 
and (b) % capacity retention vs cycle number.  

 60



cycles. The data reveal that it maintains a capacity retention of above 90 % in 50 

cycles up to a cutoff charge voltage of 4.6 V compared to 4.3 V for LiCoO2. With a 

cutoff charge voltage of 4.6 V, LiNi1/3Mn1/3Co1/3O2 exhibits a discharge capacity of 

180 mAh/g, which is higher than that found with LiCoO2. Although it exhibits a 

discharge capacity of ~ 200 mAh/g at 4.7 V, the capacity retention in 50 cycles falls 

below 80 %, indicating that the chemical or structural instability begins to occur 

above 4.6 V. 

Figure 4.3 compares the discharge profiles of the LiNi1/3Mn1/3Co1/3O2 

cathodes recorded with the cutoff charge voltages of 4.3 and 4.6 V at different C 

rates. The discharge profiles were collected down to 3.0 V at C/10 to 4C rates after 

charging up to 4.3 V (or 4.6 V) at C/10 rate. Although the samples with a cutoff 

charge voltage of 4.3 V exhibited slightly better rate capability compared to those 

with a cutoff charge voltage of 4.6 V, the difference is not significant. The 

LiNi1/3Mn1/3Co1/3O2 cathode maintains above 80 % of the capacity on going 

fromC/10 to 2C rate with both the cutoff charge voltages, which is consistent with the 

previous literatures reports.31,86 Although the rate capability of LiNi1/3Mn1/3Co1/3O2 is 

worse than that of LiCoO2, it is still better than that of LiNi0.5Mn0.5O2.   
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Figure 4.3 Discharge profiles illustrating the rate capability of LiNi1/3Mn1/3Co1/3O2 at 
(a) 4.3 – 3.0 V and (b) 4.6 – 3.0 V at C/10 (15 mA/g), C/5 (30 mA/g), C/2 (75 mA/g), 
1C (150 mA/g), 2C (300 mA/g), and 4C rates (600 mA/g).  

4.3.3 Chemical stability 

With an aim to understand the origin of the higher cutoff charge voltage and 

higher capacity of the LiNi1/3Mn1/3Co1/3O2 cathode compared to that of LiCoO2, this 

section has focused on the structural and chemical characterizations of the chemically 
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delithiated Li1-xNi1/3Mn1/3Co1/3O2 samples. Figure 4.4 compares the variations of the 

oxidation state of (Ni1/3Mn1/3Co1/3) with lithium content (1-x) in the Li1-

xNi1/3Mn1/3Co1/3O2 samples obtained by chemical lithium extraction. The oxidation 

state of (Ni1/3Mn1/3Co1/3) increases with decreasing lithium content (1-x) to about 

3.65+ at around (1-x) ≈ 0.35 and decreases slightly thereafter. As discussed in chapter 

3, the deviation of oxidation state from the theoretically expected value is found to be 

due to the proton incorporation rather than the loss of oxygen. However, in either case 

(ion exchange by protons or oxygen loss), this may reflect the onset of chemical 

instability in the system. 

0.0 0.2 0.4 0.6 0.8 1.0

3.0

3.3

3.6

3.9

O
xi

da
tio

n 
st

at
e 

of
 

(N
i 1/

3M
n 1/

3C
o 1/

3)

Lithium content, (1-x)

 

 

 

Figure 4.4 Variations of the average oxidation state of (Ni1/3Mn1/3Co1/3) with lithium 
content (1-x) in Li1-xNi1/3Mn1/3Co1/3O2. The solid line refers to the theoretically 
expected oxidation state. 
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This observation is similar to that found by our group before with the Li1-

xCoO2 and Li1-xNi0.85Co0.15O2 systems, but the deviation of oxidation state from the 

theoretically expected value occurs at a much lower lithium content (< 0.35) in the 

Li1-xNi1/3Mn1/3Co1/3O2 system compared to that (< 0.5) in the Li1-xCoO2 system. Based 

on this result, the better chemical stability of the Li1-xNi1/3Mn1/3Co1/3O2 system down 

to a lower lithium content compared to the Li1-xCoO2 system may lead to a higher 

reversible capacity and better cyclability to higher cutoff charge voltages.  

In order to make a correlation between the electrochemical cyclability and the 

chemical instability, the % capacity retentions after 50 cycles for each cutoff charge 

voltage are plotted in Fig. 4.5 against the lithium content calculated from the 

reversible capacity (first discharge capacity) at each cutoff charge voltage. Since there 

exists parasitic electrochemical reaction during charging, which contributes to the 

charge capacity but does not involve lithium extraction, the charge capacity cannot be 

used to calculate the lithium content at the end of charging. The data indeed show that 

the capacity retention drops rapidly for lithium contents (1-x) < 0.35, below which the 

deviation of the oxidation state of the transition metal ions from the theoretically 

expected values begins to occur as seen in Fig. 4.4, suggesting that the chemical 

instability plays a critical role in the capacity retention and in controlling the practical 

capacities of the Li1-xNi1/3Mn1/3Co1/3O2 system. It should be noted that although the 

proton incorporation is found for (1-x) < 0.35 for chemically delithiated samples, the 

electrochemically extracted cathode may not experience such a proton 
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Figure 4.5 Relationship between the % capacity retention after 50 cycles and lithium 
content calculated from the reversible capacity (first discharge capacity). The voltage 
values indicated refer to the cutoff charge voltages. 

incorporation or loss of oxygen during the first charge in a practical electrochemical 

cell, but rather it may experience slow reaction with the electrolyte with proton 

insertion or oxygen loss as the cathode is cycled repeatedly, resulting in an increase in 

the impedance. Nevertheless, the chemical delithiation experiments provide important 

insight into the relative chemical instabilities of various cathode compositions and 

their reversible capacities. 

 Figure 4.6 shows a qualitative band diagram for the Li0.35Ni1/3Mn1/3Co1/3O2 

system based on the observation of the lithium contents at which the deviation of the 
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oxidation state of the transition metal ions from the theoretically expected values 

begins to occur in the Li1-xCoO2, Li1-xNi0.85Co0.15O2, and Li1-xMn2O4 systems and in 

Li1-xNi1/3Mn1/3Co1/3O2. It is presumed that half of the reversible capacity of the Li1-

xNi1/3Mn1/3Co1/3O2 cathode arises from the Ni2+/3+ redox couple, which does not 

overlap with the O2-:2p band, and the other half comes from the Ni3+/4+ and Co3+/4+ 

redox couples with a greater portion from the Ni3+/4+ redox couple since the Co3+/4+:t2g 

band overlaps significantly with the top of the O2-:2p band while the Ni3+/4+:eg band 

overlaps only slightly. Thus the relative positions of the Co3+/4+:t2g and Ni3+/4+:eg  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.6 Qualitative energy diagram for Li0.35Ni1/3Mn1/3Co1/3O2.
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bands with respect to the top of the O2-:2p band are in such a way that the Li1-

xNi1/3Mn1/3Co1/3O2 system tends to experience chemical instability for lithium 

contents (1-x) < 0.35.    

4.3.4 Phase relationships 

In order to assess the role of structural instabilities as well on the 

electrochemical properties, the crystal chemistry of the Li1-xNi1/3Mn1/3Co1/3O2 system 

has been monitored as a function of lithium content (1-x). Figure 4.7 compares the X-

ray diffraction patterns of the Li1-xNi1/3Mn1/3Co1/3O2 samples that were obtained by 

chemically extracting lithium from LiNi1/3Mn1/3Co1/3O2. The initial O3 type structure 

of LiNi1/3Mn1/3Co1/3O2 with an oxygen stacking sequence of ABCABC along the c 

axis, as mentioned in chapter 1, is maintained for the range 0.15 < (1-x) ≤ 1 in Li1-

xNi1/3Mn1/3Co1/3O2.  For (1-x) < 0.23, a new phase is formed as indicated by the 

appearance of new reflections around 35 and 56 o. This new phase grows with further 

decrease in lithium content, and finally only the new phase exists for the end member 

HxNi1/3Mn1/3Co1/3O2. The X-ray diffraction pattern of the end-member 

HxNi1/3Mn1/3Co1/3O2 could be fitted on the basis of a single O1 type phase using 

Rietveld refinement. The formation of the O1 type phase for the end member 

HxNi1/3Mn1/3Co1/3O2 is consistent with the previous literature data for the 

electrochemically prepared CoO2
93,94

 and theoretical predictions of phase stabilities by 
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first principles calculations.95,96 However, the HxCoO2 sample obtained by chemical 

delithiation is known to adopt a P3 type structure while HxNi1/3Mn1/3Co1/3O2 is  
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Figure 4.7 Evolution of the X-ray diffraction patterns of Li1-xNi1/3Mn1/3Co1/3O2, with 
an enlargement of a small region shown on the right. The closed and open circles 
refer, respectively, to the O3 and O1 type phases. 
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Figure 4.8 Rietveld fitting of the O1-phase HxNi1/3Mn1/3Co1/3O2. : a = 2.8316(1) Å, c 
= 4.5066(2) Å, V = 31.292(2) Å3, Rwp = 13.13 %, Rp = 10.28 %, and s = 2.77. Circles 
and lines correspond, respectively, to the observed and calculated intensities. The 
difference between the observed and calculated patterns and the peak positions is also 
shown. 

found to adopt the O1 type structure here. The difference could be explained to be 

due to the fast chemical lithium extraction rate in LiCoO2, arising from a good cation 

ordering, compared to a moderate lithium extraction rate in LiNi1/3Mn1/3Co1/3O2, 

arising from a small amount of cation disorder as discussed earlier. This part will be 

more generally elaborated combined with other HxNi1-y-zMnyCozO2 phases in the next 

chapter.  
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Figure 4.9 shows the variations of the lattice parameters with lithium content 

(1-x) in Li1-xNi1/3Mn1/3Co1/3O2. The c parameter increases initially with decreasing 

lithium content due to an increasing electrostatic repulsion across the van der Waals 

gap between the (Ni1/3Mn1/3Co1/3)O2 sheets and then it begins to decrease for (1-x ) < 

0.35. The a parameter decreases initially with decreasing lithium content due to an 

increase in the oxidation state of (Ni1/3Mn1/3Co1/3), but increases for (1-x) < 0.35 due 

to a slight decrease in the oxidation state as seen in Fig. 4.4. These opposite trends in 

the variations of  a and c lattice parameters results in a very small volume change 

(less than 2 %) in the range of 0.2 < (1-x) ≤ 1, which is ideal for intercalation host 

materials. Although Li1-xNi1/3Mn1/3Co1/3O2 does not experience significant changes in 

unit cell volume until (1-x) = 0.2, it does, however, become chemically unstable for 

(1-x) < 0.35, which limit its reversible capacity to about 180 mAh/g. 

With an aim to investigate the electrochemical reversibility of the end member 

HxNi1/3Mn1/3Co1/3O2 that has the O1 type structure, the electrochemical properties of 

the chemically delithiated HxNi1/3Mn1/3Co1/3O2 have been evaluated. The discharge 

curves of HxNi1/3Mn1/3Co1/3O2 as shown in Figure 4.10a indicate a first discharge 

capacity of 80 mAh/g. An examination of the cathode after the first discharge by X-

ray diffraction reveals a partial transformation of the O1 type phase to O3 type phase, 

indicating a reversible transformation of the O1 type phase to the O3 type phase. 

However, the complete intercalation of lithium into HxNi1/3Mn1/3Co1/3O2 appears to 

be difficult due to pre-existing protons in the lithium layers as shown in chapter 3.  
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Figure 4.9 Variations of the unit cell parameters of Li1-xNi1/3Mn1/3Co1/3O2 with 
lithium content (1-x). The lattice parameter c and unit cell volume of O1 type phases 
displayed in (a) and (c) were multiplied by 3 for comparisons. The closed and open 
circles refer, respectively, to the O3 and O1 type phases. 
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Figure 4.10 (a) Discharge profiles (4.3 – 3.0 V at 30 mA/g up to 10 cycles) of 
HxNi1/3Mn/3Co1/3O2 prepared by chemical delithiation and (b) X-ray diffraction 
pattern of the lithium reinserted Li1-xNi1/3Mn1/3Co1/3O2. The numbers in (a) refer to 
discharge cycle number. 

This observation is similar to that encountered with the chemically delithiated 

HxCoO2 sample, although the lithium insertion was carried out by treating the 

samples with 500 % excess LiI. Interestingly, the second discharge capacity decreases 
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dramatically down to 20 mAh/g. This dramatic decrease in capacity after the first 

cycle could be attributed to both the formation of large-scale cracks arising from a 

large volume change (~ 5 %) accompanying the transformation of the O1 type phase 

to the O3 type phase and the significant contamination of the surface of the 

chemically delithiated samples.  

4.3.5 Irreversible capacity vs. surface area 

There have been many efforts to correlate the irreversible capacity (IRC) to 

the formation of solid electrolyte interface (SEI) layers on cathodes.82,83,97-103 Aurbach 

et al83,97,98 compared the electroanalytical behavior of lithiated graphite, Li1-xCoO2, 

Li1-xNiO2, and spinel Li1-xMn2O4 electrodes and found close similarities among them. 

