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Abstract 

 High energy density lithium-ion batteries are desired for applications such as 
electrified vehicles. Hence, developing high energy density positive electrode materials is 
important. Layered lithium-rich transition metal oxides can deliver high specific capacity. 
However, they have several characteristic issues such as large first-cycle irreversible 
capacity loss that prevent their use in high-energy lithium-ion batteries. Studies to 
understand the properties of layered lithium-rich transition metal oxides are necessary to 
find solutions to those issues. Hence, this thesis is devoted to study some of the important 
structural and electrochemical properties of lithium-rich transition metal oxides. 

 Layered lithium-rich transition metal oxides have two types of metal layers, which 
are made of (i) only Li+ ions (Li layer) and (ii) both Li+ ions and transition metal ions 
such as Mn4+, Ni2+ and Co3+ (transition metal layer). The larger Li+ ions and smaller Mn4+ 
ions tend to show superlattice ordering in the transition metal layers causing superlattice 
peaks in the X-ray diffraction patterns. A shift in the superlattice peak positions to lower 
scattering angles with increasing Ni content in Li[Li1/3-2x/3NixMn2/3-x/3]O2 series confirmed 
a solid-solution behavior. Ni2+ ions in the transition metal layers affect the superlattice 
ordering, which in turn causes stacking disorder (stacking faults) of the transition metal 
layers along the c-axis and hence broadens the superlattice peaks. The probabilities of 
stacking faults between adjacent layers in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series were 
determined with a XRD fitting program called FAULTS. The results showed that 
stacking fault probability increased with increasing Ni content. 

 First-cycle irreversible capacity in layered Li-rich transition metal oxides is 
affected by several factors such as the total amount of Li in the structure. Layered lithium 
rich transition metal oxides with slightly smaller amount of Li than that required for 
stoichiometric balance were synthesized and the first-cycle irreversible capacity was 
measured. Compared to samples with a stoichiometrically balanced amount of Li, the Li-
deficient materials had lower irreversible capacity loss. Investigating the metal 
compositions, true densities in combination with oxidation state rules revealed that Li-
deficient materials had metal-site vacancies, which apparently reduced the high 
irreversible capacity. Further, a search for low-irreversible capacity materials in the Li-
Ni-Mn-Co-O pseudo-quaternary system resulted in the identification of several low-
irreversible capacity materials that have different Ni-Mn-Co compositions. 

 7Li solid-state NMR experiments conducted on several low-irreversible capacity 
materials suggested that the metal-site vacancies predominantly occupy the Li layer. 
Experiments to probe the cause for the high irreversible capacity were also conducted on 
materials with and without metal-site vacancies. It was found that oxygen-release 
occurring during the first charge was not the only reason for high irreversible capacity 
and that the migration of transition metal ions from the transition metal layers to the Li 
layer may also contribute significantly to the high irreversible capacity. 

 

 



 
 

xviii 
 

 

ஆ ேவ  க  

 மி மயமா க ப ட வாகன க  ேபா ற பய பா கள  உய  ஆ ற  அட தி லி திய -அயன  

மி கல க  ேதைவ ப கி றன. எனேவ, உய  ஆ ற  அட தி ேந மி ைன ெபா கைள அபவ தி 
ெச வ  கிய வ  வா த . அ  லி திய -மிைக இைடநிைல உேலாக ஆ ைச க  ேபா ற 

ேந மி ைன ெபா க  மி த எைட திற  வழ கவ லைவ. இ தேபாதி , அைவக  அதிக த -

 மள இயலா திற  ேபா ற தன வமான ப ர சிைனக  இ கி றன. ஆதலா  லி திய -மிைக இைடநிைல 

உேலாக ஆ ைச கள  உய  ஆ ற  லி திய -அயன  மி கல பய பா க  த க ப கி றன. 

இ ப ர சிைனக  த  கா  வைகய , லி திய -மிைக இைடநிைல உேலாக ஆ ைச கள  ப கைள 

 ெகா ள ய ஆ க  ேதைவ என க த ப கிற . 

லி திய -மிைக இைடநிைல உேலாக ஆ ைச கள  இர  வைகயான உேலாக தள க   உ ளன  - (i) 

லி திய -அயனகைள (Li+) ம  உ ளட கிய தள  (லி திய  தள ) ம  (ii) லி திய  ம  Mn4+, Ni2+ and Co3+ 

ேபா ற இைடநிைல உேலாக அயனகைள உ ளட கிய தள   (இைடநிைல உேலாக தள ). இைடநிைல உேலாக 

தள கள  உ ள ெப ய Li+ அயனக  சிறிய Mn4+ அயனக  சிற  அண ேகாைவ வ வைம ப  

ஈ ப கி றன. அத  வைளவாக லி திய -மிைக இைடநிைல உேலாக ஆ ைச கள  X-கதி  எதிெராள  

ப வ கள  சிற  அண ேகாைவ க க  ேதா கி றன. Li[Li1/3-2x/3NixMn2/3-x/3]O2 ெபா கள  உ ள  Ni அளைவ 

அதிக ப ச தி , அைவகள  சிற  அண ேகாைவ க க  கீ  சித  ேகாண க  நக  த ைம, 

அ ெபா கள  தி ம-கைரச  ப பைன உ தி ெச கிற . Li[Li1/3-2x/3NixMn2/3-x/3]O2 ெபா கள  இைடநிைல 

உேலாக தள கள  உ ள Ni2+ அயனக  சிற  அண ேகாைவ வ வைம ைப சீ ைல  ப ைப உைடயைவ. 

அத  வைளவாக இைடநிைல உேலாக தள கைள c-அ  ெந கி  அ  ைறய  ேகாளா  (அ  

தவ க ) ஏ ப , சிற  அண ேகாைவ க க  அக  காண ப கி றன. Li[Li1/3-2x/3NixMn2/3-x/3]O2 ெபா கள  

உ ள அ த த இைடநிைல உேலாக தள கள  ஏ ப  அ  தவ கள  நிக தக க , பா  (FAULTS) 

எ றைழ க ப  X-கதி  எதிெராள  ப வ கைள ெபா  தி ட தி  ல  த மான க ப டன. 

அ தி ட தி  க , Ni அளைவ அதிக ப ச தி  அ  தவ கள  நிக தக க  அதிக பைத 

எ கா ன. 

லி திய -மிைக இைடநிைல உேலாக ஆ ைச கள  ப க அைம ப  உ ள லி திய தி  ெமா த அள  

ேபா ற ப ேவ  காரணக  த -  மள இயலா திறைன பாதி கி றன.   ேவதிவைன சம  ேதைவயான 

அளைவ வட ச  ைறவான லி திய  பய ப தி, லி திய -மிைக இைடநிைல உேலாக ஆ ைச க  

தயா க ப , அைவகள  த -  மள இயலா திற  அள க ப ட . ேவதிவைன சம  ேதைவயான 

லி திய ைத ெகா ட மாதி கைள ஒ ப ைகய , ச  ைறவான லி திய  ெப  மாதி க  ைற த த -

 மள இயலா திறைன ெவள ப தின.  லி திய - ைற  மாதி கள  உேலாக ெதா க , ெம  அட திக  

ம  ஒ ஸிஜேன ற வ திகைள ஆரா ைகய , அைவகள  ப க அைம ப  உ ள உேலாக-அயனகள  சில 

இட கைள ெவ றிட க  ஆ கிரமி தி ப  ெத யவ த . அத  வைளவாகேவ, த -  மள இயலா 

திற  ைற தி ப  க டறிய ப ட . ேம  Li-Ni-Mn-Co-O ேபாலி-நா ைன அைம ப  ைற த மள 

இயலா திற  ெகா ட ெபா க  ேதட ப ட வ , ெவ ேவ  Ni-Mn-Co ெதா கைள ெகா ட பல ைற த 

மள இயலா திற  ெகா ட ெபா க  இ ப  க டறிய ப டன. 

பல ைற த மள இயலா திற  ெகா ட ெபா கள  நட த ப ட 7Li தி ம-நிைல அ க  கா த 

ஒ திைச  ேசாதைனகள  க , அ ெபா கள  உ ள உேலாக-அயன  இட ெவ றிட க  லி திய -

தள கைளேய ஆ கிரமி தி பைத ப ைர த . லி திய -மிைக இைடநிைல உேலாக ஆ ைச கள  ஏ ப  

அதிக மள இயலா திற கான காரணகைள க டறி  ேசாதைனக  உேலாக-அயன  இட ெவ றிட கைள 

உைடய ம  அைவ இ லாத ெபா கள  நட த ப டன. த  ஆ ற  ஏ ற தி  ஏ ப  ஒ ஸிஜ -

ெவளய  ம ேம மள இயலா திற கான ஒேர காரண  இ ைல எ ப  இைடநிைல உேலாக அயனக  

அவ றி கான தள கள  இ  லி திய  தள க  இட ெபய வ  த -  மள இயலா திற  

மிக  கிய காரண  என  அ க  ெத வ தன. 
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Chapter 1 Introduction 
 

1.1 Lithium-ion battery 

A lithium-ion (Li-ion) rechargeable battery is comprised of a large number of 

identical Li-ion cells connected to one another. A Li-ion cell has a positive electrode (e.g. 

lithium cobalt oxide (LiCoO2)), a negative electrode (e.g. graphite) and an electrolyte. 

Lithium hexafluorophosphate (LiPF6) salt dissolved in a mixture of solvents such as 

ethylene carbonate (EC) and diethyl carbonate (DEC) is a typical electrolyte1 that can be 

used in Li-ion cells. While the electrolyte is an ionic conductor, the electrodes act both as 

ionic and electronic conductors.  