From the results, they concluded that the cathode materials could also be covered by 

surface films like the anode materials. Kanamura82,102 studied the anodic oxidation of 

nonaqueous electrolytes (propylene carbonate with various electrolyte salts) on 

cathode materials and found that most of the electrolytes could be oxidized on the 

LiCoO2 cathode even at 4.2 V vs. Li/Li+ although no peaks corresponding to the 

electrochemical oxidation of propylene carbonate could be seen at 5.0 V on the inert 

Pt or Au electrodes. They attributed the occurrence of anodic oxidation of 

nonaqueous electrolytes at lower potentials to the catalytic activity of LiCoO2. More 

recently, the formation and growth of SEI layer on the cathode during 

electrochemical cycling have been found to influence significantly the 

 73



electrochemical performance of lithium ion cells especially at elevated 

temperatures.104-107 Additionally, the improvement in the electrochemical 

performance of cathode materials coated with metal oxides such as MgO has been 

attributed to the suppression of undesirable chemical reaction of the cathode surface 

with the electrolyte.108,109 However, there have been only few reports that attempt to 

relate the IRC of cathodes to the surface area although it is now evident that the 

electrolyte oxidation occurs on the surface of cathode materials even at the operating 

voltage, affecting the performance of lithium ion cells. In this section, the IRC of the 

LiNi1/3Mn1/3Co1/3O2 cathode is investigated by synthesizing it at various temperatures, 

and is correlated to surface area. The data are also compared with those of LiCoO2.  

4.3.5.1 Synthesis 

X-ray diffraction data indicate that the LiNi1/3Mn1/3Co1/3O2 samples 

synthesized at various temperatures (600 - 900 oC) have the layered structure with 

the mR3  space group. Table 4.2 summarizes the Rietveld analysis results of the 

LiNi1/3Mn1/3Co1/3O2 samples. Although the lattice parameters of the 600 oC samples 

are larger than those of the other samples, the data reveal that there are no significant 

trends or differences in the cation disorder of these samples synthesized at different 

temperatures.  
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Table 4.2 Rietveld analysis results of the layered LiNi1/3Mn1/3Co1/3O2 samples 
synthesized at various temperatures. 

    Thermal 
parameter, Synthesis 

Temp. 
a c V c/a BBLi

Cation 
disorder

(oC) (Å) (Å) (Å3)  (Å2) (%) 

900 2.8562(1) 14.2045(4) 100.4 4.973 -1.74 3.0 

800 2.8554(1) 14.2013(11) 100.3 4.973 -1.43 2.6 

700 2.8548(1) 14.1943(13) 100.2 4.972 -2.26 3.2 

600 2.8611(1) 14.2371(11) 100.9 4.976 -2.66 3.5 

4.3.5.2 Irreversible capacity in the first cycle 

Figure 4.11 compares the first charge and discharge profiles (3 – 4.6 V) of the 

LiNi1/3Mn1/3Co1/3O2 samples synthesized at various temperatures. In order to 

minimize the effect of polarization losses, the profiles were collected at a very slow 

charge/discharge rate of C/100. The 800 and 900 oC samples show close discharge 

capacities of 194 and 196 mAh/g respectively, while the 600 and 700 oC samples 

exhibit a lower, but close capacities of 179 and 178 mAh/g respectively. On the other 

hand, the first charge capacity increases monotonically with decreasing synthesis 

temperature: 900 oC (231 mAh/g), 800 oC (239 mAh/g), 700 oC (248 mAh/g), and 

600 oC (270 mAh/g). The IRC value, which was obtained by subtracting the first 

discharge capacity from the first charge capacity, therefore, increases monotonically  
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Figure 4.11 Comparison of the first charge and discharge profiles of 
LiNi1/3Mn1/3Co1/3O2 synthesized at (a) 900 oC, (b) 800 oC, (c) 700 oC, and (d) 600 oC. 
The data were obtained at a very slow rate of C/100 between 3.0 and 4.6 V.  

with decreasing synthesis temperature, implying a better efficiency with the samples 

synthesized at higher temperatures.  

Since there is no significant difference in the degree of cation disorder among 

the various samples, the differences in the IRC values could not be explained on the 

basis of the local collapse of the inter-layer space suggested previously for nickel-rich 
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cathodes.110-112 With an aim to see whether variations in surface area could play a role 

in the IRC values, the surface areas have been measured by the BET method. Figure 

4.12a relates the IRC values obtained with two voltage ranges (3 – 4.6 and 3 – 4.3 V) 

to the BET surface area. The data show a linear relationship between IRC and surface 

area, yielding a constant IRC value per unit area (2.85 and 3.30 mAh/m2, 
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Figure 4.12 Relationship between BET surface area and IRC of (a) 
LiNi1/3Mn1/3Co1/3O2 and (b) LiCoO2 cathodes. The open and closed symbols refer, 
respectively, to 3.0 – 4.3 V and 3.0 – 4.6 V at a very slow rate of C/100.  
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respectively, for the cutoff charge voltages of 4.3 and 4.6 V); the IRC values per unit 

area were obtained from the slope of the linear relationship in Fig. 4.12a.  

In order to see whether this linear relationship between IRC and surface area 

exists with other cathode materials also, similar experiments with the LiCoO2 cathode 

have been carried out. Rietveld analysis of the X-ray diffraction data revealed a strict  

two dimensional structure for the LiCoO2 sample synthesized at 700, 800, and 900 oC, 

while the 600 oC sample had some cation disorder, which is also evident from the  

reduction peak at around 3.2 V in the cyclic voltammogram of the 600 oC sample.113 

The data in Fig. 4.12b reveal a linear relationship between IRC and surface area for 

the LiCoO2 cathodes also. The linear relationship between IRC and surface area 

suggests that the parasitic electrochemical reactions such as the oxidation of the 

electrolyte occurring on the cathode surface may contribute to the IRC of 

LiNi1/3Mn1/3Co1/3O2 and LiCoO2 cathodes, analogous to the reduction of electrolyte 

occurring on the graphite anode surface, producing SEI layers. Additionally, the IRC 

per unit area for LiCoO2 (10.55 mAh/m2 at 3 –  4.6 V) is much higher than that found 

for LiNi1/3Mn1/3Co1/3O2 (3.30 mAh/m2) in the same voltage range. This could be due 

to the greater chemical instability of the Li1-xCoO2 cathode with (1-x) < 0.5 and the 

consequent enhanced reactivity with the electrolyte compared to the Li1-

xNi1/3Mn1/3Co1/3O2 cathodes as demonstrated before by the chemical delithiation 

studies by our group.52-57 

 78



4.3.5.3 Cyclic Voltammogram 

Figure 4.13 compares the cyclic voltammograms of the LiNi1/3Mn1/3Co1/3O2 

samples synthesized at various temperatures. The data were obtained between 2.5 and 

4.8 V at a scan rate of 100 μV/s for the first (Fig. 4.13a) and second cycles (Fig. 

4.13b). The anodic peak at around 4.5 V in the first cycle, which is also related to a 

near-plateau in the charge profile around this voltage range, becomes more prominent 

with decreasing synthesis temperature and disappears almost completely for the 

second cycle. This observation suggests that IRC is related to the anodic peak at 4.5 

V. The appearance of a large irreversible anodic peak at around 4.5 V was reported 

by Lu et al.114 in the manganese-rich compositions of the layered LiNixLi1/3-2x/3Mn2/3-

x/3O2 system (x < 1/2). They attributed it to the simultaneous extraction of lithium and 

oxygen using in-situ X-ray diffraction and differential capacity measurements, which 

is understandable since LiNixLi1/3-2x/3Mn2/3-x/3O2 involves the oxidation of manganese 

beyond Mn4+ at deep charge.  

From previous chemical delithiation experiments of our group, the chemical 

instability arising from an overlap of the metal:3d band with the top of the oxygen:2p 

band and the consequent chemical instability in electrochemical extraction decrease 

in the order Co3+/4+ > Ni3+/4+ > Mn3+/4+. Although this order can explain the higher 

reversible capacities of the nickel- and manganese-rich compositions compared to the 

cobalt-rich compositions, it is unclear why the LiNi1/3Mn1/3Co1/3O2 samples  
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Figure 4.13 Comparison of the cyclic voltammograms recorded between 2.5 and 4.8 
V at 100 μV/s of LiNi1/3Mn1/3Co1/3O2 synthesized at various temperatures (600 – 900 
oC): (a) first cycle and (b) second cycle. 
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synthesized at lower temperatures (< 800 oC) are showing the large irreversible 

anodic peak at 4.5 V. The layered oxide compositions investigated in this study do 

not involve oxidation beyond Mn4+ unlike the LiNixLi1/3-2x/3Mn2/3-x/3O2 system 

investigated by Lu et al.114 Therefore, the higher IRC observed with the 

LiNi1/3Mn1/3Co1/3O2 samples synthesized at lower temperatures (< 800 oC) in this 

study could not be simply attributed to the simultaneous extraction of lithium and 

oxygen, and further detailed investigation may be needed.  

4.3.6 Comparison of lithium excess and stoichiometric samples 

In the previous sections of this chapter, the LiNi1/3Mn1/3Co1/3O2 sample used 

was synthesized with 7 atom % excess lithium, not with stoichiometric amount of 

lithium, as mentioned in section 4.3.1. In this section, a comparison of the 

electrochemical properties of two sets of LiNi1/3Mn1/3Co1/3O2 samples, one 

synthesized without excess lithium and the other prepared with 7 atom % excess 

lithium, are presented.  The latter sample exhibits better cyclability and rate capability 

than the former and the differences are discussed based on the volume changes 

occurring during the discharge-charge process.  
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4.3.6.1 Synthesis 

The samples synthesized with and without 7 atom % excess lithium to have 

compositions of, respectively, LiNi1/3Mn1/3Co1/3O2 and Li1.03(Ni1/3Mn1/3Co1/3)0.97O2, 

which are hereafter referred to as stoichiometric and lithium excess samples. X-ray 

diffraction indicated both the samples to be single phase products with little cation 

mixing (~ 3 %). Figure 4.14 compares the cyclability of the two samples at C/5 rate 

with various cutoff charge voltages. Although the two samples do not differ much in 

their initial capacity values, the lithium excess sample exhibits much better capacity 

retention than the stoichiometric sample, particularly on going to higher cutoff charge 

voltages of 4.5 or 4.6 V. For example, with a cutoff charge voltage of 4.6 V, while the 

lithium excess sample shows 90 % capacity retention in 50 cycles, the stoichiometric 

sample shows only 80 % retention. However, both the samples exhibit faster capacity 

fade on going to 4.7 V.  

4.3.6.2 Cyclability 

Figure 4.15 compares the discharge profiles at different C rates, illustrating 

the rate capabilities of the two samples. The lithium excess sample exhibits better rate 

capability than the stoichiometric sample. While the lithium excess sample retains 

86 % of the capability on going from C/10 to 2C rate, the stoichiometric sample 

retains only 80 %. Another set of experiments comparing the rate capability was also 
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carried out as described below in order to assess the development of impedance 

during cycling. The samples were first subjected to 50 cycles at C/5 rate with various 

cut-off charge voltages, and then to one cycle (51st cycle) at C/15 rate and another 

cycle (52nd cycle) at 2C rate between 3 and 4.3 V. The ratio between the 2C discharge  
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Figure 4.14 Comparison of the cyclabilities of the (a) stoichiometric and (b) lithium 
excess samples. The data were collected at C/5 rate between 3 V and various cutoff 
charge voltages: : 4.3 V, : 4.4 V, : 4.5 V, : 4.6 V, and : 4.7 V.  
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Figure 4.15 Discharge profiles of the (a) stoichiometric and (b) lithium excess 
samples, illustrating the rate capability. 
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Table 4.3 Comparison of the rate capabilities after 50 cycles.  
Ratio of 2C to C/15 capacities after 50 cycles Cutoff charge voltage 

(V) Stoichiometric sample Lithium excess sample 

4.4 0.73 0.85 

4.5 0.71 0.84 

4.6 0.67 0.80 

4.7 0.64 0.66 
 

capacity in the 52nd cycle and the C/15 discharge capacity in the 51st cycle was then 

determined, and the ratios are given in Table 4.3 for the stoichiometric and lithium 

excess samples. The capacity ratio decreases as the cutoff charge voltage during 

cycling increases for both the samples, indicating a decrease in rate capability and an 

increasing development of impedance with increasing cutoff charge voltage. However, 

for a given cutoff charge voltage, the lithium excess sample exhibits a higher capacity 

ratio than the stoichiometric sample, indicating that the lithium excess sample 

experiences less impedance development during cycling. The data suggest that the 

capacity fading mechanism may be related to the development of impedance.  

4.3.6.3 SEM 

With an aim to understand the origin of the impedance development, the 

cycled cathodes of both the stoichiometric and lithium excess samples have been 

examined by scanning electron microscopy (SEM). Figure 4.16 compares the SEM 
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photographs of two cathodes that were subjected to 50 cycles with a cutoff charge 

voltage of 4.6 V. Although a quantitative analysis of cracks may be difficult, it is 

evident that the stoichiometric sample shows larger cracks with respect to length and 

width compared to the lithium excess sample, which may leads to inferior 

electrochemical performance for the former.  

4.3.6.4 Volume change 

In order to understand the reason for the development of cracks, this section 

focuses on monitoring the variations of lattice parameters and unit cell volume with 

lithium content for both the stoichiometric Li1-xNi1/3Mn1/3Co1/3O2 and the lithium 

excess Li1.03-x(Ni1/3Mn1/3Co1/3)0.97O2 samples. The data were obtained by 

electrochemically charging the cathodes to various lithium contents and they are 

compared in Figure 4.17. The data indicate that the stoichiometric sample experiences 

a larger volume change ΔV compared to the lithium excess sample during the 

discharge-charge cycling. For example, the stoichiometric and the lithium excess 

samples experience a ΔV/Vo (Vo refers to initial volume) of 2.5 and 1.5 % 

respectively on going from a lithium content of 1 to 0.2. The difference in the ΔV/Vo 

values between the two samples becomes large particularly at lower lithium contents 

of < 0.5. Thus, the larger volume change experienced by the stoichiometric sample 

compared to the lithium excess sample may result in a larger lattice strain and an  
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Figure 4.16 SEM photographs of the (a) stoichiometric and (b) lithium excess 
cathodes after subjecting to 50 cycles with a cutoff charge voltage of 4.6 V.  