Figure 1.1 shows a schematic of a Li-ion cell with a LiCoO2 positive electrode 

and a graphite negative electrode. In Figure 1.1, the liquid electrolyte, which wets all the 

parts inside a Li-ion cell, is represented by the yellow region and the Li+ ions in the 

electrolyte as well as in the electrodes are represented by green balls. Li+ ions within the 

structure of an electrode are equivalent to Li atoms with electrons and hence the term “Li 

atoms” is used in the place of “Li+ ions”. However, irrespective of the location, the term 

“Li+ ions” is adopted in this thesis to match several authors such as Whittingham et al.2, 

Julien et al.3, and Hy et al.4  

A microporous separator (dashed line between positive and negative electrodes in 

Figure 1.1), usually made of a polymer (e.g. polyethylene5), prevents electrical short-

circuit between the two electrodes. It provides an ionic path for the Li+ ions through its 

pores. Aluminum and copper foils serve as current collectors for positive and negative 

electrodes respectively and are not shown in Figure 1.1.  
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Technically, electrode materials such as LiCoO2 and graphite are called “active 

materials”, as they directly participate in the electrochemical reactions. In reality, 

electrodes are made up of active materials and other supporting materials such as binders 

(e.g. polyvinylidene fluoride (PVDF)6) and conductive diluents (e.g. carbon black7). 

While the binders provide mechanical stability, the conductive diluents enhance 

electronic conductivity between the active material particles.  

During operation, Li+ ions are inserted (intercalated)8 in and extracted out 

(deintercalated) and of the electrode materials along with the corresponding electrons that 

flow through the external circuit. The intercalation/deintercalation processes occurring in 

a Li-ion cell are electrochemically-driven guest-host reactions. Li+ ions act as guests 

Separator Li+ ionElectrolyte

Positive electrode
(LiCoO2)

Negative electrode
(Graphite)

e-

e- e- e- e- e-

e-

Figure 1.1 Schematic of a Li-ion Cell 
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whereas the active materials act as hosts in a topotactic reaction9. The reactions10 

occurring in the electrodes of a LiCoO2/graphite Li-ion cell during charge and discharge 

are: 

When a Li-ion cell is charged by applying current, Li+ ions are deintercalated 

from the positive electrode along with equal number of electrons resulting from 

electrochemical oxidation. The released Li+ ions flow through the electrolyte and 

intercalate into the negative electrode along with the corresponding electrons arriving 

through the external circuit. During discharge, a spontaneous reaction occurs, in which 

the Li+ ions travel from the negative electrode back to the positive electrode and the 

electrons flow through the external circuit in the opposite direction. The flow of electrons 

caused by the spontaneous reaction during discharge is used to transfer stored chemical 

energy into useful electrical energy.  

The equilibrium voltage (  ) of a Li-ion cell can be thermodynamically deduced 

by knowing the difference between the chemical potential of lithium in the positive ( ) 

and the negative electrodes ( )11. The equilibrium voltage of a Li-ion cell is            

 (1.1) 

 (1.2) 

 (1.3) 

(Equation (1.1) to (1.3) have been adapted from (Ref. 10)) 
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where F is the Faraday constant. As the Li concentration in electrodes change during 

charge and discharge, both  and  and the resultant V of a Li-ion cell change. 

Therefore, the voltage at any state of charge or discharge depends on the extent of the 

reaction or the corresponding Li concentration.  

 The maximum available capacity of a Li-ion cell is the amount of charge it could 

store. However, the practical capacity accounts only for the amount of Li+ ions that can be 

reversibly intercalated/deintercalated between the two electrodes. The amount of Li+ ions 

that can be practically extracted depends on various factors such as the Li content of the 

positive electrode, structural stability of the electrode materials and the upper cut-off 

voltage.  

Theoretically, the electrochemical energy ( ) available from a Li-ion cell can be 

deduced from its capacity ( ) and the voltage ( ) as shown by:  

Figure 1.2 shows a schematic of a voltage (V) vs. capacity ( ) profile of a Li-

ioncell during discharge. The area bounded by the axes and the voltage curve represents 

the energy obtained from the cell during discharge. At the same time, the total amount of 

energy available from a given Li-ion cell depends on several factors such as the size of 

the cell, the proportion of the active materials and charge-discharge conditions.  

  (1.4) 

  (1.5)  
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The research work discussed in this thesis has been exclusively done on positive 

electrode materials and so only an overview of positive electrode materials is given here 

and details on negative electrodes12 or electrolytes1 can be found elsewhere. 

1.2 Positive electrode materials  

A positive electrode material of a Li-ion cell is a reservoir of Li+ ions, which is 

thermodynamically stable within its structure after synthesis. A good candidate for a 

positive electrode material is expected to have the following two properties: The material 

must have a feasible redox center i.e., an easily oxidizing and reducing metal ion such as 

a transition metal (TM) ion and the material must be structurally stable during 

intercalation/deintercalation. 

Positive electrode materials with high energy density, high power, better safety, 

low cost and low toxicity are desired for high energy demand applications such as grid-

electric storage, plug-in hybrid vehicles and electric vehicles13,14. A high energy is 

Figure 1.2 Schematic of the voltage-capacity profile of a Li-ion cell during 
discharge 
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achievable if the positive electrode material has a high potential (around 4 V vs Li/Li+) 

and a high capacity. The nature of the cations and anions of a positive electrode material 

affects its potential and the capacity. For example, positive electrode materials with 

polyanionic groups such as LiCoPO4 have relatively higher potential than that that of 

their corresponding oxides15. However, the gain comes at the expense of decreased 

volumetric capacity due to a decreased crystallographic density caused by their bulkier 

polyanions. Thus a positive electrode with a fair balance between potential and capacity is 

desired. 

A high capacity is achievable if the structure of a positive electrode material has a 

high concentration of Li available for reversible intercalation and deintercalation during 

electrochemical cycling. The theoretical capacity of a positive electrode material is the 

capacity corresponding to all the Li in the structure. It is normally expressed with respect 

to its volume (volumetric in mAh/cm3) or mass (gravimetric in mAh/g). The equation for 

determining theoretical gravimetric capacity or specific capacity is 

where  is the number of Li+ ions present per formula unit of the material,  is the 

Faraday constant and  is the molar mass of the positive electrode material in g mol-1. 

Li-ion battery positive electrode materials are broadly classified into three types 

on the basis of their crystallographic structures: layered lithium transition metal oxides 

(LLTMO) (e.g. LiCoO2), spinel-type compounds (e.g. lithium manganese oxide 

(LiMn2O4)) and lithium polyanionic compounds (e.g. lithium iron phosphate (LiFePO4)). 

   (1.6) 
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The research work in this thesis deals only with LLTMO materials, and therefore, a 

detailed discussion is given only for LLTMO materials and their derivatives. 

1.3 Layered lithium transition metal oxides (LLTMO) 

The identification of layered LiCoO2
16 by Goodenough’s research group became a 

break-through discovery eventually resulting in the first commercial Li-ion battery by 

SONY in 199117. Following the success of LiCoO2, LLTMO materials became prominent 

positive electrode materials for Li-ion batteries.  

LLTMO materials adopt the α-NaFeO2
18 structure that can be described using a 

hexagonal unit cell with R-3m space group. Figure 1.3 shows the structure of LiCoO2, 

which is a representative example of a LLTMO with only one TM ion in a formula unit. 

Fundamentally, the structure is formed by a face-centred-cubic (FCC) network of oxygen 

anions. The cations are embedded in the octahedral sites similar to that of a rock-salt 

structure (e.g. NaCl). At the same time, the cations arrange themselves in an orderly 

fashion in such a way that alternating rows or sheets of octahedral sites are occupied by 

either Li+ or TM ions. Hence the structure is an ordered-rock-salt structure.  

The structure of Li[M]O2 is made up of stacks of (MO2)n sheets, in which M 

represents a TM ion. Each (MO2) sheet is formed by edge-sharing MO6 octahedra and can 

be seen as a layer of TM ions sandwiched in between two oxygen layers. Each MO6 

octahedron is made of six O anions at the corners and a TM ion at the centre. The gaps in 

between the (MO2)n sheets are occupied by Li atoms and are referred to as “Li layers”.  
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The stacking of (MO2)n sheets changes with the amount of Li and the nature of the 

M ion in order to minimize the repulsive effect between the (MO2)n sheets. Instead of 

octahedral (O) sites, Li atoms can occupy other types of sites such as prismatic (P) or 

tetrahedral (T) and LLTMO can form different polymorphs of a layered structure. Based 

on the Li+ ion occupying sites (P or T or O) and the number of (MO2)n sheets within a 

unit cell, Delmas et al. classified the LLTMO materials and proposed a nomenclature19 as 

explained in the following example. The LiCoO2 structure shown in Figure 1.3 is defined 

as an O3 structure because the Li+ ions occupy the octahedral (O) sites and there are 3 

Figure 1.3 Crystal structure of LiCoO2 projected along [110] plane 
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(MO2)n sheets before the periodicity repeats. Overall, the structure of LLTMO 

compounds should satisfy the following set of rules: 

 The sequence of layers in the structure should be as follows: TM-O-Li-O-TM-O-

Li-O-TM…..; 

 The sum of the occupations of the metal atoms in the TM layer must be equal to 

one or less ; 

 The total sum of the products of oxidation states and the corresponding occupancy 

of the metal atoms in the structure must be equal to four. 

1.3.1 Li[M]O2  

LLTMO materials with only one type of TM ion are represented by a general 

formula Li[M]O2 where M represents a TM atom. LiCoO2 is an example of Li[M]O2 

materials. As the difference in the ionic radii between Li+ ions (0.76 Å) and Co3+ ions 

(0.54 Å) is large, the chance of Li and Co exchanging sites (cation mixing) is small. Thus, 

LiCoO2 exhibits a structure with ordered pure cationic layers. The theoretical capacity of 

LiCoO2 is ~272 mAh/g. The high cost of Co, the toxic nature of Co and the thermal 

instability of LixCoO2 with electrolyte at high voltage especially at high temperatures are 

the main drawbacks of LiCoO2. 

LiNiO2 is comparably less toxic and cheaper than LiCoO2 and so it was initially 

considered as a possible replacement for LiCoO2
20. However, synthesizing a pure layered 

LiNiO2 structure is very difficult because of the exchange (cation mixing) between Ni2+ 

ions in the TM layer and the Li+ ions in the Li layer21. The cation mixing reduces the Li 

diffusion coefficient and is detrimental to the cell performance. The thermal instability of 
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delithiated LiNiO2 with electrolyte at temperatures > 130oC also prevented the 

commercialization of LiNiO2
22.  

Layered LiMnO2 was found to exhibit structural instability due to a small 

difference in the ionic radii between Mn3+ (0.65 Å) in the high spin environment and Li+ 

(0.76 Å). Attempts to synthesize layered LiMnO2 resulted in a thermodynamically more 

stable orthorhombic23 form of LiMnO2, which exhibits poor electrochemical 

performance. Metastable layered LiMnO2 was successfully synthesized from NaMnO2 

through an ion-exchange method24. However, this O3 layered LiMnO2 transforms into 

spinel LiMn2O4 upon Li deintercalation. The layered-to-spinel conversion was 

unstoppable because both lattices are built from the same network of oxygen anions and 

hence cationic migration to induce the transformation requires only very little energy. 

Paulsen et al. succeeded in synthesizing an O2 type LixMnO2, which does not have a FCC 

oxygen lattice and does not convert to spinel25. However, this material failed to show 

improved electrochemical performance. 

1.3.2 Li[M†xM††1-x]O2 (binary) and Li[M†xM††yM†††1-x-y]O2 (ternary) 

 A combination of two or three TM ions in the layered LLTMO structures has been 

considered in order to overcome the shortcomings of Li[M]O2 materials with only one 

TM. LiNiO2 forms a solid solution with LiCoO2 and so LiNixCo1-xO2 was considered 

extensively by several researchers, particularly the research group led by Delmas26. The 

substitution of Co3+ ions in the place of Ni3+ ions led to decreased cation mixing between 

the Li and TM layers and caused better electrochemical performance. Moreover, the 

capacity of LiNixCo1-xO2 is higher than LiCoO2 but its capacity fading on repeated 

cycling make LiNixCo1-xO2 undesirable22.  
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On the other hand, Al3+ substitution for Ni3+ resulted in improved thermal stability 

of the electrodes27. It also increased structural stability owing to a stronger Al-O bond vs. 

Ni-O bond28,29. Despite the loss of gravimetric capacity due to the addition of 

electrochemically inactive Al3+, its beneficial properties to the cell performance were 

attractive. The simultaneous substitution of Co3+ and Al3+ for Ni3+ offered better layered 

structural stability and improved thermal stability30, respectively, leading to the success of 

lithium nickel cobalt aluminum oxides (Li[NixCoyAl1-x-y]O2), often called NCA materials. 

The composition Li[Ni0.8Co0.15Al0.05]O2 is one of the most successful NCA materials 

because of its excellent balance between energy, cost and safety. It exhibits a gravimetric 

capacity of ~ 200 mAh/g to 4.2 V with excellent thermal stability31. 

Figure 1.4 shows a pseudo-ternary composition diagram/triangle formed with 

LiCoO2, LiNiO2 and LiMnO2 at the vertices. The ternary system is strictly based on three 

components: LiCo, LiNi and LiMn and does not take into account O as a component. 

Hence the ternary system is referred to as “pseudo-ternary” system32. The sides of the 

triangle represent Li[M†
xM††

1-x]O2 (binary) materials and any point in the interior of the 

triangle represents a Li[M†
xM††

yM†††
1-x-y]O2 (ternary) compound. The symbols M†, M††, 

and M†††   in the formula units represent Ni or Mn or Co ions. 

 
The combination of Ni and Mn resulted in the Li[NixMn1-x]O2 solid-solution 

series and the most-studied composition in this series is LiNi0.5Mn0.5O2 
33. Figure 1.4 

shows LiNi0.5Mn0.5O2 as the mid-point of the line joining LiNiO2 and LiMnO2. The 

material LiNi0.5Mn0.5O2 has been claimed to deliver a capacity of ~ 200 mAh/g with low 

irreversible capacity and small polarization33. However, the difficulty in synthesizing pure 

material without cation mixing makes LiNi0.5Mn0.5O2 unattractive34. Zhou et al. showed 
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that LiNi0.666Mn0.333O2 could deliver a reversible capacity ~ 190 mAh/g35 but its inferior 

thermal stability and poor cycle life at elevated temperature was unsatisfactory.  

Recently, McCalla et al. mapped the whole Li-Ni-Mn-O pseudo-ternary system 

and identified different thermodynamically-stable Li-Ni-Mn-O phases under different 

synthesis conditions36. Following that, the electrochemical behavior of a variety of Li-Ni-

Mn-O compounds was surveyed by Li et al37. They confirmed that the presence of an 

impure phase such as a rock-salt phase along with a pure layered phase is detrimental for 

the cell performance. 

The research group led by Ohzuku did a systematic research on intercalation 

materials in the LiCoO2-LiNiO2-LiMnO2 pseudo-ternary system using first principles 

calculations38. They proposed that LiCoO2 is immiscible with LiMnO2 and does not form 

a solid solution. By contrast, LiCoxMn1-xO2 has been prepared by some researchers and a 

Figure 1.4 Pseudo-ternary composition diagram for LiNiO2-LiMnO2-LiCoO2 system 
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reversible capacity ~ 130 mAh/g was shown but with poor cycle life39. Thus the LiCoO2-

LiMnO2 combination has received very little attention.  

The combination of LiNiO2-LiMnO2-LiCoO2 can lead to a group of compounds 

with varying Ni-Mn-Co compositions to form the solid solution series Li[NixMnyCo1-x-

y]O2 often called as NMC compounds. Among the various members of this series, 

Li[Ni1/3Mn1/3Co1/3]O2 has been studied extensively40 and has been commercialized. In 

Figure 1.4, the centroid of the equilateral triangle represents the composition 

Li[Ni1/3Mn1/3Co1/3]O2.  

In Li[Ni0.333Mn0.333Co0.333]O2, Ni in its +2 oxidation state and Co in its +3 state are 

involved in the electrochemical activity. Mn remains unaffected in the +4 oxidation state 

during the charge and discharge. Similar to LiCoO2, Li[Ni0.333Mn0.333Co0.333]O2 exhibits 

an O3 structure41 and can be defined using the R-3m spacegroup. It has been shown to 

deliver a reversible capacity ~ 150 mAh/g, when cycled between 2.5 to 4.2 V. 

Li[Ni0.333Mn0.333Co0.333]O2 exhibits excellent safety characteristics compared to LiCoO2
30. 

Lower cost, comparable capacity and excellent cycling behavior under certain upper cut-

off voltages and in particular better safety makes Li[Ni0.333Mn0.333Co0.333]O2 an attractive 

positive electrode material. In addition to Li[Ni0.333Mn0.333Co0.333]O2, compositions such 

as LiNi0.4Mn0.4Co0.2O2, LiNi0.5Mn0.3Co0.2O2, and LiNi0.8Mn0.1Co0.1O2 have also been 

studied by many researchers. 

1.3.3 Layered lithium-rich transition metal oxides (LLRTMO) 

Layered lithium-rich transition metal oxides (LLRTMO) are excessively-lithiated 

compounds that can be theoretically derived from the LLTMO compounds. When Li+ 

ions completely fill the Li layer and if excess Li+ ions occupy the TM layer, LLRTMO 
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materials result (e.g. Li[Li0.2Ni0.2Mn0.6]O2). LLRTMO materials can deliver a reversible 

specific capacity > 250 mAh/g42. 

 

1.3.3.1 Li2MnO3 

 

The compound Li2MnO3 is an ideal example for a LLRTMO material and could 

be considered as a model compound to describe the structure of LLRTMO materials. The 

formula unit of Li2MnO3 can also be written as Li[Li1/3Mn2/3]O2 for conveniently 

interpreting the structure in the form of Li[M]O2. In the formula unit of 

Li[Li0.333Mn0.666]O2 or any other LLRTMO, the ions denoted in the parenthesis represent 

TM layer cations. As such, ¼ of the Li+ ions per formula unit of Li[Li1/3Mn2/3]O2 are in 

the TM layer and the Li/TM ratio is equal to 2 and is always greater than 1 for LLRTMO 

materials. 

Figure 1.5 shows the structure of Li[Li0.333Mn0.666]O2 projected along (110) 

direction. Li[Li0.333Mn0.666]O2 as well as other LLRTMO materials adopt the O3 structure 

and can be described in a monoclinic system using the C2/m space group43. The Mn4+ 

ions and Li+ ions order in the TM layers in such a way that each Li+ ion is encircled in the 

plane by 6 Mn4+ ions (honeycomb pattern) and form a superlattice44,45. The right panel in 

Figure 1.5 shows the superalattice ordering between Mn4+ ions and Li+ ions. Compared to 

LLTMO materials such as LiCoO2, the occurrence of in-plane ordering in Li2MnO3 and 

the resultant superlattice formation change the symmetry from R-3m to C2/m. A detailed 

discussion on the superlattice ordering in LLRMTO materials and its implications will be 

given in Chapter 3. 
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1.3.3.2 Structure of layered lithium-rich transition metal oxides 

 

The crystallographic nature of LLRTMO materials has been under much debate. 

One set of researchers46,47, championed by Thackeray et al., believe that the LLRTMO 

materials are composite materials made up of domains of layered Li[M]O2 and Li2MnO3. 

So, they use the notation: xLi2MnO3.(1-x)Li[M]O2
46 to define the materials in composite 

formalism. Conversely, a second set of researchers considers LLRTMO materials as 

layered solid solutions48,44,49 formed by Li[M]O2 and Li2MnO3 materials. Therefore, 

according to solid-solution nomenclature, certain LLRTMO materials are represented 

using a formula such as Li[Li1/3-2x/3NixMn2/3-x/3]O2. For example, the composition 

Li1.2Ni0.2Mn0.6O2 can be represented as Li[Li0.2Ni0.2Mn0.6]O2 in the solid solution notation 

or as 0.6Li2MnO3.0.4Li[Ni0.5Mn0.5]O2 in the composite representation.  