 87



 

2.80

2.85

2.90

  

 

 

14.1

14.4

14.7

  

 

98

100

102

  

V
 (A

3 )
ΔV

 / 
V 0 (

%
)

c 
(A

)
a 

(A
)

Lithium content

 

0.0 0.2 0.4 0.6 0.8 1.0

4

2

0

  

 

 

Figure 4.17 Comparisons of the variations of lattice parameters and unit cell volume 
with lithium content for the stoichiometric and lithium excess samples. Closed and 
open symbols refer, respectively, to the stoichiometric and the lithium excess 
samples. 
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easier development of cracks and impedance, which leads to inferior electrochemical 

performance, respectively on going from a lithium content of 1 to 0.2. The difference 

in the ΔV/Vo values between the two samples becomes large particularly at lower 

lithium contents of < 0.5. Thus, the larger volume change experienced by the 

stoichiometric sample compared to the lithium excess sample may result in a larger 

lattice strain and an easier development of cracks and impedance, which leads to 

inferior electrochemical performance. 

Finally, to see whether the differences in the electrochemical behaviors of the 

two samples could also be related to differences in the chemical instabilities, the 

average oxidation states with lithium content for both the stoichiometric and lithium 

excess samples were monitored by chemically extracting lithium with NO2BF4 in 

acetonitrile medium. The data show that the two samples begin to experience a 

deviation of the oxidation state of the transition metal ions from the theoretically 

expected value around the same lithium content of 0.35, suggesting that the difference 

in the electrochemical behavior is not due to the differences in the chemical 

instability. However, the drastic decline in capacity retention for both the samples on 

increasing the cutoff charge voltage to 4.7 V could be due the chemical instability as 

described in section 4.3. 
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4.4 CONCLUSIONS 

The chemical and structural stabilities of the Li1-xNi1/3Mn1/3Co1/3O2 cathodes 

have been assessed as a function of lithium content. The system is chemically stable 

for (1-x) > 0.35 and structurally stable with the initial O3 type structure for at least (1-

x) > 0.23. These improved chemical and structural stabilities lead to a higher 

reversible capacity (~ 180 mAh/g) compared to that found with LiCoO2 (~ 140 

mAh/g). However, a small degree of cation disorder present may lead to a lower rate 

capability compared to that in LiCoO2. Innovative synthesis and processing 

procedures or appropriate cationic substitutions to improve the cation ordering could 

help to improve the rate capability. 

The irreversible capacity loss of the LiNi1/3Mn1/3Co1/3O2 cathodes is found to 

increase with decreasing synthesis temperature (900 – 600 oC), exhibiting a linear 

relationship with the BET surface area. Similar results are found with the analogous 

LiCoO2 system also although the increase is faster due to a greater chemical 

instability. The results suggest that a parasitic electrochemical reaction occurring on 

the surface of the cathode materials may be responsible for the IRC. Additionally, 

IRC is found to be related to an irreversible anodic peak at 4.5 V, which increases 

with decreasing synthesis temperature (or increasing surface area).  

Layered LiNi1/3Mn1/3Co1/3O2 samples have been compared with and without 7 

atom % excess lithium and characterized as cathodes for lithium ion cells. The sample 
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synthesized with excess lithium exhibits better cyclability and rate capability than the 

stoichiometric sample synthesized without excess lithium. The inferior 

electrochemical performance of the stoichiometric composition compared to the 

lithium excess composition is attributed to the formation of cracks caused by a larger 

volume change and the consequent development of impedance during cycling. The 

study indicates that suppression of volume changes by appropriate cationic 

substitution could help to design and develop layered oxide cathodes with high 

capacity, good cyclability, and high rate capability. 
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CHAPTER 5 

 Structural and Electrochemical Characterization of the Layered 
LiNi0.5-y Mn0.5-yCo2yO2 (0 ≤ 2y ≤ 1) Cathodes 

5.1 INTRODUCTION 

As mentioned in chapter 1, transition metal oxides with the general formula 

LiMO2 (M = transition metal) have become attractive as cathode materials for lithium 

ion batteries since they display several important features required for 

cathodes.23,60,115 They exhibit high voltages arising from the highly oxidized M3+/4+ 

redox couples, high capacity with a reversible extraction/insertion of theoretically one 

lithium ion per transition metal ion, and high power density supported by the facile 

lithium extraction/insertion properties of the layered lattice and good electronic 

conductivity originating from the direct M-M interactions of the edge-shared MO6 

octahedra. Among the various layered oxides, LiCoO2 is presently used in most of the 

lithium ion cells due to its easy synthesis and excellent reversible lithium 

extraction/insertion properties. However, it could be used only over a limited range of 

0.5 ≤ (1-x) ≤ 1 in Li1-xCoO2, limiting its practical capacity to 140 mAh/g. Also, Co is 

relatively expensive and toxic. These difficulties have prompted the development of 

alternative layered oxide cathode compositions. 
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Recently the layered LiNi1-y-zMnyCozO2 cathodes have become appealing due 

to their higher capacity, lower cost, and enhanced safety compared to the 

conventional LiCoO2 cathode. The high capacity and improved safety features of 

these cathodes originate from the better chemical stability of the Ni2+/3+, Ni3+/4+, and 

Mn3+/4+ redox couples compared to that of the Co3+/4+ couple as has been 

demonstrated by the previous studies of our group, employing a chemical lithium 

extraction technique.52-57 However, there are a few drawbacks with these cathodes 

that need to be overcome in order for them to be successful and compete with the 

conventional LiCoO2 cathodes. One difficulty with the LiNi1-y-zMnyCozO2 cathodes is 

the lower rate capability compared to that found with the LiCoO2 cathode.  

In this chapter, a systematic electrochemical and structural characterizations 

of the layered LiNi0.5yMn0.5-yCo2yO2 oxides with the entire range of  0 ≤ 2y ≤ 1 are 

investigated with an aim to establish a better understanding of the factors that 

influence the rate capability and to develop optimized high performance cathode 

compositions. A substitution of equal amounts of Co3+ for both Ni2+ and Mn4+ in 

LiNi0.5-yMn0.5-yCo2yO2 maintains the valence states of Ni and Mn unaltered at Ni2+ 

and Mn4+ similar to that in the parent LiNi0.5Mn0.5O2 composition. The variations 

with Co content 2y of the capacity, rate capability, electrical conductivity, chemical 

lithium extraction rate, and the phase relationships of end members (when lithium 

content is zero) of LiNi0.5yMn0.5-yCo2yO2 are discussed here.  
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5.2 EXPERIMENTAL 

The LiNi0.5-yMn0.5-yCo2yO2 samples with 0 ≤ 2y ≤ 0.58 and the 2y = 1 sample 

(LiCoO2) were prepared, respectively, by conventional solid-state method and co-

precipitation procedure as described in chapter 2. Lithium extraction rate was 

investigated by stirring the LiMO2 powders in an acetonitrile solution of NO2BF4 for 

15 minutes under argon atmosphere using a Schlenk line, followed by washing the 

products formed several times with acetonitrile under argon atmosphere to remove 

LiBF4, drying under vacuum at ambient temperature, and storing in an argon-filled 

glove box to avoid reaction with the ambient. In order to keep the driving force for 

chemical lithium extraction the same for all values of 2y, the reactions were carried 

out with a constant LiNi0.5-yMn0.5-yCo2yO2:NO2BF4 molar ratio of 1:2 in 20 mL of 

acetonitrile.  

All the samples were characterized by X-ray diffraction and the structural 

refinements and lattice parameter determinations were carried out with the Rietveld 

method using the DBWS-9411 PC program and lithium contents were determined by 

atomic absorption spectroscopy as described in chapter 2. The electrical 

conductivities of sintered (900 oC) LiNi0.5-yMn0.5-yCo2yO2 samples were measured by 

a four-probe dc method with the van der Paw configuration in the range of 100 to 700 

oC with silver contacts. Cathodes for evaluating the electrochemical performances 

were prepared as described in chapter 2.  
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5.3 RESULTS AND DISCUSSION 

5.3.1 Crystal chemistry 

X-ray diffraction patterns, as shown in Fig. 5.1, indicated that all the LiNi0.5-

yMn0.5-yCo2yO2 (0 ≤ 2y ≤ 1) samples have the O3 type layered structure with the 

mR3  space group without any impurity phases, and the crystal chemistry data are 

summarized in Table 5.1. The data indicate that the lattice parameters and unit cell 

volume decrease monotonically with increasing Co content 2y due to the replacement 

of the larger Ni2+ ions (0.690 Å) by the smaller low-spin Co3+ ions (0.545 Å)92, which 

is in agreement with the literature data.116 The continuous change in the structural 

parameters indicate that the LiNi0.5-yMn0.5-yCo2yO2 oxides form single-phase solid 

solutions for the entire range of 0 ≤ 2y ≤ 1. 
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Figure 5.1 X-ray diffraction patterns of layered LiNi0.5-yMn0.5-yCo2yO2 oxides (0 ≤ 2y 
≤1).  
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Table 5.1 Summary of the Rietveld analysis results of the layered LiNi0.5-yMn0.5-yCo2yO2 (0 ≤ 2y ≤ 1) samples. 

      Thermal 
parameter, 

a c V c/a BLi

Cation  
disorder 2y Li contenta

(Å) (Å) (Å3)  (Å2) (%) 

Average 
 (Ni,Mn,Co)3+

 radius 
(Å) 

0.00 1.04 2.8909(1) 14.3007(6) 103.5 4.947 -6.07 8.7(2) 0.610 

0.05 1.07 2.8865(1) 14.2917(8) 103.1 4.951 -4.84 7.1(2) 0.607 

0.10 1.02 2.8823(1) 14.2865(7) 102.8 4.957 -4.35 6.4(2) 0.604 

0.15 1.08 2.8786(1) 14.2843(5) 102.5 4.962 -3.93 5.9(2) 0.600 

0.33 1.08 2.8562(1) 14.2045(4) 100.4 4.973 -1.74 3.0(2) 0.589 

0.41 1.08 2.8460(1) 14.1690(4) 99.4 4.979 -1.12 2.3(2) 0.583 

0.50 - 2.8397(1) 14.1533(8) 98.8 4.984 -1.12 1.9(3) 0.578 

0.58 - 2.8307(1) 14.1272(13) 98.0 4.991 +1.16 - 0.572 

1.00 1.01 2.8111(1) 14.0214(7) 95.96 4.988 +0.02 - 0.545 
 

 



The % cation disorder (i.e. the % of transition metal ions in the lithium planes) 

in the structure of LiNi0.5-yMn0.5-yCo2yO2 was calculated based on a method proposed 

by Delmas’ group.117 The refinement with a strict two dimensional structure as 

[Li]3a(Ni0.5-yMn0.5-yCo2y)3b{O2}6c reveals that the BLi (thermal parameter of Li) 

becomes more negative with decreasing Co or increasing Ni content, indicating the 

presence of excess electron density and thus transition metal ions in the lithium sites. 

The repetition of refinement with a model of [Li1-zNiz]3a(Ni0.5-y-zMn0.5-yCo2y 

Liz)3b{O2}6c assuming the mixing of cations between the lithium and transition metal 

planes shows that the cation disorder decreases with increasing Co content 2y (Table 

1). The increase in the c/a ratio with increasing Co content 2y also confirms a more 

two-dimensional structure for the cobalt-rich compositions. The higher degree of 

cation disorder with the nickel-rich composition can be attributed to the smaller 

difference between the ionic radii of Ni2+ (0.690 Å) and Li+ (0.76 Å) compared to that 

between Co3+ (0.545 Å, low spin) and Li+.58 Although any lithium deficiency 

occurring during the high temperature firing process could contribute to the cation 

disorder as in the case of LiNiO2 due to the reduction of Ni3+ to Ni2+, the lithium 

contents measured by atomic absorption spectroscopy were found to be 1.02 – 1.08 as 

the samples were synthesized with 7 atom % excess lithium and all the nickel already 

exist as nominally Ni2+ in the LiNi0.5-yMn0.5-yCo2yO2 system for the entire 0 ≤ 2y ≤ 1. 
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5.3.2 Electrochemical performance 

Figure 5.2 compares the initial discharge capacities and cyclabilities of the 

various LiNi0.5-yMn0.5-yCo2yO2 (0 ≤ 2y ≤ 1) samples cycled between 3.0 and 4.5 V at 

C/5 rate up to 50 cycles. While the discharge capacities generally increase with 

increasing Co content 2y, the cycling properties are found to be maximized with > 

90% capacity retention in the composition range of 0.33 ≤ y ≤ 0.5. Outside this range 

with 2y < 0.33 or > 0.5, the capacity retention of the LiNi0.5-yMn0.5-yCo2yO2 samples  
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Figure 5.2 Comparisons of first discharge capacities and capacity retentions of 
layered LiNi0.5-yMn0.5-yCo2yO2 cathodes. The data were collected between 3.0 and 4.5 
V at C/5 rate up to 50 cycles.  
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falls below 90 %, limiting practical applications. The decline in cyclability in the 

cobalt-rich compositions could be related to the chemical instability of the Co3+/4+ 

redox couple due to its significant overlap with the top of the O2-:2p band, as has been 

demonstrated previously by our group.52-57

Figure 5.3 compares the electrochemical rate capabilities of the LiNi0.5-yMn0.5-

yCo2yO2 cathodes for various values of 0 ≤ 2y ≤ 1. The rate capabilities were 

evaluated by first charging the cathodes at C/10 rate and then discharging at various  
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Figure 5.3 Comparison of the rate capabilities (from 0.1C to 4C rate) of the LiNi0.5-

yMn0.5-yCo2yO2 cathodes with various Co contents 2y. The capacity ratio values were 
obtained by dividing the capacity at various C rates by the capacity at 0.1C rate. 
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rates (C/10 to 4C rate) between 4.3 and 3.0 V. A lower cutoff charge voltage of 4.3 V 

compared to the 4.5 V used in the cyclability tests was chosen to minimize the effects 

of any capacity degradation that may occur due to poor cycling properties at higher 

cutoff voltages. The data in Figure 5.3 show that the rate capability decreases 

monotonically with decreasing Co content 2y in LiNi0.5-yMn0.5-yCo2yO2. 

5.3.3 Electrical conductivity 

In order to identify the factors that influence the rate capability, the variations 

of electrical conductivity with Co content 2y were first investigated. The data, as 

shown in Figure 5.4, reveal that there is no clear relationship between the electrical 

conductivity values and the rate capability. For example, the LiNi0.5Mn0.5O2 sample, 

which shows the worst rate capability among the Li1-xNi0.5-yMn0.5-yCo2yO2 samples, 

shows higher electrical conductivity than the LiNi0.475Mn0.475Co0.05O2 and 

LiNi0.425Mn0.425Co0.15O2 samples, indicating the differences in the rate capability may 

not be due to the differences in electrical conductivity. This observation is in 

accordance with a recent report by Chen et al116, which also finds no clear correlation 

between electrical conductivity and rate capability with Co content.  
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Figure 5.4 Comparison of the electrical conductivities of the LiNi0.5-yMn0.5-yCo2yO2 
samples obtained by the four-probe method from 100 to 700 oC. 

5.3.4 Lithium extraction rate 

Recognizing that the variations in rate capability could not be accounted for 

by electrical conductivity considerations, the lithium extraction rate measurements 

were carried out as it could also affect the rate capability. Figure 5.5 compares the 

lithium contents remaining in Li1-xNi0.5-yMn0.5-yCo2yO2 after 15 min of chemical 

lithium extraction reaction with 100 % excess oxidizer NO2BF4 in acetonitrile 
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medium. The data show that the lithium content (1-x) remaining in Li1-xNi0.5-yMn0.5-

yCo2yO2 increases with decreasing Co content in the region of 0.15 < 2y ≤ 1.0 and 

remains nearly constant at low Co contents of 0 ≤ 2y <0.15, indicating a faster lithium 

extraction rate with increasing Co content 2y. Therefore, the increasing 

electrochemical rate capability in Figure 5.2 with increasing Co content could be 

related to the increasing lithium extraction rate.  
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Figure 5.5 Comparison of the lithium contents remaining after 15 min of chemical 
lithium extraction reaction of the layered LiNi0.5-yMn0.5-yCo2yO2 with NO2BF4 in 
acetonitrile medium.  
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5.3.5 Cation disorder vs. lithium extraction rate 

In order to understand the origin of the variations in lithium extraction rate, the 

variations in structural parameters with Co content were considered. Figure 5.6 shows  
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Figure 5.6 Correlation of the (a) electrochemical rate capability and (b) lithium 
extraction rate (lithium content remaining in the sample after 15 min of chemical 
lithium extraction reaction) with the cation disorder in the layered LiNi0.5-yMn0.5- 

yCo2yO2 cathodes. The capacity ratio values in (a) were obtained by dividing the 
capacity at 2C rates by that at 0.1C rate. 
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a correlation of the electrochemical rate capability (Figure 5.6a) and lithium content 

remaining in the sample after 15 min of chemical lithium extraction time (Figure 

5.6b) with the degree of cation disorder. Interestingly, the rate capability and the 

chemical lithium extraction rate are found to decrease with increasing cation disorder. 

Therefore, the presence of a considerable amount of transition metal ions in the 

lithium layer in the nickel-rich LiNi0.5-yMn0.5-yCo2yO2 samples impedes the lithium 

diffusion, resulting in slower chemical lithium extraction rate and lower 

electrochemical discharge rate. Additionally, the poor cyclabilities of the nickel-rich 

compositions, as seen in Figure 5.2, could also be attributed to the higher degree of 

cation disorder compared to that in the cobalt-rich compositions. 

The cation disorder (transition metal ions in the lithium plane) can impede the 

lithium diffusion as discussed below. First, they can reduce the lithium diffusion rate 

by simply occupying the lithium site in the diffusion path because it is difficult for the 

transition metal ions to move from one site to another site considering their heavy 

atomic weights and higher valences.  Second, they can decrease the lithium diffusion 

rate by influencing the diffusion channel or adjacent tetrahedral sites, through which 

the lithium ions diffuse as illustrated by Figure 5.7. It is difficult for lithium ions to 

pass through the tetrahedral sites sharing the face with the transition metal ion 

octahedra due to strong electrostatic repulsions, resulting in decreased diffusion rate.  
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Figure 5.7 (001) lithium plane with a transition metal ion 
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5.3.6 Synthesis in O2 atmosphere 

With an aim to confirm further the relationship between cation disorder and 

rate capability (or lithium extraction rate), some LiNi0.5-yMn0.5-yCo2yO2 samples were 

synthesized in O2 atmosphere and their degree of cation disorder and rate capability  

were compared with those synthesized in air. Table 5.2 summarizes the degree of 

cation disorder values obtained by the Rietveld analysis of the X-ray diffraction data 

for the LiNi0.5-yMn0.5-yCo2yO2 samples synthesized in air and O2 atmospheres.  
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Table 5.2 Degree of cation disorder in the layered LiNi0.5-yMn0.5-yCo2yO2 samples 
synthesized at 900 oC in air and O2 atmospheres. 

 
Cation disorder (%) 

Synthesized in Sample 

air O2

Difference 

LiNi0.5Mn0.5O2 8.7 7.8 -0.8 

LiNi0.475Mn0.475Co0.05O2 7.1 7.0 -0.1 

LiNi0.425Mn0.425Co0.15O2 5.9 5.4 -0.5 

LiNi0.33Mn0.33Co0.33O2 3.0 2.7 -0.3 

LiNi0.25Mn0.25Co0.5O2 1.9 1.3 -0.6 
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Figure 5.8 Comparison of the rate capabilities of the LiNi0.5-yMn0.5-yCo2yO2 samples 
synthesized in air and in O2 atmospheres. 
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The data indicate that samples synthesized in O2 atmosphere consistently 

show slightly better cation ordering than the corresponding samples synthesized in air, 

although the difference is small. Figure 5.8 compares the rate capabilities of these 

samples synthesized in air and O2 atmospheres. The data reveal that the samples 

synthesized in O2 atmosphere exhibit slightly higher rate capabilities than those 

synthesized in air, confirming that the rate capability increases with increasing cation 

ordering. 

5.3.7 Phase relationships of HxNi0.5-yMn0.5-yCo2yO2 

The lithium extraction rate varying with the degree of cation disorder is also 

found to influence the crystal chemistry of the end members HxNi0.5-yMn0.5-yCo2yO2 

that were obtained by chemically extracting all the lithium by reacting the parent 

LiNi0.5-yMn0.5-yCo2yO2 with NO2BF4 for two days. Since the charge neutrality at low 

lithium content is maintained mainly by an ion exchange of Li+ by H+ rather than by 

loss of oxygen, as presented in chapter 3, the fully delithiated end members are 

designated as HxNi0.5-yMn0.5-yCo2yO2 in this chapter. Figure 5.9 compares the X-ray 

diffraction patterns of the fully delithiated HxNi0.5-yMn0.5-yCo2yO2 that were obtained 

by chemically extracting lithium from LiNi0.5-yMn0.5-yCo2yO2. Rietveld refinement of 

the X-ray diffraction data, given in Figure 5.10, indicate that the structure of the 

delithiated phases changes with decreasing Co content from P3 type (in HxCoO2) to 

O1 type (in HxNi0.33Mn0.33Co0.33O2 ) to O3 type (in HxNi0.5Mn0.5O2). For example, the 
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Rietveld fitting parameters including the Rwp, Rp, and goodness of fit s values and the 

lattice parameters for these three samples are given in Tables 5.3 – 5.5.  
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Figure 5.9 Comparison of the X-ray diffraction patterns of the delithiated HxNi0.5-

yMn0.5-yCo2yO2 obtained by reacting LiNi0.5-yMn0.5-yCo2yO2 synthesized at 900 oC 
with NO2BF4 for 2 days: (a) HxCoO2, (b) HxNi0.25Mn0.25Co0.5O2, (c) 
HxNi0.295Mn0.295Co0.41O2, (d) HxNi0.33Mn0.33Co0.33O2, (e) HxNi0.425Mn0.425Co0.15O2, 
and (f) HxNi0.5Mn0.5O2. 
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Figure 5.10 Rietveld fitting of the delithiated (a) HxNi0.5Mn0.5O2, (b) 
HxNi0.33Mn0.33Co0.33O2, and (c)  HxCoO2 that were obtained by reacting, respectively, 
LiNi0.5Mn0.5O2, LiNi0.33Mn0.33Co0.33O2, and LiCoO2 synthesized at 900 oC with 
NO2BF4 for 2 days. Circles and lines correspond, respectively, to the observed and 
calculated intensities. The difference between the observed and calculated patterns 
and the peak positions corresponding to the O3, O1, and P3 phases are also shown. 
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Table 5.3 Structural parameters of HxNi0.5Mn0.5O2
a 

Atom Site x y z Occupancyb

Ni 3a 0 0 0 0.061 
Ni 3b 0 0 0.5 0.439 
Mn 3b 0 0 0.5 0.500 

O 6c 0 0 0.229(2) 2.000 
a Space group: m3R  (S.G. 166); a = 2.8666(7) Å, c = 13.946(9) Å, V = 99.25(7) Å3; 
Rwp = 13.14 %, Rp = 10.31 %, s = 2.34.  
b refers to the site occupancy multiplier. 
 
 
Table 5.4 Structural parameters of HxNi0.33Mn0.33Co0.33O2

a

Atom Site x y z Occupancyb

Ni 1a 0 0 0 0.333 
Co 1a 0 0 0 0.333 
Mn 1a 0 0 0 0.333 
O 2d 0.333 0.666 0.121(5) 2.000 

a Space group: 13mP  (S.G. 164); a = 2.8316(1) Å, c = 4.5066(2) Å, V = 31.292(2) Å3; 
Rwp = 13.13 %, Rp = 10.28 %, s = 2.77.  
b refers to the site occupancy multiplier. 
 
 
 
Table 5.5 Structural parameters of HxCoO2

a 

Atom Site x y z Occupancyb

Co 3a 0 0 0 1.000 
O 3a 0 0 0.618(8) 1.000 
O 3a 0 0 0.408(3) 1.000 

a Space group: R3m (S.G. 160); a = 2.8409(4) Å, c = 13.550(5) Å, V = 94.70(4) Å3; 
Rwp = 19.20 %, Rp = 14.76 %, s = 2.60. 
b refers to the site occupancy multiplier. 
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With an aim to examine the possibility of the effect of proton on the formation 

of the P3 type phase as suggested by others,79,118 the proton contents of x in the 

delithiated HxCoO2, HxNi0.33Mn0.33Co0.33O2, and HxNi0.5Mn0.5O2 were calculated 

using charge neutrality principle based on the experimentally measured lithium 

content and oxidation state values, assuming no oxygen loss occurs during chemical 

lithium extraction. As seen in Table 3.1, the proton contents in HxNi1-y-

zMnyCozO2  remains around 0.4, and no clear correlation between proton content and 

P3 type phase is found.  

Thus the formation of the metastable P3 type phase for the cobalt-rich 

compositions may be related to the faster lithium extraction (less equilibrated lithium 

extraction) arising from a better cation ordering. In contrast, the formation of the 

thermodynamically more stable O1 type phase for HxNi0.33Mn0.33Co0.33O2 with an 

intermediate Co content may be due to the moderately slower lithium extraction rate 

(more equilibrated lithium extraction). Considering this, the formation of the 

thermodynamically more stable O1 type phase for CoO2 during electrochemical 

charging93-96 can also be understood to be due to the slower, more equilibrated lithium 

extraction process since the electrochemical charging process is generally carried out 

at a much lower rate than the chemical lithium extraction rate encountered here. On 

the other hand, the maintenance of the initial O3 type structure for the cobalt-poor 

HxNi0.5Mn0.5O2 can be explained by considering the structural factors. While the 

[LiO6] octahedra share only edges with the [MO6] octahedra in the O3 type Li1-xMO2 
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phases, the [LiO6] octahedra/prism (if any) share both edges and faces with the [MO6] 

octahedra in the P3 and O1 type structures.119 Thus the presence of any M3+/4+ ions in 

the lithium plane due to cation disorder present in the initial LiMO2 samples may 

destabilize the formation of P3 and O1 type structures due to the electrostatic 

repulsion between the M3+/4+ present in the lithium planes and transition metal planes 

across the shared polyhedral faces; a lithium plane free from M3+/4+ cations may be 

necessary for the formation of the P3 and O1 type phases. Therefore, the formation of 

O3 type phase for HxNi0.5Mn0.5O2 may be due to the presence of significant amount 

of cation disorder in the structure.  

5.3.8 Phase relationships of HxNi0.33Mn0.33Co0.33O2 and HxNi0. 5Co0.5O2 

With an aim to gain further understanding of the factors influencing the 

structure of the delithiated HxNi1-y-zMnyCozO2, this section focuses on monitoring the 

type of phases formed on chemically extracting all lithium as a function of the 

synthesis temperatures (600 – 900 oC) of two parent compositions, 

LiNi0.33Mn0.33Co0.33O2 and LiNi0.5Co0.5O2. The LiNi0.33Mn0.33Co0.33O2 samples 

synthesized at 600 – 900 oC all have the layered structure with the mR3  space group 

without any impurity phases, excepting that the reflections become narrower with 

increasing temperature due to an increasing crystallite size and decreasing surface 

area. Rietveld analysis of X-ray diffraction patterns of the LiNi0.33Mn0.33Co0.33O2 
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samples show, as seen in chapter 4, that there are no significant trends or differences 

in the cation disorder of these samples synthesized at different temperatures.  