Li layer

TM layer

TM layer

Figure 1.5 Structure of Li2MnO3 (Li[Li1/3Mn2/3]O2) projected along (100) (left) direction 
and the superlattice ordering between Mn4+ ions and Li+ ions from (001) direction (right) 

(Green and Magenta colored balls represent Li+ and Mn4+ ions) 
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Figure 1.6 shows the X-ray diffraction (XRD) pattern of Li[Li0.2Ni0.2Mn0.6]O2. 

According to the solid solution perspective, as proved in this thesis, the peaks (indicated 

using a red box in Figure 1.6) around 20-35o in the XRD data are caused by superlattice 

ordering of Li+ and Mn4+ ions50. Hence all the peaks can be indexed using C2/m 

spacegroup. By contrast, in the composite view, those peaks correspond to nano-domains 

of a Li2MnO3 phase embedded within the matrix of layered LiMO2 and hence two space 

groups corresponding to two phases are required to explain the XRD pattern. According 

to the composite believers, the broad superlattice peaks are caused by nano-domains but 

solid-solution supporters argue that stacking faults are the underlying reason for the 

Superlattice 
peaks

Figure 1.6 XRD pattern of Li[Li0.2Ni0.2Mn0.6]O2 .  
Adapted with permission from (Chem. Mater., 2011, 23 (16), pp 3614–3621) 

Copyright (2011) American Chemical Society 
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broadness51. It will be proved in this thesis that stacking faults can explain the broad 

superlattice peaks. 

Jarvis et al. have studied the atomic structure of Li[Li0.2Ni0.2Mn0.6]O2 and reported 

that it was a single phase solid solution with C2/m monoclinic symmetry44. Bareno et al. 

through their TEM study reported that such materials are composed of nano-domains of 

layered LiMO2 and monoclinic Li2MnO3 
52. By contrast, another careful TEM study done 

by Shukla et al on LLRTMO samples proved the solid-solution behavior49. The formation 

of a solid solution between Li2MnO3 and LiMO2, which have the same close-packed 

oxygen structure, appears to be more representative and the same consideration is 

followed in this thesis as well. Results supporting solid-solution51 behavior of the 

LLRTMO materials will be discussed in Chapter 3. 

1.3.3.3 First charge-discharge cycle of layered lithium-rich transition metal oxides 

 

Figure 1.7 shows the charge-discharge profile of a LLRTMO material: 

Li1.200Mn0.533Co0.133Ni0.133O2
53. During first charge (red line), it exhibits a step-wise 

voltage profile that includes a sloping part (region 1) from OCV to ~ 4.5 V vs Li/Li+, an 

irreversible plateau part (region 2) around 4.5 V and a brief sloping part (region 3). By 

contrast, the first discharge profile and the subsequent charge-discharge profiles are 

different from the first-charge profile but somewhat similar to that of any non-Li-rich 

layered material such as Li[Ni0.333Mn0.333Co0.333]O2. 

The sloping part (Region 1) is believed to be caused by the electrochemical 

oxidation of TM ions54. The amount of maximum Li+ ions that can be extracted through 

TM redox is normally equal to the sum of the redox electrons available in the TM ions. In 
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LLRTMO materials, the most common oxidation states of Mn, Ni and Co are +4, +2 and 

+3 respectively53,55. In Li1.200Mn0.533Co0.133Ni0.133O2, Ni can be oxidized from +2 to +4 

and Co can be oxidized to +3 to +4 oxidation state. However, Mn, which is in +4 

oxidation state, remains as such and cannot be oxidized further in the given structure. So, 

the TM redox extractable Li and the corresponding TM redox capacity for 

Li1.2Mn0.53Co0.13Ni0.13O2 is calculated as follows:   

 

 

 (1.7) 

 

Figure 1.7 Voltage-specific capacity profile of Li1.200Mn0.533Co0.133Ni0.133O2  
Reprinted with permission from (Nature Chemistry 8, 684-691 (2016))  

Copyright (2016) Nature Publishing group 
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This calculated TM redox capacity (126 mAhg-1) corresponds to the Region 1 

capacity in Figure 1.7. However, LLRTMO materials exhibit a total first charge capacity 

> 300 mAh/g48. This implies that Li+ ions can be extracted from the material beyond the 

TM redox limitations and the accessibility of this extra capacity makes these LLRTMO 

materials more attractive.  

The irreversible plateau around 4.5 V (Region 2 in Figure 1.7) was found to be 

associated with an irreversible loss of oxygen56. Lu et al., through their in-situ XRD 

studies on Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials, have proposed the simultaneous release of 

O and Li along 4.5 V plateau57. The release of O2 gas from Li[Li0.2Ni0.2Mn0.6]O2 during 

first charge was later confirmed by Armstrong et al. by using in-situ differential 

electrochemical mass spectrometry (DEMS)56. Lu et al. also concluded that the 

irreversible loss of oxygen resulted in the formation of an oxygen-deficient layered 

compound at the end of the first charge57. The oxygen deficient layered compound reacts 

with lithium reversibly in the subsequent cycles with the continuous involvement of Mn4+ 

to Mn3+ reduction58. 

The concomitant oxygen loss with the extraction of Li along the 4.5 V plateau is 

required in order to maintain the oxidation state balance in the compound. However, a 

large irreversible capacity loss (IRC) is associated with the irreversible oxygen loss59,57. 

Chapter 4 will discuss one of the several but useful ways to reduce the IRC60,61 of 

LLRTMO materials. After the first charge, the subsequent discharge/charge cycles deliver 

a reversible capacity as large as 240 mAh/g. Thus, the intercalation/deintercalation 

mechanism in the first charge-discharge cycle of LLRTMO materials is unique compared 

to other layered materials.  
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Armstrong et al. have done neutron diffraction studies on [Li0.2Ni0.2Mn0.6]O2 and 

proposed that the O loss occurs at the surface and induces the migration of TM ions from 

the bulk to the surface56. Subsequently, Jiang et al. claimed the formation of a second 

phase during cycling in the high voltage region62. Recently, Koga et al. have proposed a 

similar mechanism for the first-cycle lithium deintercalation/intercalation of 

Li1.200Mn0.533Co0.133Ni0.133O2
63. From detailed XRD and electrochemical analyses, they 

suggested an evolution of a mixture of two phases (surface and bulk) along the 4.5 V 

plateau during the first charge64. This has been recently confirmed by Li et al., and Luo et 

al. through in-situ XRD studies performed on Mn-rich LLRTMO materials65. 

Ohzuku et al. reported several possibilities for first-cycle extra capacity and they 

suggested that the capacity along the 4.5 V plateau might also involve mechanisms such 

as oxidation of Mn4+ to Mn5+ or O2- to O- 66. C. Genevois et al. have demonstrated the 

occurrence of reversible oxidation of oxygen (O2- to O-) in the bulk and oxygen release at 

the surface67. A recent study by Luo et al. on Li1.200Mn0.533Co0.133Ni0.133O2 claims that O2
2- 

species do not form in 3d-TM-based LLRTMO materials but instead the charge 

compensation is satisfied by the formation of electron holes on the O ions53.  

Understanding the oxygen redox behavior of NMC-based LLRTMO materials 

seems to be quite complicated due to the presence of three redox centers (Ni, Mn and Co) 

and the associated complex chemistry. Hence, Sathiya et al. have explored 4d-TM-based 

LLRTMO materials with a single redox center (Ru) such as Li2Ru1-ySnyO3 and 

demonstrated that the involvement of anionic (oxygen) redox activity is the key to the 

mechanism accounting for the extra capacity of LLRTMO materials68. The formation of 

peroxo-like (O2)n- species as a result of oxygen redox activity was experimentally 
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evidenced through X-ray photoelectron spectroscopy (XPS) and electron-paramagnetic 

resonance (EPR) studies69. McCalla et al. reported the identification and visualization of 

O-O dimers resulting from the reversible oxygen redox in Li2IrO3 through TEM and 

neutron studies70. Recently, Seo et al. explained the structural and chemical origin of the 

oxygen redox activity in LLRTMO materials on the basis of specific local Li-excess 

environments around oxygen. 

Despite the richness of oxygen-redox chemistry, which could mitigate issues such 

as progressive voltage fade, 4d-TM-based LLRTMO materials are commercially 

unpopular due to their increased cost. By contrast, NMC-based LLRTMO materials are 

cheaper and they could be commercially valuable if their first charge-discharge issues are 

well understood and resolved. The three major flaws associated with NMC-based 

LLRTMO materials are: (i) high irreversible capacity loss (IRC) during the first cycle71, 

(ii) progressive voltage fade72 with cycling and (iii) poor rate capability73. Apparently, the 

high IRC and the voltage fade issues are associated with the reactions occurring during 

first charge-discharge cycle. The chemistry behind the first charge-discharge properties of 

the LLRTMO appears to be very significant as it appears to determine the properties of 

the subsequent cycling performance. Hence the main motivation of this thesis work was 

to increase the understanding of the first charge-discharge properties of the NMC-based 

LLRTMO materials. 

1.4 Scope of this thesis 

Chapter 2 is devoted to the experimental methods and techniques used in this 

research. Studying the structural characteristics of some LLRTMO materials is essential 

to improve their physical and electrochemical properties. Hence the structural 
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characterization of LLRTMO materials with special emphasis on stacking faults will be 

discussed in Chapter 3. Chapter 4 will discuss the results of a study of the effect of Li 

content on the properties of LLRTMO materials and the identification of a new type of 

LLRTMO materials that exhibit low-IRC. Based on the preliminary results of the low-

IRC materials, a search for low-IRC materials in the Li-Ni-Mn-Co pseudo-quaternary 

system has been done and Chapter 5 will give a summary of that survey. The low-IRC 

materials were found to contain inherent metal-site vacancies. Chapter 6 will discuss the 

results of solid-state NMR studies performed on some low-IRC materials that have metal-

site vacancies. Chapter 6 also attempts to probe the reasons for the high-IRC behavior in 

LLRTMO and the correlation with the low-IRC behavior observed in some other 

LLRTMO. Finally, Chapter 7 will summarize the completed work done for this thesis and 

suggest some future work that can be continued on the lines of this thesis work. 
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Chapter 2 Experimental 
 

This chapter gives a description of the experimental methods and characterization 

techniques used in this research work. They include materials synthesis, structural 

characterization and electrochemical characterization. Experimental methods or 

techniques that are used for any specific investigation will be given in appropriate 

sections. 