Figure 5.11 compares the X-ray diffraction patterns of the delithiated 

HxNi0.33Mn0.33Co0.33O2 obtained from the LiNi0.33Mn0.33Co0.33O2 samples synthesized 

at various temperatures. The data indicate that with decreasing synthesis temperature, 

the structure of the delithiated phases changes from a single O1 type phase (900 oC) to 

a single P3 type phase (600 oC) with both the O1 and P3 phases coexisting for the  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Comparison of the X-ray diffraction patterns of the delithiated 
HxNi0.33Mn0.33Co0.33O2 obtained by reacting with NO2BF4 for 2 days the 
LiNi0.33Mn0.33Co0.33O2 samples synthesized at various temperatures (600 – 900 oC). 
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intermediate synthesis temperatures (700 oC and 800 oC). For example, the Rietveld 

fitting of the 600 oC sample is given in Table 5.6 and Figure 5.12, and that of the 900 

oC sample is given in Table 5.4 and Figure 5.9b along with the lattice parameters, 

Rwp, Rp, and goodness of fit s values.  

With an aim to identify the reason for the appearance of the P3 type phase for 

the delithiated samples obtained from the compositions synthesized at lower 

temperatures (< 900 oC), the lithium extraction rates were compared by measuring the 

lithium content remaining after 15 min of chemical lithium extraction reaction with 

NO2BF4 in acetonitrile medium. The data, as shown in Table 5.7, reveal that with 

decreasing synthesis temperature, the lithium content remaining in the sample after 15 

min of chemical lithium extraction reaction decreases, indicating a faster lithium 

extraction with lower synthesis temperature. The lithium extraction rate correlates 

well with the surface area of the parent LiNi0.33Mn0.33Co0.33O2 samples obtained by 

the BET measurements (Table 5.7). As the surface area increases with decreasing 

synthesis temperature, the lithium extraction becomes easier as the lithium has to 

diffuse through a shorter distance to come out of the lattice to the surface. As 

discussed earlier, we believe that the faster lithium extraction in the samples 

synthesized at lower temperatures leads to the formation of the metastable P3 type 

phase, while the slow lithium extraction in the samples synthesized at higher 

temperatures leads to the formation of the thermodynamically more stable O1-type 

phase.  
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Figure 5.12 Rietveld fitting of the delithiated HxNi0.33Mn0.33Co0.33O2 that was 
obtained by reacting with NO2BF4 for 2 days. LiNi0.33Mn0.33Co0.33O2  synthesized at 
600 oC. Circles and lines correspond, respectively, to the observed and calculated 
intensities. The difference between the observed and calculated patterns and the peak 
positions corresponding to the P3 phase are also shown. 

Table 5.6 Structural parameters of HxNi0.33Mn0.33Co0.33O2 obtained from 
LiNi0.33Mn0.33Co0.33O2 at 600 oCa 

Atom Site x y z Occupancyb

Ni 3a 0 0 0 0.333 
Co 3a 0 0 0 0.333 
Mn 3a 0 0 0 0.333 
O 3a 0 0 0.593(2) 1.000 
O 3a 0 0 0.350(2) 1.000 

a Space group: R3m (S.G. 160); a = 2.8745(5) Å, c = 13.993(8) Å, V = 100.11(6) Å3; 
Rwp = 9.38 %, Rp = 7.26 %, s = 2.43. 
b refers to the site occupancy multiplier.  
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Table 5.7 Surface areas and lithium contents remaining after 15 min of chemical 
lithium extraction reaction of the layered LiNi0.33Mn0.33Co0.33O2 synthesized at 
various temperatures. 
 

Synthesis Temp. Surface Area 
Lithium content remaining  

after 15 min of chemical lithium 
extraction reaction  

(oC) (m2/g)  

900 8.6 0.35 

800 10.6 0.28 

700 18.5 0.08 

600 25.2 0.07 

 
 
 
 
 
 
 
 
 
 

 

In addition to the differences in the lithium extraction rate, the proton content 

(ion exchange of Li+ by H+ occurring during chemical lithium extraction) can also 

possibly influence the structure of the delithiated phases. Table 5.8 summarizes the 

average oxidation states of the transition metal ions and the proton contents in 

HxNi0.33Mn0.33Co0.33O2 that were obtained by chemically extracting lithium from 

LiNi0.33Mn0.33Co0.33O2 synthesized at various temperatures. The proton contents were 

calculated using charge neutrality principle based on the experimentally measured 

lithium content and oxidation state values, assuming no oxygen loss occurs during 

chemical lithium extraction. The data indicate that the proton content increases 

slightly with decreasing synthesis temperature, which could favor the formation of P3 

type phase; for example, the presence of protons in H1-xLix[Li0.33Mn0.67]O2 has been 

suggested before to favor the P3 type phase due to hydrogen bonding.79 The larger  
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Table 5.8 Summary of the average oxidation state of transition metal ions and the 
calculated proton contents in HxNi0.33Mn0.33Co0.33O2 that were obtained by chemically 
extracting lithium from the LiNi0.33Mn0.33Co0.33O2 samples synthesized at various 
temperatures 

 a H+ content was calculated based on the experimentally measured lithium content 
and oxidation state values, assuming an oxygen content of 2.0 (δ=0). 

Synthesis temp. Lithium content Oxidation state  
of (Ni0.33Mn0.33Co0.33) 

*Calculated 
H+ contenta

(oC)    

900 0.02 3.58 0.40 

800 0.00 3.49 0.51 

700 0.00 3.43 0.57 

600 0.01 3.36 0.63 

 

surface area of the samples synthesized at lower temperatures may lead to the 

incorporation of a higher amount of proton during chemical delithiation. 

The LiNi0.5Co0.5O2 samples synthesized at various temperatures (700 - 900 oC) 

all adopt the layered structure with the mR3  space group without any impurity 

phases. However, the Rietveld analysis of the X-ray diffraction data, as shown in 

Table 5.9, reveals that there are significant differences in the structural parameters 

such as cation disorder for the samples synthesized at different temperatures. While 

the 900 oC sample shows a significant amount of cation disorder, the 800 and 700 oC 

samples show no cation disorder. The difference in the degree of cation ordering 

could be understood by considering the experimentally measured lithium contents.  
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Table 5.9 Summary of the Rietveld analysis results and experimentally measured 
lithium contents of the layered LiNi0.5Co0.5O2 synthesized at various temperatures  

    Thermal 
parameter, Synthesis 

Temp. 
a c V c/a BBLi

Cation  
disorder 

(oC) (Å) (Å) (Å3)  (Å2) (%) 

Li 
Content

900 2.8526(1) 14.1596(6) 99.8 4.964 -5.590 5.7% 0.90 
800 2.8469(1) 14.1393(4) 99.2 4.967 1.005 - 1.06 
700 2.8470(1) 14.1404(6) 99.3 4.967 0.436 - 1.08 

 

Although all the samples were synthesized with 7 atom % excess Li, the 900 

oC sample shows a significant amount of lithium deficiency (lithium content of 0.9) 

while both the 800 and 700 oC samples maintain a lithium content of about 1.07. The 

significant loss of lithium in the 900 oC sample is due to the instability of Ni3+ ions at 

the higher synthesis temperatures and the consequent reduction of Ni3+ to Ni2+, 

forcing the volatilization of lithium from the lattice, unlike in the case of  the LiNi0.5-

yMn0.5-yCo2O2 samples discussed in the previous section, where all the nickel exist as 

stable Ni2+. The presence of Ni2+ in the 900 oC sample is also evident from the larger 

lattice parameters and unit cell volume compared to those of the 800 and 700 oC 

samples. 

Figure 5.13 compares the X-ray diffraction patterns of the delithiated 

HxNi0.5Co0.5O2 obtained by chemical lithium extraction from the LiNi0.5Co0.5O2 

samples synthesized at various temperatures. For the 900 oC sample, only 

Li0.2HxNi0.5Co0.5O2 (O3 type structure) could be obtained instead of the end member 
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HxNi0.5Co0.5O2 after 2 days of chemical lithium extraction due to a significant amount 

of cation disorder induced by the loss of lithium. As in the HxNi0.33Mn0.33Co0.33O2 

system, it is evident that broad reflections corresponding to the P3 type phase evolves 

with decreasing synthesis temperature, and the fraction of P3 type phase increases on 

going from the 800 to 700 oC sample. Since the 800 and 700 oC LiNi0.5Co0.5O2 

samples have a better cation ordering (Table 5.9) as well as higher surface areas 

compared to the 900 oC sample, the lithium extraction rate in the 800 and 700 oC  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 Comparison of the X-ray diffraction patterns of the delithiated 
HxNi0.5Co0.5O2 obtained by reacting with NO2BF4 for 2 days LiNi0.5Co0.5O2 
synthesized at various temperatures (700 – 900 oC). For the 900 oC sample, 
Li0.2HxNi0.5Co0.5O2  is displayed instead of HxNi0.5Co0.5O2.
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samples is expected to be higher than that in the 900 oC sample, leading to the 

formation of some amount of the metastable P3 type phase for the delithiated 

HxNi0.5Co0.5O2. Additionally, slight differences in the proton contents depending on 

the synthesis temperature and surface area of the parent LiNi0.5Co0.5O2 could also 

influence the structure of the delithiated phases as in the case of the 

HxNi1/3Mn1/3Co1/3O2 system.  

5.4 CONCLUSIONS 

A systematic investigation of the layered LiNi0.5-yMn0.5-yCo2yO2 (0 ≤ 2y ≤ 1) 

oxide cathodes reveals that the compositions with an optimum Co content of 0.33 ≤ 

2y ≤ 0.5 exhibit high capacity with good cyclability. The rate capability is found to be 

related to the lithium extraction rate that decreases with decreasing Co content due to 

an increasing cation disorder. Novel synthesis and processing approaches that can 

improve the cation ordering could help to improve the rate capabilities of the layered 

LiNi1-y-zMnyCozO2 cathodes exhibiting high capacities. 

The factors influencing the crystal chemistry of the layered HxNi1-y-

zMnyCozO2 phases formed on extracting lithium chemically from LiNi1-y-zMnyCozO2 

have been also investigated. The HxNi1-y-zMnyCozO2 phases adopt either the parent 

O3 type structure or new P3 or O1 type structures depending upon the Co content and 

the synthesis temperature of the parent LiNi1-y-zMnyCozO2 samples. While a faster 

lithium extraction caused by good cation ordering (high Co content) or larger surface 
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area (low synthesis temperature) promotes the formation of the metastable P3 type 

phase, a slow, more equilibrated  lithium extraction leads to the formation of the 

thermodynamically more stable O1 type phase. A large degree of cation disorder 

prevents the formation of both the P3 and O1 type phases due to the strong 

electrostatic repulsion between the M3+/4+ cations across the shared polyhedral faces, 

resulting in a maintenance of the initial O3 type structure.  
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CHAPTER 6 

Crystal Chemistry and Electrochemical Characterization of the 
Layered LiNi0.5-yCo0.5-yMn2yO2 and LiCo0.5-yMn0.5-yNi2yO2 (0 ≤ 2y ≤ 1) 

Cathodes 

6.1 INTRODUCTION 

Layered LiMO2 (M = Co, Ni, Mn and their solid solutions) oxides have been 

investigated widely as cathode materials for lithium-ion batteries due to their 

excellent electrode properties, as discussed chapter 1. They exhibit high voltages 

arising from the highly oxidized M3+/4+ redox couples, high capacity with a reversible 

extraction/insertion of theoretically one lithium ion per transition metal ion, high 

power density supported by the facile lithium extraction/insertion into the two-

dimensional layered structure, and good electronic conductivity originating from the 

direct M-M interactions of the edge-shared MO6 octahedra.  

Recently, the layered LiNi1-y-zMnyCozO2 cathodes have become attractive due 

to their higher capacity, lower cost, and enhanced safety compared to the 

conventional LiCoO2 cathode.31,32,85-88 The high capacity of the layered LiNi1-y-

zMnyCozO2 originates from the better chemical stability of the Ni2+/3+ and Ni3+/4+ 

redox couples compared to that of the Co3+/4+ couple as has been demonstrated by our 

previous studies employing a chemical lithium extraction technique.52-57 In chapter 5,  
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a systematic electrochemical and structural characterizations of the layered 

LiNi0.5yMn0.5-yCo2yO2 oxides for the entire range of 0 ≤ 2y ≤ 1 was presented. The 

study revealed that the compositions with an optimum Co content of 0.33 ≤ 2y ≤ 0.5 

in LiNi0.5-yMn0.5-yCo2yO2 exhibit high capacity with good cyclability, but the rate 

capability decreases with decreasing Co content due to an increasing cation disorder 

and consequent slow lithium extraction rate. In this chapter, the synthesis, crystal 

chemistry, and electrochemical characterization of the analogous LiNi0.5-yCo0.5-

yMn2yO2 and LiCo0.5-yMn0.5-yNi2yO2 for 0 ≤ 2y ≤ 1 are investigated and the results are 

compared with those of the LiNi0.5-yMn0.5-yCo2yO2 system. 

6.2 EXPERIMENTAL 

The LiNi0.5-yCo0.5-yMn2yO2 (0 ≤ 2y ≤ 0.8) and LiCo0.5-yMn0.5-yNi2yO2 (0 ≤ 2y ≤ 

0.58) samples were prepared by the co-precipitation procedure followed by firing at 

900 oC for 24 h, as described in chapter 2, excepting LiNiO2 that was prepared by 

firing in O2 atmosphere at 750 oC for 24 h. Chemical extraction of lithium was carried 

out by stirring the powders in an acetonitrile solution of NO2BF4 for 2 days as 

described in chapter 2. 

All the samples were characterized by X-ray diffraction using the Rietveld 

method and lithium contents were determined by atomic absorption spectroscopy as 

described in chapter 2. Cathodes for evaluating the electrochemical performances 

were prepared as also described in chapter 2.  
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6.3 RESULTS AND DISCUSSION 

6.3.1 Crystal chemistry 

Figures 6.1 and 6.2 show the X-ray diffraction patterns of the LiNi0.5-yCo0.5-

yMn2yO2 and LiCo0.5-yMn0.5-yNi2yO2 samples respectively. Impurity phases like 

Li2MnO3 are observed for Mn-rich compositions with 2y > 0.6 in LiNi0.5-yCo0.5-

yMn2yO2  (Fig. 6.1) and 2y < 0.2 in LiCo0.5-yMn0.5-yNi2yO2 (Fig. 6.2), while single 

phase layered oxides were observed before in chapter 5 for the entire range of 0 ≤ 2y 

≤ 1 in the analogous LiNi0.5-yMn0.5-yCo2yO2 system.  

Tables 6.1 and 6.2 give the lithium contents determined by atomic absorption 

spectroscopy in the LiNi0.5-yCo0.5-yMn2yO2 and LiCo0.5-yMn0.5-yNi2yO2 samples. While 

the lithium contents remain slightly above 1.0 as the samples were synthesized with 7 

atom % excess lithium for nickel contents ≤ 0.33, a significant lithium deficiency is 

found for nickel-rich samples (nickel contents > 0.33) in both the series. The lithium 

deficiency in the nickel-rich compositions when they are synthesized at high 

temperatures is a well-known phenomenon and it is due to the tendency of Ni3+ to get 

reduced to Ni2+ at high temperatures and a consequent volatilization of lithium 

oxide.62 However, the LiNi0.5-yMn0.5-yCo2yO2 series of oxides synthesized at 900 oC 

do not lose much lithium since all the nickel is already present as Ni2+ (both Mn and 

Co are present as Mn4+ and Co3+) in these compositions, as discussed in chapter 5. 
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Figure 6.1 X-ray diffraction patterns of LiNi0.5-yCo0.5-yMn2yO2 for 0 ≤ 2y ≤ 0.8. 
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Figure 6.2 X-ray diffraction patterns of LiCo0.5-yMn0.5-yNi2yO2 for 0 ≤ 2y ≤ 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

127

10 20 30 40 50 60 70 80

(1
07

)

(1
04

)

(0
15

)(0
12

)
(0

06
)

(1
01

)

(0
03

)

2y = 0.1

Li2MnO3
Co3O4

2y = 0.2

2y = 0.33

2y = 0

2y = 0.58

2y = 1

 

te
y 

(A
.U

.)

Cu Kα 2θ (degree)

18 20 22 24

In
ns

it

 

 



Table 6.1  Summary of the Rietveld analysis results of the layered LiNi0.5-yCo0.5-yMn2yO2 (0 ≤ 2y ≤ 1) samples. 
 

        
    

Thermal 
parameter,

a c V c/a BLi

Cation  
disorder 

(z) 2y Li content 

(Å) (Å) (Å3)   (Å2) (%) 
0 0.90 2.8526(1) 14.1596(6) 99.78 4.964 -5.590 5.7% 

0.05 0.94 2.8568(0) 14.1865(5) 100.3 4.966 -5.328 7.3% 
0.1 0.95 2.8583(1) 14.2003(7) 100.5 4.968 -4.653 5.6% 
0.15 0.90 2.8587(1) 14.2069(5) 100.5 4.970 -3.306 3.5% 
0.33 1.08 2.8562(0) 14.2045(4) 100.4 4.973 -1.741 3.0% 
0.41 1.06 2.8536(1) 14.2061(7) 100.2 4.978 -2.019 2.4% 
0.5 1.08 2.8535(1) 14.2242(8) 100.3 4.985 -0.054 1.7% 
0.58 1.08 2.8494(1) 14.2173(12) 100.0 4.990 0.197 - 
0.7 - + Li2MnO3

0.8 - + Li2MnO3
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Table 6.2  Summary of the Rietveld analysis results of the layered LiCo0.5-yMn0.5-yNi2yO2 (0 ≤ 2y ≤ 1) samples. 

 

 

 

 

 

        
    

Thermal 
parameter,

a c V c/a BLi

Cation  
disorder 

(z) 2y Li content 

(Å) (Å) (Å3)   (Å2) (%) 
0 - Co3O4 + Li2MnO3

0.1 - + Li2MnO3

0.2 1.07 2.8521(0) 14.2410(5) 100.3 4.993 -0.381 1.3% 
0.33 1.08 2.8562(0) 14.2045(4) 100.4 4.973 -1.741 3.0% 
0.41 0.97 2.8613(1) 14.2060(5) 100.7 4.965 -3.121 3.7% 
0.5 0.92 2.8676(1) 14.2148(6) 101.2 4.957 -4.782 6.5% 
0.58 0.75 2.8742(0) 14.2429(4) 101.9 4.955 -3.567 4.9% 

1 0.98 2.8919(0) 14.2292(4) 103.1 4.920 -7.394 14.4% 

 



Table 6.1 summarizes the Rietveld analysis results of the LiNi0.5-yCo0.5-

yMn2yO2 samples carried out with the DBWS-9411 PC program.72 The data show that 

the a lattice parameter and the unit cell volume increase first and then decrease with 

increasing Mn content 2y. Calculation of the valence states of the transition metal 

ions in the LiNi0.5-yCo0.5-yMn2yO2 compositions assuming cobalt and manganese exist 

as Co3+ and Mn4+ reveals that the amount of Ni2+, which has a predominant control on 

the lattice parameter and unit cell volume due to its much larger ionic radius 

compared to those of Co3+ or Mn4+ ions,92 reaches a maximum at 2y = 0.33, leading 

to a maximum unit cell volume around 2y = 0.33. Additionally, the lithium deficiency 

occurring due to lithium volatilization in the y ≤ 0.15 compositions and the associated 

reduction of Ni3+ into Ni2+ keeps the unit cell volume high even to slightly lower Mn 

contents in LiNi0.5-yCo0.5-yMn2yO2. The data in Table 6.1 also indicate that the nickel-

rich LiNi0.5-yCo0.5-yMn2yO2 samples show significant negative values of BLi (thermal 

parameter) when the Rietveld analysis is carried out with a strictly two dimensional 

model, and the BLi becomes increasingly negative with decreasing Mn or increasing 

Ni content, indicating the presence of excess electron density in the lithium planes of 

these samples.117 The refinement with the second model involving the mixing of 

cations between the lithium and transition metal planes reveals that the cation 

disorder decreases with increasing Mn content as seen in Table 6.1 due to the 

decreasing lithium deficiency. 
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Table 6.2 summarizes the Rietveld analysis results of the LiCo0.5-yMn0.5-

yNi2yO2 samples. The data indicate that the lattice parameter and unit cell volume 

increase monotonically with increasing Ni content 2y. As in the case of the LiNi0.5-

yCo0.5-yMn2yO2 samples, the amount of Ni2+ reaches a maximum at 2y = 0.33, which 

leads to a maximum in the lattice parameter and unit cell volume at 2y = 0.33. 

However, as mentioned earlier, a significant lithium loss for 2y > 0.33 in the LiCo0.5-

yMn0.5-yNi2yO2 samples and the associated reduction of Ni3+ ions to Ni2+ at higher 

temperatures lead to a higher lattice parameter and unit cell volume even to higher Ni 

contents in this series. The % cation disorder in this series of samples was also 

obtained using the same method used for the LiNi0.5-yCo0.5-yMn2yO2 series, and the 

data show that the cation disorder increases with increasing Ni content in LiCo0.5-

yMn0.5-yNi2yO2.  

6.3.2 Electrochemical performances 

Figure 6.3 compares the initial discharge capacities and cyclabilites of the 

various LiNi0.5-yCo0.5-yMn2yO2 samples cycled between 3.0 and 4.5 V at C/5 rate up to 

50 cycles. While the capacity retentions get better with increasing Mn content 2y, the 

capacity value decreases with increasing Mn content 2y, resulting in an optimum 

composition range of 0.33 ≤ 2y ≤ 0.5 with around 170 mAh/g and over 90 % capacity 

retention. Interestingly, the capacity retention data indicate that the 

LiNi0.21Co0.21Mn0.58O2 sample has slightly higher discharge capacity in the 50th cycle 
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Figure 6.3 Comparisons of first discharge capacities and capacity retentions of the 
layered LiNi0.5-yCo0.5-yMn2yO2 cathodes. The data were collected between 3.0 and 4.5 
V at C/5 rate up to 50 cycles.  

compared to the 1st cycle. This increase in capacity on cycling could be explained by 

considering the change in the shape of the discharge profile with cycle number (Fig. 

6.4). Fig. 6.4a reveals that LiNi0.21Co0.21Mn0.58O2 has a discharge profile similar to 

those of the cobalt-rich composition LiNi0.21Mn0.21Co0.58O2 (Fig. 6.4b) and the nickel-

rich composition LiCo0.21Mn0.21Ni0.58O2 (Fig. 6.4c), with a steep profile below 3.5 V 

during its first discharge. However, while the steep discharge profiles below 3.5 V are 

maintained by the other compositions on cycling, the discharge profile of 
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LiNi0.21Co0.21Mn0.58O2 below 3.5 V becomes more and more sloping with increasing 

cycle number, leading to a higher discharge capacity at higher number of cycles.  

 

2.5

3.0

3.5

4.0

4.5

(c)

(b)

(a)
 

2.5

3.0

3.5

4.0

4.5

 

 

 

40
50

20
30

1 10

1
10

0 50 100 150 200
2.5

3.0

3.5

4.0

4.5

40
50

30  20

40
50

30  20

1
10

V
ol

ta
ge

 (V
)

Discharge capacity (mAh/g) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4 Comparisons of the discharge profiles at various cycle numbers of (a) 
LiNi0.21Co0.21Mn0.58O2, (b) LiNi0.21Mn0.21Co0.58O2, (c) LiCo0.21Mn0.21Ni0.58O2. The 
data were collected between 3.0 and 4.5 V at C/5 rate up to 50 cycles. 
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Figure 6.5 compares the initial discharge capacities and cyclabilites of the 

various LiCo0.5-yMn0.5-yNi2yO2 samples cycled between 3.0 and 4.5 V at C/5 rate up to 

50 cycles. While the discharge capacity generally increases with increasing Ni 

content 2y, the capacity retention is maximized (> 90% retention) in the 

compositional range of 0.33 ≤ 2y ≤ 0.41. Outside this range with 2y < 0.33 or > 0.41, 

the capacity retention of the LiCo0.5-yMn0.5-yNi2yO2 samples falls below 90 %. Fig. 

6.4c compares the discharge profiles of LiCo0.21Mn0.21Ni0.58O2 at various cycle 

numbers. The data suggest that the significant capacity fade in the nickel-rich 

compositions may be related to the large impedance development during cycling 

compared to those with the cobalt-rich (Fig. 6.4b) and manganese-rich compositions 

(Fig. 6.4a); the impedance development is evident from the decrease in the discharge 

voltage as the sample is cycled in Fig. 6.4c. The increase in impedance may be related 

to the structural instability arising from a migration of nickel from the transition metal 

plane to the lithium plane via the neighboring tetrahedral sites.68,69

With an aim to confirm the correlation between the cation disorder and rate 

capability, as was seen in the LiNi0.5-yMn0.5-yCo2yO2 system in chapter 5, the rate 

capabilities of the LiNi0.5-yCo0.5-yMn2yO2 and LiCo0.5-yMn0.5-yNi2yO2 cathodes as well 

by discharging them at various C-rates from C/10 to 4C between 4.3 and 3.0 V were 

investigated (Figure 6.6). A lower cutoff charge voltage of 4.3 V compared to the 4.5 

V used in the cyclability tests was chosen to minimize the effects of any capacity 

degradation that may occur due to poor cycling properties at higher cutoff voltages. 
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Figure 6.5 Comparisons of first discharge capacities and capacity retentions of 
layered LiCo0.5-yMn0.5-yNi2yO2 cathodes. The data were collected between 3.0 and 4.5 
V at C/5 rate up to 50 cycles.  

The data in Fig. 6.6 reveal that the rate capability decreases with decreasing Mn 

content in the LiNi0.5-yCo0.5-yMn2yO2 system and with increasing Ni content in the 

LiCo0.5-yMn0.5-yNi2yO2 system due to an increasing cation disorder as seen in Tables 

6.1 and 6.2. The data thus establish a clear relationship between cation disorder and 

rate capability in the layered LiNi1-y-zCoyMnzO2 systems, consistent with previous 

data with the LiNi0.5-yMn0.5-yCo2yO2 system, as discussed in chapter 5. 
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Figure 6.6 Comparison of the rate capabilities of (a) LiNi0.5-yCo0.5-yMn2yO2 (b) 
LiCo0.5-yMn0.5-yNi2yO2 cathodes. 

6.3.3 LiNi0.25Co0.25Mn0.5O2 

Figure 6.7 compares the X-ray diffraction patterns of the Li1-

xNi0.25Co0.25Mn0.5O2 samples that were obtained by chemically extracting lithium 

from LiNi0.25Co0.25Mn0.5O2 with NO2BF4 in acetonitrile medium. As lithium is 

extracted, the a and c lattice parameters of the initial O3 type phase changes, and 
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additional reflections corresponding to a second phase is seen at (1-x) = 0.45. This 

second phase is identified as Li2MnO3 with all the manganese existing as Mn4+. With 

further lithium extraction, the samples with (1-x) < 0.25 consist of a layered O1 type 

phase and the Li2MnO3 phase. The formation of the layered O1 type phase from the 

initial O3 type phase at low lithium contents is consistent with previous findings in 

chapter 3 for systems having a moderate amount of cation disorder such as 

LiNi1/3Mn1/3Co1/3O2. The data in Fig. 6.7 suggests that the initial 

LiNi0.25Co0.25Mn0.5O2  sample consists of two phases, a layered O3 type phase and the  
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Figure 6.7 X-ray diffraction patterns of chemically delithiated Li1-

xNi0.25Co0.25Mn0.5O2. The patterns on the right show an expansion of a small 2θ range. 