2.1 Materials synthesis 

The synthesis procedures of layered lithium-rich transition metal oxides 

(LLRTMO), the positive electrode materials of interest, are explained in the following 

sections. The synthesis of LLRTMO consists of two steps. First, precursors such as 

transition metal (TM) carbonates (e.g. Ni0.25Mn0.75CO3) or hydroxides (e.g. 

Ni0.2Mn0.5Co0.3(OH)2) were synthesized by co-precipitation. Second, the synthesized 

precursors were mixed with a lithium source such as lithium hydroxide (LiOH) and were 

converted to LLRTMO through high temperature solid-state synthesis. All the positive 

electrode materials studied in this work were made from mixed TM carbonate precursors. 

Hence co-precipitation synthesis of TM carbonates is explained here and the method to 

prepare TM hydroxides can be found elsewhere74, 75. 

2.1.1 Co-precipitation synthesis of mixed transition metal carbonates 

A variety of Ni-Mn and Ni-Mn-Co carbonates, represented by NixMnyCo1-x-yCO3, 

were synthesized by co-precipitation using a continuously-stirring tank reactor (CSTR). 

Figure 2.1 shows a schematic of a CSTR. The CSTR has a 2L jacketed glass vessel 

(reaction chamber) with a metal lid at the top and an overhead stirrer at the center. Hot or 
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cold water flows in an outer glass jacket continuously to maintain a desired uniform 

temperature in the reaction chamber. The metal lid at the top of the reaction vessel has 

several inlets and outlets for reagent addition, product recovery, gas flow and for probes 

for pH and temperature measurements. The stirrer is attached to a motor, which can rotate 

the stirrer up to 1000 rpm . 

The CSTR is also equipped with sensors for measuring pH, temperature and gas 

flow. Optimization of reaction conditions such as pH and temperature is necessary to 

obtained desired particle morphology. For example, Zhou et al.74 have optimized the 

conditions to make spherical particles of Ni-Mn hydroxides with high tap density using a 

CSTR. They found that setting the temperature to 60oC, pH to ~11 and using NH4OH as a 

chelating agent are good conditions for making spherical Ni-Mn mixed hydroxide 

particles. Using the synthesis conditions reported by Zhou et al., Ni-Mn-Co hydroxide 

particles having a tap density > 2.0 g/cm3 were successfully synthesized by Van Bommel 

et al.75 Similar reaction conditions except for the concentration of NH4OH were used for 

Figure 2.1 Schematic of a continuously-stirring tank reactor 
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the synthesis of NixMnyCo1-x-yCO3. Figure 2.2 shows a picture of the CSTR that was used 

for the co-precipitation synthesis.  

Co-precipitation synthesis of NixMnyCo1-x-yCO3 involved mixing aqueous 

solutions of carbonate precipitants (e.g. sodium carbonate (Na2CO3)) and the TM salts 

such as mixed TM sulfates (e.g. Ni0.2Mn0.5Co0.3SO4) in a CSTR. The reaction during co-

precipitation synthesis of Ni0.2Mn0.5Co0.3CO3 is   

Figure 2.2 Continuously-stirring tank reactor 

 Ni0.2Mn0.5Co0.3SO4    +   Na2CO3     Ni0.2Mn0.5Co0.3CO3    +   Na2SO4 (2.1) 
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A 2M aqueous solution of mixed Ni-Mn sulfates was prepared by dissolving 

appropriate amounts of MnSO4.H2O (99.0 %, Alfa Aesar), NiSO4.6H2O (98.0 %, Alfa 

Aesar) and CoSO4.7H2O (98.0 %, Alfa Aesar) salts in distilled water. In the same way, 

aqueous solutions of 2M Na2CO3 (98.0 %, Alfa Aesar) and 0.2 M NH4OH (28.0 – 30 %, 

Caledon Laboratory Chemicals) were also prepared. The NH4OH solution supplied NH4
+ 

ions, which can coordinate TM ions to facilitate the formation of spherical particles at 

appropriate pH conditions. Van Bommel et al. showed the importance of using ammonia 

as a coordinating agent to obtain spherical NixMnyCo1-x-y(OH)2
75. 

In a typical co-precipitation reaction, 0.2 M NH4OH was used as the initial 

solution in the reaction vessel. Then solutions of mixed Ni0.2Mn0.5Co0.3SO4 and Na2CO3 

were simultaneously fed into the reaction vessel using separate digital peristaltic pumps 

(Masterflex L/S 07524) at a desired flow rate, usually 0.3 mL/min, for about 20 h. The pH 

was controlled at 8 by a pH sensor that can trigger the automatic addition of 0.2 M H2SO4 

(95.0-98.0 %, Sigma-Aldrich) or 5M NaOH (98.0 % Alfa Aesar) into the reaction vessel 

as needed. The temperature was maintained as 60oC all through the reaction. After 

completion of the co-precipitation reaction, the resulting suspension was collected and 

washed several times with distilled water to remove impurities. Then it was filtered and 

the resulting wet precipitate was dried in an oven at 100-120oC for about 12 hours. The 

dried Ni0.2Mn0.5Co0.3CO3 powder was recovered and stored for further investigation. 

2.1.2 Synthesis of layered lithium transition metal oxides  

 LLRTMO were synthesized using solid-state methods. The synthesis of 

Li[Li0.130Ni0.174Mn0.435Co0.261]O2 from a Ni0.2Mn0.5Co0.3CO3 precursor and Li2CO3 (99.0 
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%, Sigma-Aldrich) is explained here. The reaction for the formation of 1 mole of 

Li[Li0.13Ni0.17Mn0.44Co0.26]O2 is 

 

 

Table 2.1 shows the calculation of stoichiometric amounts (mass) of the 

Ni0.2Mn0.5Co0.3CO3 precursor and Li2CO3 required for that synthesis. The calculated 

amounts of Ni0.2Mn0.5Co0.3CO3 and Li2CO3 powders were thoroughly mixed using an 

agate mortar and pestle. The mixed powders were loaded in an alumina boat and fired in a 

furnace at 900oC in air for about 12 h. 

Table 2.1 Calculation of stoichiometric amounts of precursors needed for the synthesis of 
Li[Li0.130Ni0.174Mn0.435Co0.261]O2 

 Ni0.2Mn0.5Co0.3CO3 Li2CO3 Li[Li0.130Ni0.174Mn0.435Co0.261]O2 

Stoichiometric 
No. of moles  0.87 0.57 1 

Molar mass 
(g/mol) 116.89 73.89 89.31 

Stoichiometric 
Mass (g/mol) 101.64 41.76 89.31 

Required mass for 
5g product (g) 5.70 2.34 5 

 

Figure 2.3 shows the temperature profile used in the solid-state synthesis of 

LLRTMO materials. In the heating profile, the calcining mixture was maintained at 

400oC for about 5 hours to facilitate the removal of CO2 from the carbonate precursors. 

Samples of 5 g of LLRTMO material were typically synthesized. 

           
0.87 Ni0.2Mn0.5Co0.3CO3 + 0.57 Li2CO3     Li[Li0.130Ni0.174Mn0.435Co0.261]O2 (2.2) 

+ 1.44 CO2  
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2.2 Materials characterization 

Synthesized materials, both precursors and lithium transition metal oxides, were 

characterized using a variety of techniques. Characterization techniques used to study 

structure, morphology, density, surface area and composition will be discussed in the 

following sections. 

2.2.1 X-Ray diffraction (XRD) 

When X-ray photons interact with electrons, they can undergo elastic scattering 

(Thompson scattering). When electrons of atoms in a periodic crystal scatter incident X-

rays, some of the scattered X-rays undergo constructive interference according to Bragg’s 

law                                         

where d is a particular spacing between particular planes in the crystal, θ is the incident 

angle of the X-rays with respect to the plane of the sample,  is the X-ray wavelength and 

n, an integer, is the order of the reflection. 

 (2.3) 

Figure 2.3 Temperature profile for the solid-state synthesis of LLRTMO 
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A Siemens D5000 diffractometer equipped with a Cu target X-ray tube and a 

diffracted beam monochromator was used for powder XRD measurements. The 

diffractometer uses Bragg-Brentano geometry, in which the divergent and the diffracted 

beams were at a fixed radius from the sample76. Figure 2.4 shows a schematic of a Bragg-

Brentano diffractometer. It includes an X-ray tube, a sample stage, an X-ray detector and 

several slits. A high energy electron beam was created in the X-ray tube and was 

accelerated through 40 keV. The accelerated electrons hit the Cu target to produce Cu-Kα 

(λ = 1.5418 Å) X-rays. Then the X-rays were directed on the powder sample and 

diffraction occurred. A diffracted beam monochromator was used to select the 

wavelength corresponding to Cu-Kα radiation and the powder diffraction pattern of the 

material was collected using a detector. The divergence and anti-scatter slits were both set 

Figure 2.4 Schematic of a Bragg-Brentano diffractometer 
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to 0.5°, and the receiving slit was 0.2 mm. Data were collected at desired (e.g. 0.05°) 

angular intervals and dwell time (e.g. 5 s). 

2.2.1.1 Rietveld refinement 

Rietveld refinement is a data fitting method used in X-ray diffraction pattern 

analysis. In this method, an X-ray pattern is calculated for a material of interest from its 

crystal structure data. Then the structural parameters describing the material are adjusted 

to give the best agreement between the experimental and calculated patterns. The 

refinement was done on the basis of least square method to minimize the function Δ, 

which is defined as 

where  is the statistical weight, is the observed intensity and  is the 

calculated intensity. 