 137



Li2MnO3 phase, but a overlap of the reflections corresponding to the two phases 

makes it difficult to recognize the presence of Li2MnO3 in the initial 

LiNi0.25Co0.25Mn0.5O2  sample.  

Figure 6.8 compares the cyclic voltammograms (first cycle) of the 

LiCo0.25Mn0.25Ni0.5O2, LiNi0.25Mn0.25Co0.5O2, and LiNi0.25Co0.25Mn0.5O2 samples. The 

data reveal that a large irreversible anodic peak at around 4.5 V can be found mainly 

for the manganese-rich composition (LiNi0.25Co0.25Mn0.5O2). This observation is 

usually attributed to the simultaneous extraction of lithium and oxygen, which 

involves the oxidation of manganese beyond Mn4+ at deep charge, in the manganese-

rich compositions of the layered LiNixLi1/3-2x/3Mn2/3-x/3O2 system (x < 1/2) as reported 

by Lu et al114. It is reasonable to expect the valence of manganese to be 3.5+ in the 

LiNi0.25Co0.25Mn0.5O2 composition with all the nickel and cobalt existing as Ni2+ and 

Co3+. With this, all the lithium could be extracted without oxidizing the manganese 

beyond 4+. However, the average oxidation state of the transition metal ions (Ni, Mn, 

Co) obtained by iodometric titration is found to be 3.18+, which is higher than the 

theoretically expected value of 3.0+ for the layered LiMO2 oxide, indicating that the 

oxidation state of manganese is significantly higher than the theoretically expected 

value of 3.5+ assuming nickel and cobalt exist as Ni2+ and Co3+. The higher oxidation 

state of manganese is further supported by the X-ray diffraction data revealing the 

existence of a layered and a Li2MnO3 phase with Mn4+. Thus the extraction of lithium 
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involving the oxidation of manganese beyond Mn4+ in LiNi0.25Co0.25Mn0.5O2 (lie in 

the Li2MnO3 phase) seems to lead to the large anodic peak at around 4.5 V. 

 

Figure 6.8 Comparison of the cyclic voltammograms recorded between 2.5 and 4.8 V 
at 100 μV s-1: (a) LiCo0.25Mn0.25Ni0.5O2, (b) LiNi0.25Mn0.25Co0.5O2, and (c) 
LiNi0.25Co0.25Mn0.5O2. Solid and dotted lines refer, respectively, to first and second 
cycles. 
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6.4 CONCLUSIONS 

The layered LiNi0.5-yCo0.5-yMn2yO2 and LiCo0.5-yMn0.5-yNi2yO2 oxide cathodes 

have been synthesized and characterized. The nickel-rich compositions in both the 

series show a significant loss of lithium during synthesis at 900 oC, leading to poor 

cyclability and rate capability. The manganese-rich compositions in both the series 

suffer from the formation of the impurity phase Li2MnO3, resulting in a lower 

reversible capability. The optimum compositional range in the LiNi1-y-zMnyCozO2 

system with respect to electrochemical performance is found to be around the 

LiNi1/3Mn1/3Co1/3O2 composition. Additionally, the LiNi0.25Co0.25Mn0.5O2 

composition is found to consist of the Li2MnO3 phase in addition to the expected 

layered oxide phase as could be recognized from the chemical delithiation 

experiments. The presence of the Li2MnO3 phase and a significantly higher oxidation 

state of manganese (close to 4+) leads to a large anodic peak at around 4.5 V in the 

manganese rich compositions. 
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CHAPTER 7 

Chemical and Structural Stabilities of Na0.75-xCoO2 Oxides prepared by 
Chemical Sodium Extraction (0.32 ≤ (0.75 - x)≤ 0.75) 

7.1 INTRODUCTION 

There has been enormous research activity on the Na0.75-xCoO2 oxides 

following the discovery of large thermoelectric power in Na0.5CoO2.
120  More recently, 

the hydrated Na0.35CoO2.1.3H2O has attracted much attention since the report of 

superconductivity with a Tc of around 5 K by Takada et al.121 With an aim to identify 

the origin of superconductivity, several groups have focused on the determination of 

the exact oxidation state of cobalt in Na0.35CoO2.1.3H2O.122-129 Although there is a 

general consensus that the oxidation state of cobalt is lower than that calculated based 

on the formula Na0.35CoO2.1.3H2O, the charge compensation mechanism which 

allows the cobalt ions to have a lower oxidation state is still controversial. Insertion of 

oxonium (H3O+) ions122,123,125 or the loss of oxygen from the lattice126-129 have been 

suggested in the literature. Moreover, the oxidation state of cobalt in the anhydrous 

Na0.75-xCoO2 obtained by chemical sodium extraction is also controversial. While 

some groups have reported that cobalt maintains the theoretically expected oxidation 

state value in anhydrous Na0.75-xCoO2 before hydration,122-123 others have reported 

that it is much lower than the expected value.127-129
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As discussed in previous chapters, our group has been focusing on the 

chemical and structural instabilities of the analogous layered Li1-xMO2 (0 ≤ (1-x) ≤ 1 

and M = 3d transition metal or their solid solutions) oxides that were obtained by 

chemically extracting lithium with NO2BF4 in acetonitrile medium with an aim to 

understand the factors that control the reversible capacities of these layered oxide 

cathodes in lithium ion batteries.52-57  The data reveal that the oxidation state of the 

transition metal ions become nearly constant at deep lithium extraction although Li+ 

ions are being continuously extracted from the lattice, and the lithium content (1-x) at 

which the oxidation state becomes constant depends on the transition metal ion Mn+ 

in LixMO2 (Fig. 3.1).  For example, while the oxidation state becomes constant 

around 3.5+ for (1-x) < 0.5 in LixCoO2, it does not become constant in the analogous 

Li1-xNiO2, and Li0.09NiO2 has an oxidation state of 3.92+ for Ni as one would expect. 

Although one could envision a loss of oxygen from the lattice at deep lithium 

extraction to maintain charge neutrality in cases like Li1-xCoO2, the data with prompt 

gamma ray activation analysis to determine proton contents reveal that the charge 

compensation at deep lithium extraction occurs by an incorporation of protons into 

the layered lattice, as discussed in chapter 3. These results are also complemented by 

both mass spectrometry and thermogravimetric analysis (TGA) data.  

The purpose of this chapter is to follow the oxidation state of cobalt with 

sodium content in Na0.75-xCoO2 by carefully controlling and handling the samples 

obtained by chemically extracting sodium (desodiation) with NO2BF4 in acetonitrile 
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and thereby clarify the controversies in the literature. Additionally, a comparison of 

the structural and chemical instabilities of chemically desodiated Na0.75-xCoO2 with 

those of the chemically delithiated Li1-xCoO2 is presented.  

7.2 EXPERIMENTAL 

Na0.75CoO2 was synthesized by solid-state reaction between Na2CO3 (99.9 % 

purity, Spectrum Chemical MFG. Corp.) and Co3O4 (reagent grade, GFS chemicals) 

at 850 °C for 24 h in air. Chemical extraction of sodium was carried out by stirring 

the parent Na0.75CoO2 powders in an acetonitrile solution of NO2BF4 for 2 days under 

argon atmosphere using a Schlenk line, followed by washing the product several 

times with acetonitrile under argon atmosphere to remove NaBF4, drying under 

vacuum at ambient temperature, and storing in an argon-filled glove box. The sodium 

content (0.75-x) and the oxidation state of cobalt in the Na0.75-xCoO2 samples were 

determined, respectively, by atomic absorption spectroscopy (AAS) and iodometric 

titration, as described in chapter 2. The chemical analyses were carried out 

immediately after taking the samples out of the glove box in tightly closed vials by 

exercising extreme care as the samples were sensitively reactive with the ambient 

moisture. Crystal structural refinements and lattice parameter determinations were 

carried out by analyzing the X-ray diffraction (XRD) data with the Rietveld method 

using the DBWS-9411 PC program.72 TGA data were collected as described in 

chapter 2. 
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7.3 RESULTS AND DISCUSSION 

7.3.1 Chemical stability 

Atomic absorption spectroscopic and iodometric titration analyses indicated 

the parent sample to have a composition of Na0.75CoO2.01. Figure 7.1 gives the 

Rietveld fitting of Na0.75CoO2 based on the space group P63/mmc (P2 structure)130,131 

and the lattice parameter values are in good agreement with those reported by 

others.130,131

Figure 7.2 compares the variation of the oxidation state of cobalt with sodium 

content (0.75 - x) in the Na0.75-xCoO2 samples. The oxidation state of cobalt increases 
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Figure 7.1 Rietveld refinement data of Na0.75CoO2. Circles and lines correspond, 
respectively, to the observed and calculated intensities. The difference between the 
observed and calculated patterns and the peak positions are also shown. Space group: 
P63/mmc, a = 2.8368(1) Å, c = 10.9115(5) Å, V = 70.046(4) Å3, Rwp = 13.96 %, Rp = 
10.85 %, and s = 2.47 RBragg = 4.56.  
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monotonically with decreasing sodium content (0.75-x) to about 3.7+ at around (0.75 

- x) ≈ 0.3 (closed circles in Fig. 7.2). This suggests that the charge compensation 

during chemical sodium extraction occurs by a corresponding oxidation of cobalt as 

one would expect, which is in agreement with the reports of anhydrous Na0.4CoO2 

.122,123 However, after storing the chemically desodiated sample in open air for 1 day, 

a significant decrease in the oxidation state of cobalt occurs in the case of 
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Figure 7.2 The variations of the oxidation state of cobalt with sodium content (0.75-
x) in Na0.75-xCoO2. Closed and Open circles refer, respectively, to the data obtained 
immediately after chemical sodium extraction and after exposing to air for 1 day. 
Closed and Open triangles refer, respectively, to the data obtained after drying the air-
exposed samples at 100 oC for 1 day and recalculating the oxidation state with the 
actual molecular weight of the air-exposed sample (monolayer hydrate). 
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samples with sodium content < 0.52 (open circles). For example, the oxidation state 

decreases by about 0.2 in samples with a sodium content of ~ 0.32. However, the 

oxidation state reverts back close to the theoretical value, but not completely, on 

drying the air-exposed sample at 100 oC for 1 day (closed triangle). Therefore, the 

lowering of the oxidation state of cobalt on exposure to air can be attributed mainly to 

an absorption of water from the atmosphere. The absorption of water increases the 

weight of the sample and leads to an underestimation of the oxidation state of cobalt 

since the molecular weight of anhydrous Na0.75-xCoO2 is used in the oxidation state 

calculation.  

In order to verify the absorption of water during the storage in air, the weight 

losses occurring on heating in the TGA balance the Na0.32CoO2 sample immediately 

after chemical desodiation and after storing in air for 1 day were compared in Fig. 7.3. 

The data reveal that while the weight loss below 150 oC on heating the sample 

immediately after desodiation is negligible (< 0.2 wt%), that on heating the sample 

stored in air is as high as 8.7 wt%. The end point for water loss in Fig. 7.3 is chosen at 

around 210 oC, where the slope changes.132 Knowing the amount of absorbed water 

(0.52H2O moles) from the TGA data in the sample stored in air for 1 day, the 

oxidation state of cobalt using the molecular weight for Na0.32CoO2.0.52H2O was 

recalculated (open triangle). The data points obtained after drying the air-exposed 

sample (closed triangle) and recalculating the oxidation state using the molecular 

formula Na0.32CoO2.0.52H2O (open triangle) coincide in Fig. 7.2, confirming that the  
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Figure 7.3 TGA plots of Na0.32CoO2: (a) immediately after chemical sodium 
extraction and (b) after storing the sample in air for 1 day. 

apparent decrease in oxidation state on exposing the sample to air is due to the 

absorption of water and the use of the molecular weight of the anhydrous Na0.32CoO2 

(incorrectly) in the oxidation state calculation. Interestingly, the weight loss found 

after the removal of water at T > 210 oC is the same (6.4 wt %) in Fig. 7.4 for the 
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samples examined immediately after desodiation and after exposure to air for 1 day, 

asserting further that the weight loss found below 210 oC is due to absorbed water.   

Furthermore, one can calculate the oxygen content in the samples 

(immediately after desodiation and after exposure to air for 1 day) based on the 

weight loss above 210 oC and an XRD analysis of the products obtained after heating 

in TGA to 600 oC. The observed weight loss of 6.4 % in Fig. 7.3 is in close agreement 

with the value (6.2 %) expected for the formula Na0.32CoO2 (without any oxygen 

deficiency), but significantly higher than the value (4.7 %) expected for the formula 

Na0.32CoO1.9 (with oxygen deficiency based on the oxidation state value (open circles 

in Fig. 7.2) obtained after exposure to air for 1 day), with the final product after the 

TGA experiment to be Na0.75CoO2 and Co3O4 as indicated by the XRD data. The 

oxidation state values and the data analysis clearly demonstrate that the Na0.75-xCoO2 

system neither loses oxygen from the lattice nor incorporates protons into the lattice 

during the chemical sodium extraction experiments. 