In the Rietveld refinement routine, a structure is defined with its space group and 

unit cell parameters. The elemental compositions obtained from inductively coupled 

plasm-optical emission spectroscopy (ICP-OES) analysis were used to define the 

stoichiometry of the sample. For LiMO2 compounds, the oxygen occupancy was set to be 

2.00 per formula unit. The refinement involves adjusting parameters such as lattice 

parameters, peak shapes, fractional atomic coordinates, site occupancies, and cation 

exchange levels. The Bragg R factor ( ) is defined as 

 (2.4) 

 (2.5) 
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where  and  are the observed and calculated integrated intensity of Bragg 

peak k respectively.  is used to measure the ability of the proposed unit cell to describe 

the calculated pattern. Appendix B gives the details of Rietveld refinement procedure. 

2.2.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy involves the scanning of the surface of a material 

with a beam of focussed electrons. As a result of the electron-sample interaction, a variety 

of signals such as secondary electrons (SE), backscattered electrons (BSE), characteristic 

X-rays etc., result depending on the electron interaction volume. The SE signal is used to 

produce SEM images77.  

A Hitachi (Japan) S-4700 scanning electron microscope was used to study the 

morphology of the samples. A sample for SEM analysis was prepared by spreading a tiny 

amount (< 1 mg) of the dry powder onto carbon tape. The carbon tape with sample 

powder on top was mounted on a metallic stub. Then the stub was introduced into the 

vacuum chamber of the microscope. Once the stub was positioned properly, an electron 

beam with an accelerating voltage of 15 to 20 kV was directed on the sample. The beam 

was then focused to a spot size less than 10 nm and the sample was scanned. The SE 

signal that was recorded using suitable detectors produced SEM images.  

2.2.3 Inductively coupled plasma – optical emission spectroscopy (ICP-OES) 

 The concentration of a particular metal element in a sample can be measured 

precisely using ICP-OES. This technique involves the excitation of atoms and ions using 

an inductively coupled plasma and then measuring the characteristic wavelengths of 
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electromagnetic radiation that are emitted by the atoms or ions of a particular element. 

Argon is used to produce the plasma.  

A Perkin Elmer Optima 8000 ICP-OES machine located in the Dentistry 

Department of Dalhousie University was used for the ICP-OES analysis. Standard 

solutions of known concentrations (0 ppm, 1 ppm and 2 ppm) of elements of interest were 

prepared from commercial standards (Ultra Scientific Analytical Solutions). Samples 

(TM carbonates or LiMO2 materials) were prepared by dissolving a known amount of 

material (~ 10 mg) in aqua-regia prepared from HCl (37 %, Sigma-Aldrich) and HNO3 

(70 %, Sigma-Aldrich). Then the solutions were diluted to 1 ppm solutions using 1 (v/v) 

% aqueous solution of HNO3 solution.  

 Aqueous solutions of standards and samples were then inserted into a nebulizer to 

vaporize and convert into a mist. Then the mist was introduced into the Ar plasma, where 

the atoms or ions of the samples interacted with the plasma and produced characteristic 

wavelengths. The optical spectrometer measures the characteristic wavelengths of the 

elements. The intensity of the electromagnetic radiation (light) of a particular element in a 

sample compared to the intensity from the standard solutions was used to deduce the 

concentration of an element. The stoichiometry of the materials of interest was calculated 

from the ICP-OES-derived metal ratios78. 

2.2.4 Brunauer-Emmett-Teller (BET) surface area analysis 

 The BET method for measuring surface area is based on the monolayer physical 

adsorption of gas molecules on solid surfaces (adsorbent). An inert gas such as nitrogen 

(adsorbate) is used for the adsorption. Weak van der Waals forces between the adsorbate 
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gas molecules and the adsorbent surface area cause physical adsorption. This adsorption 

is usually done at or near the boiling temperature of the adsorbate gas. The area covered 

by each adsorbed gas molecule is known under specific conditions. The amount of gas 

adsorbed to form a monolayer on a sample is determined at the specified conditions. Then 

the number of adsorbed molecules is calculated from the quantity of the gas adsorbed and 

the area occupied by each gas molecule to get the surface area (s) of the sample79, 80. The 

BET adsorption isotherm equation81 is 

where is the partial vapor pressure of adsorbate gas in equilibrium with the surface at 

77.4 K (boiling point of liquid N2) in pascals,  is the saturated pressure of adsorbate gas 

in pascals,  is the volume of gas adsorbed at STP in mL,  is the volume of gas (STP) 

required to form an adsorbed monolayer on the sample surface in mL and  is a constant 

derived from energy of adsorption 

A Flowsorb II 2300 (Micromeritics) analyzer was used to measure the surface 

area of the materials. A solid powdered sample (adsorbent) was pretreated (outgassed) by 

purging in inert gas or by applying vacuum at high temperature to remove any impure 

species (normally water) at the surface of the solid. The most favorable condition for 

monolayer adsorption of N2 gas from 30 mole % N2 and 70 % He are established at 

atmospheric pressure and at the temperature of liquid N2. So, the monolayer adsorption 

was done using a liquid N2 bath and  was measured. Then the surface area ( ) can be 

deduced as follows: 

  (2.6) 
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where  is the Avogadro number,  is the area of each adsorbed molecule and  is the 

molar volume of the gas. 

2.2.5 Crystallographic density measurement (Pycnometer) 

An AccuPyc II 1340 (Micromeritics) gas displacement pycnometer using He gas 

(ultra high pure 99.999 %) was used to measure the density of the samples. The 

pycnometer uses the ideal gas law and the gas displacement technique to measure the 

volume. Figure 2.5 shows a schematic of the pycnometer. The pycnometer consists of two 

chambers – a sample cell chamber of volume  with a removable lid for holding the 

sample and an expansion chamber of volume . They are connected to each other with 

a valve in between. The sample cell chamber is also connected to a helium tank, for 

which the pressure is set to approximately 22.00 psig. 

Before measuring the density of each set of materials, the pycnometer was 

calibrated with the given standard (supplied by Precision Ball & Gage Co.), which has a 

known volume. In a usual density measurement routine, samples were transferred to the 

pycnometer with minimum exposure to air. First, the mass of the sample was measured 

by measuring the mass of the empty sample cup and the same cup filled with the sample 

accurately. After that, the sample cup (with the sample) was placed into the sample cell 

chamber and it was closed air tight. Then, the sample cell chamber was purged with He 

10 times to remove possible moisture. Both purge fill pressure and the cycle fill pressure 

were set at 19.500 psig.  

  (2.7) 
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First, the sample cell chamber with sample and the expansion chamber were at 

ambient pressure  and at ambient temperature  and the valve between them was 

closed. Then the sample cell chamber was charged to an elevated pressure  and the 

ideal gas law applied to the sample cell chamber yields 

where is the number of moles of gas in the sample cell chamber,  is the gas constant 

and  is the ambient temperature. Similarly, the ideal gas law applied to the expansion 

chamber yields  

where is the number of moles of gas in the expansion volume and  is the ambient 

pressure. After that, the valve was opened. Now, the pressure fell down to an intermediate 

pressure  and now the ideal gas law yields 

Calibrated Sample Cell 
Volume (Vcell)

Calibrated Expansion 
Volume (Vexp)

VSamp

Valve

Figure 2.5 Schematic of pycnometer 

 (2.8) 

 (2.9) 
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where  is the volume of the sample. By substituting Equations 2.8 and 2.9 into 2.10 

and rearranging, the working equation for the pycnometer can be obtained as shown 

below: 

and were determined by the calibration procedures as 2.8844 cm3 and 

9.1458 cm3, respectively, and the pressures  and were measured by a gauge pressure 

transducer. The above procedure to measure  and  was repeated 5 times and the 

average  was calculated using Equation 2.7. From the average  and the 

measured mass, the average density of the sample was calculated. 

2.2.6 Solid-state nuclear magnetic resonance spectroscopy (Solid-state NMR) 

Compared to diffraction methods such as XRD, which measures the long-range 

order, solid-state NMR can be used to study the local structure of positive electrode 

materials and dynamic processes occurring within the materials. The electronic structure 

of positive electrode materials has a profound effect on their NMR spectra and so it can 

be used to discriminate between conductors and insulators or diamagnetic and 

paramagnetic materials.  

Solid-state NMR utilizes the interaction between nuclei of a sample placed in a 

magnetic field and electromagnetic radiation in the radio frequency (RF) range. When a 

nucleus having a spin quantum number, I, of half-integer (e.g 27Al) or integer (e.g  14N) is 

exposed to a strong magnetic field, the energy levels between different spin states are 

 (2.11) 

 +  (2.10) 
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split into multiplets (Zeeman effect). Transitions between adjacent energy levels can be 

induced by emission or absorption of photons in the RF range and the frequency of the 

RF radiation is measured in the NMR experiment. In a solid structure, nuclei exist in 

different local environments that are shielded by surrounding electrons. Hence different 

nuclei experience different magnetic fields accordingly, leading to the absorption of 

photons of different frequencies. So, measuring the change in the energy level separation 

and the corresponding frequencies with changing local environments is the aim of an 

NMR experiment. However, the measurement of absolute frequencies is difficult and 

hence the resonance frequencies are recorded with reference to an external standard 

compound and corresponding chemical shifts (δ) are reported82. When anisotropic 

shielding affects a nucleus and hence δ, the average shift experienced by a nucleus called 

isotropic shift (δiso) is chosen as a more meaningful parameter. 

A solid-state NMR experiment consists of three basic steps – (A) Preparation, (B) 

Perturbation (evolution) and (C) Detection. Figure 2.6 shows a schematic of the basic 

steps of an NMR experiment. In the preparation step, the sample (nuclear spin system) is 

placed in a magnetic field Bo. The magnetic moment of each nucleus precesses about the 

principal axis of the magnetic field. Given a large number of spins (nuclei) respond to the 

applied magnetic field simultaneously, the average response of the individual spins causes 

a resultant precession of frequency known as the “Larmor frequency”. A net 

magnetization (M) parallel to Bo also results from the magnetic moments of all the nuclei.  