7.3.2 Structural stability 

In order to assess the structural stability of the desodiated samples, the crystal 

chemistry of the Na0.75-xCoO2 system was monitored as a function of sodium content 

(0.75-x). Figure 7.4 compares the XRD patterns of the Na0.75-xCoO2 samples that were 

obtained by chemically extracting sodium from the parent Na0.75CoO2. The initial P2  
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Figure 7.4 Evolution of the X-ray diffraction patterns of Na0.75-xCoO2 with sodium 
contents (0.75-x).  

type structure of Na0.75CoO2 (AH-phase) with an oxygen stacking sequence of 

…AABBAABB…. along the c axis is maintained for the range 0.40 < (0.75 - x) ≤ 

0.75 in Na0.75-xCoO2.  For (0.75 - x) ≤ 0.40, a new phase begins to form as indicated 

by the appearance of additional reflections around 2θ = 12 and 25o, which grows with 

decreasing sodium content. This new phase with an increased c lattice parameter of 

13.86 – 13.91 Å is identified as the monolayer hydrate (MLH) phase, which was 

previously reported to be formed by a partial dehydration of the superconducting 

bilayer hydrate (BLH) phase in the atmosphere.124,132,133 These results are consistent 
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with that found by Schaak et al134 on chemically extracting sodium from Na0.7CoO2 

with various amounts of Br2 followed by washing first with acetonitrile and then with 

water and drying under ambient conditions. They found the maintenance of the parent 

AH phase down to a sodium content of 0.45 and a two phase product at a sodium 

content of 0.4, which matches with our data in Fig. 7.4.  

With an aim to understand whether the MLH phase is formed during chemical 

sodium extraction in acetonitrile medium or due to the absorption of water during the 

XRD experiment, the XRD experiments were carried out by protecting the sample on 

a glass slide with a scotch tape (Fig. 7.5); the sample was covered with the scotch 

tape before removing from the glove box. The data reveal that Na0.32CoO2 remains as 

an AH phase when protected from the atmosphere (Fig. 7.5a), but transformed 

predominantly into an MLH phase when not protected from the atmosphere (Fig. 

7.5b). This implies that only a couple of minutes are enough for Na0.32CoO2 to absorb 

water from the atmosphere and transform into the MLH phase. Moreover, the sample 

covered with the tape that was used to obtain the pattern in Fig. 7.5a was found to 

transform predominantly into the MLH phase after storing in a dessicator for 3 days 

(Fig. 7.5c), suggesting that a trace amount of water can transform the AH Na0.32CoO2 

phase into the MLH phase. Interestingly, the amount of water found from the weight 

loss data in TGA (Fig. 7.3b is in close agreement with that reported for the MLH 

phase by others.128,132 The data in Fig. 7.5 demonstrate that the Na0.75-xCoO2 samples  
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Figure 7.5 X-ray diffraction patterns of the Na0.32CoO2 sample: (a) covered with a 
tape to protect from ambient air, (b) not covered with a tape, and (c) after storing in 
the dessicator with the tape for 3 days. 

with low sodium content (< 0.5) are structurally unstable and are highly reactive with 

the ambient moisture to form the stable MLH phase.  

Figure 7.6 shows the variations of the lattice parameters with sodium content 

(0.75-x) in Na0.75-xCoO2. The c parameter generally increases with decreasing sodium  
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Figure 7.6 Variations of the unit cell parameters of Na0.75-xCoO2 with sodium content 
(0.75-x). The closed and open circles refer, respectively, to AH and MLH phases. 

content due to an increasing electrostatic repulsion across the van der Waals gap 

between the CoO2 sheets and then increases abruptly for (0.75 - x) ≤ 0.40 due to the 

incorporation of water into the layer and the formation of the MLH phase. The a 

parameter generally decreases with decreasing sodium content due to an increase in 

the oxidation state of Co, but increases abruptly for (0.75 - x) ≤ 0.40. As pointed out 

earlier, the oxidation state of cobalt does not completely revert back to the expected 

value even after drying the air-exposed sample, indicating the possibility of a slight 

irreversible reaction of the sample with air and a consequent permanent, slight 
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decrease in the oxidation state of cobalt. Therefore, the slowing down in the decrease 

of the a lattice parameter below (0.75 – x) < 0.52 and the abrupt increase in the a 

lattice parameter on going from the AH to MLH phase may be related to the 

permanent, slight decrease in the oxidation state of cobalt on reaction with ambient 

moisture.  

7.3.3 Comparison of Na0.75-xCoO2 with Li1-xCoO2 

Finally, a comparison of the chemical and structural instabilities of the Na0.75-

xCoO2 system with those of the Li1-xCoO2 system will be valuable. Figure 3.1 

compares the oxidation state of the transition metal ions with lithium content in 

several chemically delithiated samples.52-56 While the oxidation state of Co becomes 

nearly constant for (1-x) < 0.5 in Li1-xCoO2, it increases continuously as expected 

down to a sodium content of 0.32 in the Na0.75-xCoO2 system (Fig. 7.2). While protons 

are incorporated from the reaction medium (acetonitrile) during chemical delithiation 

to maintain charge neutrality in Li1-xCoO2, as discussed in chapter 3, no such proton 

insertion occurs in the case of Na0.75-xCoO2. The constancy of the oxidation state of 

cobalt and the incorporation of protons in the Li1-xCoO2 system is due to the chemical 

instability arising from a significant overlap of the Co3+/4+:3d band with a top of the 

O2-:2p band; the Na0.75-xCoO2 system does not encounter such a chemical instability 

down to a sodium content of 0.32. Furthermore, while Na0.75-xCoO2 incorporates 

readily significant amount of water (~ 0.52 in Na0.32CoO2) into the layers at deep 
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sodium extraction as indicated by the structural changes (AH to MLH) and increase 

in c parameter, no such insertion of water into the Li1-xCoO2 system occurs even at (1-

x) = 0. The differences in the chemical and structural instabilities between the two 

systems may be related to the differences in their structures (P2 structure for Na0.75-

xCoO2 and O3 and O1 structures, respectively, for Li1-xCoO2 (0.5 ≤ (1-x) ≤ 1) and 

CoO2) and the relative position of the Co3+/4+:3d band with respect to the top of the 

O2-:2p band. 

7.4 CONCLUSIONS 

The chemical and structural instabilities of the Na0.75-xCoO2 and Li1-xCoO2 

systems have been compared. The Na0.75-xCoO2 system maintains the theoretical 

value of the oxidation state of cobalt down to a sodium content of 0.32, clearing the 

controversies in the literature. However, the Na0.75-xCoO2 samples with low sodium 

contents are extremely sensitive to the moisture in the ambient, and form rapidly the 

monolayer hydrate phases like Na0.32CoO2.0.52H2O, which is the source of the 

controversies. The Na0.75-xCoO2 system differs significantly from the Li1-xCoO2 

system due to the differences in their structures (P2 structure for the sodium system 

and O3 or O1 structures for the lithium system) and the relative position of the 

Co3+/4+:3d band with respect to the top of the O2-:2p band. While the oxidation state 

of cobalt becomes constant and the charge neutrality is maintained by an 

incorporation of protons for lithium contents < 0.5 in the Li1-xCoO2 system, no such 
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problems are seen with the sodium system. Also, while the sodium system 

incorporates water into the layers, the lithium system does not.   
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CHAPTER 8 

Summary 

With an aim to develop a better understanding of the chemical and structural 

factors that control and limit the electrochemical performance parameters such as the 

reversible capacity, cyclability, and rate capability of the layered oxide cathodes, 

various LiNi1-y-zMnyCozO2 oxide cathodes have been investigated by chemically 

extracting lithium. 

After a general introduction and the experimental procedures in chapters 1 and 

2, chapter 3 presented a direct measurement of hydrogen contents with the prompt 

gamma-ray activation analysis (PGAA) technique in chemically delithiated oxide 

cathodes. The data reveal that significant amount of protons are incorporated into the 

lattice at deep chemical lithium extraction in the layered Li1-xCoO2, Li1-

xNi1/3Mn1/3Co1/3O2, and Li1-xNi1/2Mn1/2O2. Therefore, the proton insertion, rather than 

the oxygen loss, is mainly responsible for the deviation of oxidation states of 

transition metal ions from the theoretically expected value for those oxides at deep 

chemical lithium extraction. However, only negligible amounts of protons are found 

in the orthorhombic Li1-xMnO2, spinel Li1-xMn2O4, and olivine Li1-xFePO4. The 

findings by PGAA results are consistent with TGA and mass spectroscopic data. The 

differences between these oxides, with a significant proton insertion in some cases 
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and with a negligible or no proton insertions in some other cases, could be explained 

by the differences in the relative positions of the Mn+/(n+1)+:3d band with respect to the 

top of the O2-:2p band and the consequent chemical instability arising from an 

introduction of significant amount of holes into the O2-:2p band at deep lithium 

extraction. However, it needs to be clarified using electrochemically charged 

electrodes whether such chemical instabilities of the layered oxide cathodes play a 

role in limiting their reversible capacity and how such chemical instabilities are 

accommodated in the actual lithium ion cells (oxygen loss or proton insertion, or 

neither or both). 

The electrochemical characterization of the layered LiNi1/3Mn1/3Co1/3O2 

cathodes indicates that it maintains a capacity retention of above 90 % in 50 cycles 

with a higher reversible capacity (~ 180 mAh/g) compared to that found with LiCoO2 

(~ 140 mAh/g). The improved reversible capacity is attributed to the chemical 

stability for (1-x) > 0.35 and structural stability with the initial O3 type structure for 

at least (1-x) > 0.23, as found from a characterization of the chemically delithiated 

samples. The irreversible capacity loss of the LiNi1/3Mn1/3Co1/3O2 cathodes 

synthesized at various temperatures is found to show a linear relationship with the 

BET surface area. Similar results are obtained with the analogous LiCoO2 system also 

although the increase is faster due to a greater chemical instability at deep charge 

(lithium extraction). The results suggest that a parasitic electrochemical reaction 

occurring on the surface of the cathode materials may be responsible for the IRC. The 

 157



comparison of electrochemical performances between lithium excess and 

stoichiometric LiNi1/3Mn1/3Co1/3O2 samples indicates that the sample synthesized 

with excess lithium exhibits better cyclability and rate capability than the 

stoichiometric sample. The difference is attributed to the formation of cracks caused 

by a larger volume change and the consequent development of impedance during 

cycling in the stoichiometric sample. 

In the layered LiNi0.5-yMn0.5-yCo2yO2 (0 ≤ 2y ≤ 1) oxide cathodes, the 

compositions with an optimum Co content of 0.33 ≤ 2y ≤ 0.5 are found to exhibit 

high capacity with good cyclability. The electrochemical rate capability is found to 

correlate to the lithium extraction rate that decreases with decreasing Co content due 

to an increasing cation disorder. The cation disorder is also found to influence the 

crystal chemistry of the layered HxNi1-y-zMnyCozO2 phases obtained by extracting 

lithium chemically from LiNi1-y-zMnyCozO2. A faster lithium extraction caused by 

good cation ordering (high Co content) or larger surface area (low synthesis 

temperature) promotes the formation of the metastable P3 type phase,  whereas a 

slower, more equilibrated  lithium extraction leads to the formation of the 

thermodynamically more stable O1 type phase. The system with a large degree of 

cation disorder maintains the initial O3 type structure due to the strong electrostatic 

repulsion between the M3+/4+ cations across the shared polyhedral faces in the P3 or 

O1 type structures.  

In the layered LiNi0.5-yCo0.5-yMn2yO2 and LiCo0.5-yMn0.5-yNi2yO2 oxide 
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cathodes, the optimum compositions with high reversible capacity and good 

cyclability are again found to be around the LiNi1/3Mn1/3Co1/3O2 composition. In the 

nickel-rich compositions, the system experiences a significant loss of lithium during 

synthesis at 900 oC, leading to poor cyclability and rate capability. In the manganese-

rich compositions, the system suffer from the formation of the impurity phase 

Li2MnO3, resulting in a lower reversible capability.  

Additionally, an investigation of chemical and structural stabilities of the 

Na0.75-xCoO2 system was carried out with an aim to compare the results with those of 

the Li1-xCoO2 system. Unlike the Li1-xCoO2 system, the Na0.75-xCoO2 system is found 

to maintain the theoretical value of the oxidation state of cobalt down to a sodium 

content of 0.32. The Na0.75-xCoO2 samples with low sodium contents are also found to 

attract moisture from the ambient, affecting the apparent oxidation state value and 

forming rapidly the monolayer hydrate phases like Na0.32CoO2.0.52H2O. The 

difference between the two systems can be attributed to the differences in their 

structures (P2 structure for the sodium system and O3 or O1 structures for the lithium 

system) and the relative position of the Co3+/4+:3d band with respect to the top of the 

O2-:2p band.  

Overall, the electrochemical performances in the layered LiNi1-y-zMnyCozO2 

oxide cathode are controlled by chemical instability arising from an overlap of the 

M3+/4+:3d band with the top of the O2-:2p band, cation disorder due to a presence of 
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Ni2+ ion in the lithium layer, the volume changes occurring during the charge and 

discharge process, and the existence of impurity phase such as Li2MnO3 in the Mn-

rich compositions. Considering these factors, the optimum compositions in terms of 

reversible capacity, rate capability, and cyclability are found to be around the 

LiNi1/3Mn1/3Co1/3O2 composition.  Especially, it is found that the cation disorder is 

primarily responsible for the lower rate capability in the layered LiNi1-y-zMnyCozO2 

system as it reduces lithium ion diffusion during charge and discharge process. Use of 

this concept of reducing the cation disorder could lead to the development of further 

optimized compositions which can make the layered LiNi1-y-zMnyCozO2 system a 

viable replacement for the presently used layered LiCoO2 and even a candidate for 

electric vehicle applications. Future experiments on novel synthesis and processing 

can help to improve the cation ordering, and thereby the rate capabilities of the 

layered LiNi1-y-zMnyCozO2 system with high reversible capacities. 
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