In the perturbation step, a pulse of plane-polarized (RF) radiation is incident on 

the sample at the Larmor frequency. As a result, the net magnetization (M) gets inclined 

with respect to the applied magnetic field. For example, a π/2 pulse causes M to be 

oriented perpendicular to Bo. In the detection step, the RF irradiation is turned off at the 
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end of the pulse. As a result, the spin system presseses coherently in the transverse plane 

The transverse magnetization induces a voltage in the pickup coil and the signal is 

measured as a function of time and is called the Free Induction Decay (FID). After 

amplification, the FID is subsequently transformed to the frequency domain via a Fourier 

transformation (FT) and it results in an NMR spectrum, which is a plot of amplitude as a 

function of frequency (Figure 2.7). 

2.2.6.1 Li NMR for LLRTMO materials 

 

Since the Li+ ions directly participate in the electrochemical processes involving 

these materials, lithium nuclei (6Li or 7Li) are used as probe species in LLRTMO 

Bo

B1

M

M

x x’

y

y’

z’
z

A. Preparation B. Perturbation
(evolution)

C. Detection

Pulse

Figure 2.6 Schematic of the three basics steps of a NMR experiment. 
(Adapted from reference 82) 
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materials. Figure 2.8 shows the 6Li NMR spectrographs of a few members of the series 

Li[Li1/3-2x/3NixMn2/3-x/3]O2 
83. Figure 2.8 shows that Li resonances corresponding to Li in 

the Li layers (500-800 ppm) and Li in the TM layers (1360-1560 ppm) have been clearly 

resolved. In particular, Figure 2.8 indicates the presence of Li in the TM layer even in the 

sample LiNi0.5Mn0.5O2 (x = 0) supporting the Li-Ni exchange between the Li and TM 

layers. Thus solid-state NMR can be used to discriminate the amount of Li between Li 

and TM layers in LLRTMO materials. 

Here, 7Li NMR experiments were performed on selected LLRTMO materials to 

quantify and discriminate the amount of Li between Li and TM layers. 7Li NMR 

experiments were conducted (by our collaborators) at McMaster University under a 4.7 T 

applied field using a Bruker DRX console. Samples of interest were shipped to McMaster 

University. Each spectrum was collected on a milligram size sample undergoing 60 kHz 

magic-angle spinning using a Bruker 1.3 mm probe in <1 h. Spectra are referenced to 1 M 

LiCl(aq) at 0 ppm, and all experiments used 100 ms recycle delays and 1.5 μs π/2 pulses. 

Chapter 6 will discuss the 7Li NMR results of some LLRTMO materials of interest 

FT

t

FID NMR Spectrum

Figure 2.7 Schematic of the conversion of FID into a NMR spectrum 
(Adapted from reference 82) 
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2.3 Electrochemical characterization 

Electrochemical characterization of a positive electrode material is typically 

carried out using a coin cell. The steps involved in electrochemical characterization are 

discussed in the following sections. 

Figure 2.8 6Li NMR spectrum of LLRTMO materials  
Adapted with permission from (Chem. Rev. 2004, 104, 4493-4512)  

Copyright (2004) American Chemical Society 
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2.3.1 Preparation of working electrodes 

 The working electrode was made from the positive electrode material under 

investigation. The solid powdered material was mixed with known amounts of carbon 

black (Super C45 from TIMCAL) and polyvinylidene fluoride (PVDF) binder (from 

ARKEMA). The carbon and the binder were added to the active material to improve the 

conductivity and mechanical properties of the electrode respectively. The ratio of the 

active material, carbon and PVDF was 90:5:5 wt %. Then all the ingredients were added 

to an appropriate amount of an organic solvent (N-methyl pyrrolidone) and mixed in a 

slurry mixer (Mazerustar) to obtain the electrode slurry. 

The slurry of the positive electrode material was spread onto an aluminum foil 

current collector using a notch-bar (0.006”)84. Figure 2.9 shows a picture of a positive 

electrode spread made on aluminum foil with a notch-bar. After drying at least for 3 hours 

at 120oC to completely remove the solvent, the dried electrode was pressed using a 

calender. The calendered electrode sheet was punched into several circular disks, which 

were eventually used as working electrodes in the coin cells.  

 

Figure 2.9 Electrode spread making  
(Adapted from reference 84) 
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2.3.2 Construction of coin cells 

 Figure 2.10 shows the parts of a coin cell. Cell assembly was carried out in an 

argon-filled glovebox. A casing is placed at the bottom with the positive electrode 

(working electrode). A circular lithium foil serves as the reference and counter electrode. 

A microporous separator was placed on top of the positive electrode before placing the 

lithium foil to prevent short circuit. A spacer and a disk spring were placed on top of the 

lithium foil before the gasket and top casing were placed. The arranged stack was 

crimped and closed using a pressurized argon-controlled crimper. An appropriate amount 

of electrolyte made of 1 M lithium hexafluorophosphate (LiPF6) in 1:2 ethylene carbonate 

(EC)/diethyl carbonate (DEC) from BASF was placed between the positive and negative 

electrodes. 

Casing cover (negative terminal)

Plastic gasket

Metallic disk spring

Stainless steel spacer

Li foil (reference  and counter electrode)

Separator

Working (positive) electrode

Casing Bottom (positive terminal)

Figure 2.10 Coin-cell assembly 
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2.3.1 Electrochemical testing 

 The assembled coin cells were connected to chargers (Maccor) operated in 

constant-current mode. The current applied for the charge/discharge was normally 

determined on the basis of the mass of the electrode and the desired C-rate, which was 

usually denoted as C/n. For example, if the discharge or charge (half cycle) was set to be 

completed in 20 hours (n = 20), then the C-rate is C/20. By considering the practical 

specific capacity of the positive electrode material under study, an approximate C-rate 

current was applied for the charge-discharge cycles. The cycling was within a specified 

voltage window, usually selected between 2.0 to 4.8 volts. The charge-discharge 

characteristics of the positive electrode material can be monitored as a function of time or 

charge passed. 
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Chapter 3 Structural characterization of layered lithium-rich 
transition metal oxidesA  

 

3.1 Introduction 

 Chapter 1 posed two questions about layered lithium-rich transition metal oxides 

(LLRTMO). (i) Are LRLTMO materials solid solutions or composites between two 

layered materials (LiMO2 and Li2MnO3)? (ii) Are the “broad” peaks between 20o to 35o in 

their XRD patterns caused by nano-domains of a secondary phase (Li2MnO3)? This 

chapter is devoted to answering those questions through structural analysis of a series of 

Ni-Mn-based LLRTMO materials.   

3.2 Superlattice ordering in layered lithium-rich transition metal oxides 

 LLRTMO has an O3 structure with A-B-C-A-B-C stacking but the arrangement of 

the atoms in the TM layer is different from that in other layered materials85 such as 

LiCoO2. The presence of Li+ ions with large ionic radii (0.74 Å)86 and small sized Mn4+ 

ions (0.54 Å)86 in the TM layer causes an in-plane ordering resulting in a √3a × √3a 

superstructure or superlattice36. The superlattice ordering in the TM layer results in 

superlattice Bragg peaks in the range between ~ 20ο to 35ο (Cu Kα)85. 

Figure 3.1 shows the superlattice ordering between Mn4+ and Li+ ions in the TM 

layer of Li2MnO3. Weil et al. have characterized and compared the compounds 

Li(Ni0.425Mn0.425Co0.15)O2 and Li1.12(Ni0.425Mn0.425Co0.15)0.88O2 using electron diffraction 

to check for the presence of superlattice ordering87. Their work has clearly shown that 

                                                           
A This chapter was adapted with permission from Shunmugasundaram, R.; Arumugam, R. S.; Dahn, J. R. A 
Study of Stacking Faults and Superlattice Ordering in Some Li-Rich Layered Transition Metal Oxide 
Positive Electrode Materials. J. Electrochem. Soc. 2016, 163 (7), A1394–A1400. The author’s contribution 
to this work included synthesis of materials, XRD measurements, FAULTS fitting and manuscript writing. 
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overlithiation (Li in the TM layer) is required for superlattice reflections. Characterization 

techniques such as solid-state NMR88 and EXAFS89 have also been used to study the 

superlattice ordering in LLRTMO materials.  

3.3 Transition metal layer stacking in Li2MnO3 

Figure 3.2 shows the structure of Li2MnO3 in which the boundaries of both the 

monoclinic (C2/m) and hexagonal unit cells (R-3m) have been indicated to highlight the 

correlation between their atomic arrangements.  The unit cells have been slightly tilted 

and the oxygen atoms are not drawn to scale (smaller) for clear visualization. The 

relations between the monoclinic unit cell and the hexagonal unit cell83 are 

In Li2MnO3 (Li[Li1/3Mn2/3]O2), the lattice constants (monoclinic unit cell) are a = 

   (3.1) 

  (3.2) 

Figure 3.1 Superlattice ordering in the TM layer of Li2MnO3 
Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), 

A1394–A1400) Copyright (2016)  
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4.9292(2) Å, b = 8.5315(2), c = 5.0251(1) and β = 109.337 (2)o.90 

The top panel of Figure 3.3 shows a triangular lattice plane or layer, labeled as 

A1, corresponding to the TM layer of Li2MnO3. The plane A1 is formed by 1/3 Li (green 

balls) and 2/3 Mn atoms (pink balls) and it is easy to identify the ordering in the TM 

layer. The top panel of Figure 3.3 also shows a 2-D hexagonal unit cell of the layer A1. 

Referring to the hexagonal 3-D unit cell of Li2MnO3 shown in Figure 3.2, the very 

bottom TM layer is considered to be A1 (the starting layer). Since Li2MnO3 can be 

considered as an O3 structure, the TM layer shifts 3 times within one hexagonal 3-D unit  

β

ahex

chex

120o

bhex

Figure 3.2 Structure of Li2MnO3  
(Oxygen atoms were not drawn to match their ionic radii)  

Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 
Copyright (2016) 51 
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cell. With reference to A1, the stacking of the next TM layer follows a (1/3, 1/3, 1/3) 

translation in fractional atomic coordinates in accordance with the O3 structure. As a 

result, the next TM layer, labeled B1, is placed on top of A1. The layer B1 has been 

constructed from atoms designated by triangles in the bottom panel of Figure 3.3. A 

Figure 3.3. TM layers of Li2MnO3 made up of pink (Mn) and green (Li) balls (A1), 
triangles (B1) and stars (C1). Top panel: Triangular lattice plane A1, Bottom left 

panel: A1 to B1 translation. Bottom right panel: B1 to C1 translation. The black, red 
and the blue hexagonal 2-D unit cells correspond to the A1, B1 and C1 TM layers. 
Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 

Copyright (2016)  

(0,0)

A1

A1

A1 to B1 Translation = (1/3, 1/3, 1/3) B1 to C1 Translation = (1/3, 1/3, 1/3)

A1 B1 B1A1 C1
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subsequent (1/3, 1/3, 1/3) translation from B1 results in a TM layer called C1, in which 

the atoms are designated as stars in the bottom panel of Figure 3.3. The bottom left and 

right panels of Figure 3.3 show the A1 to B1 and B1 to C1 translations, respectively. The 

A1 to B1 and B1 to C1 translations can be easily understood by following the 2-D 

hexagonal unit cells (variants) in the bottom right panel of Figure 3.3. If the TM layer 

stacking perfectly follows the trend A1-B1-C1-A1-B1-C1…, then there are no stacking 

faults in the structure. 

For convenience of clear understanding, the discussion on stacking order in this 

chapter considers only A1 as the frame of reference (bottom layer). In addition to the 

(1/3, 1/3, 1/3) translation, two other translations are possible: (2/3, 0, 1/3) and (0, 2/3, 

1/3), which preserve the O3 stacking but give alternate superlattice arrangements. For 

A1 to B2 Translation = (2/3, 0, 1/3)

A1

B2

(0,0)
A1

A1

B3

(0,0)

A1 to B3 Translation = (0, 2/3, 1/3)

Figure 3.4 TM layers of Li2MnO3 showing A1 to B2 translation (left panel) and A1 to B3 
translation (right panel) 

Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 
Copyright (2016)  
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example, the next stacking layer above A1 could be B2 or B3. The left panel in Figure 3.4 

shows the second possible translation (2/3, 0, 1/3), in which A1 is translated to a 2-D 

hexagonal variant called B2. Similarly, the right panel in Figure 3.4 shows the third 

possible translation (0, 2/3, 1/3), in which A1 is translated to a 2-D hexagonal variant 

called B3. Thus a total of 3 translations and 9 2-D hexagonal variants, A1, B1, C1, A2, 

B2, C2, A3, B3 and C3 are involved in the TM layer stacking sequence. 

As a general rule, all the translations follow the A-B-C-A sequence. Table 3.1 

shows the starting and the resulting 2-D hexagonal variants with respect to the type of 

translation. For example, the result of (2/3, 0, 1/3) translation from B2 is C3 but a (0, 2/3, 

1/3) translation from B2 results in C1. It should be noted that the 2-D hexagonal variant, 

A1 has been treated as the bottom layer of the 3-D unit cell of Li2MnO3 just for 

convenience but any 2-D hexagonal variant could be the bottom layer of the structure of 

Li2MnO3.  

Table 3.1 Starting and resulting hexagonal variants from possible translations  

Translation Starting 2-D hexagonal 
variant 

Resulting 2-D hexagonal 
variant 

(1/3, 1/3, 1/3) An Bn 
Bn Cn 
Cn An 

(2/3, 0, 1/3)  

 

An Bn+1 or Bn-2 (for n=3) 
Bn Cn+1 or Cn-2 (for n=3) 
Cn An+1 or An-2 (for n=3) 

 Example B3 C1 
(0, 2/3, 0) An Bn+2 or Bn-1 (for n=2, 3) 

Bn Cn+2 or Cn-1 (for n=2, 3) 
Cn An+2 or An-1 (for n=2, 3) 

 Example C2 A1 
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If the stacking sequence follows only one type of translation, then the structure 

has no stacking faults. Therefore, the stacking order of a structure with no stacking faults 

could also be B2-C2-A2-B2-C2-A2 using the (1/3, 1/3, 1/3) translation or B1-C3-A2-B1-

C3-A2 using the (0, 2/3, 0) translation between adjacent layers. A program called 

FAULTS was used to study the effect of stacking faults on the XRD pattern of LLRTMO 

materials. 

3.4 FAULTS 

FAULTS is a Fortran90 program to refine both XRD and neutron diffraction 

patterns of crystal structures with defects such as stacking faults. FAULTS considers the 

layered arrangements of the structure, which are interconnected through stacking 

operations occurring with a certain probability. Translation vectors are used to define the 

planar defects. The average interference wave function scattered from each layer type in a 

faulted crystal is computed by FAULTS to build a diffraction pattern. 

FAULTS calculates or fits the structure based on an algorithm that exploits the 

recurring pattern of the structure as explained by Treacy et al.91. Parameters 

corresponding to unit cell dimensions, the peak shapes, scale factor and the stacking fault 

probability were used to calculate the XRD pattern of a structure. For the case of 

refinement, cell dimensions such as lattice parameters and atomic positions that were 

borrowed from Rietveld refinement results of the corresponding XRD patterns and 

arbitrary stacking faults probabilities were used as starting parameters. Once a reasonably 

good fitting was obtained, the stacking fault probabilities were refined.  

Figure 3.5 shows the simulated XRD pattern of Li2MnO3 obtained from a FAULTS 

simulation that considers only one type of translation (0 % stacking faults). The 
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simulation was made using the unit cell parameters of Li2MnO3 reported by Boulineau et 

al90. All the peaks in the simulated XRD patterns can be indexed using a C2/m space 

group. Figure 3.5 shows that the superlattice peaks (indicated by the red boxes) are as 

sharp as the other peaks. 

3.5 Stacking faults in Li2MnO3 

Stacking disorder of the TM layers along the c axis causes “stacking faults”. 

Boulienau et al. have demonstrated the existence of stacking faults in the structure of 

Li2MnO3 using high resolution transmission electron microscopy90. In their XRD patterns 

of Li2MnO3, the broadening of some selective superlattice peaks was attributed to 

stacking faults. The extent of superlattice peak broadening increases with increasing 

probability of stacking faults.  

(0
01

)
(0

20
)

(1
10

)

(-1
11

)

(0
21

)

(1
11

)
(-2

01
)

(1
31

)

(-1
21

)(1
30

)
(0

02
)

(-1
31

)
(2

00
)

(2
20

)

(0
41

)
(-1

32
)

(-1
33

)
(3

3-
1)

(0
61

)

(1
32

)

(2
01

)

(2
21

)

(-2
03

)(
-2

40
)

(0
42

)

(3
-1

2)
(-2

23
)

(1
51

)

(4
00

)
(-2

62
)

(0
04

)

(-2
61

)
(-3

33
)

(-2
41

)

(-3
13

)

(-1
34

)
(2

03
)(

02
4)

0 % stacking faults

Only one type of translation

Superlattice 
peaks

Figure 3.5 FAULTS -Simulated XRD pattern of Li2MnO3 with 0 % stacking faults. 
Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 

Copyright (2016)  
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Different stacking sequences of the TM layers along the c axis in Li2MnO3 that 

generate different space groups have been proposed previously.  Breger92 and Meng85 et 

al., explained two different ways of stacking: A1-B1-C1 corresponding to C2/m and A1-

B1-C2 corresponding to P3112 space groups. According to Meng et al., the stacking 

sequences that generate the P3112 space group are due to an abnormality in the C2/m 

sequence. Based on these two stacking sequences, they have simulated the XRD patterns 

of Li2MnO3 using DiFFaX and found that the C2/m stacking scheme was better for 

estimating the stacking fault probabilities. Riou et al. have proposed an A1-B1-C2-A2-

B3-C1 stacking sequence to explain the structure of Li2MnO3 in terms of a C2/c space 

group93.  

The stacking of TM layers with superlattices in real samples of Li2MnO3 as well 

as for Li[Li1/3-2x/3NixMn2/3-x/3]O2 can involve stacking disorder along the c-axis. In a 

structure with stacking faults, the TM layer stacking does not follow only one type of 

translation such as A1-B1-C1…. or A2-B2-C2… or A1-B2-C3-A1-B2-C3…etc., Instead, 

a disordered stacking sequence occurs, which involves all the three types of translations 

in various probabilities. For example, a disordered stacking could be A1-B2-C3-A2-B1-

C2….or B2-C1-A1-B3-C2….. 

The probabilities of all the three translations determine the extent of stacking 

faults or the stacking fault probability. The TM layers always follow the A-B-C-A-B-

C…sequence regardless of the probability of each triangular layer variant and the three 

translation vectors ensure this. FAULTS simulations were done by including all three 

translation vectors with appropriate probabilities. Two essential constraints were invoked 

for the simulations – (i) the sum of the probabilities for all the translations should be one 
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and (ii) the probabilities of the (2/3, 0, 1/3) and (0, 2/3, 1/3) stacking fault translations 

were constrained to be equal. For a structure with 100 % stacking faults, the probabilities 

of all three translations ((1/3, 1/3, 1/3), (2/3, 0, 1/3) and (0, 2/3, 1/3)) must be equal to 1/3. 

In general, the stacking fault probability, , can be calculated from any set of translation 

probabilities as follows:   

where is the probability of the (1/3, 1/3, 1/3) translation. For example, a set of 

translation probabilities of 0.6, 0.2 and 0.2 for the translation vectors (1/3, 1/3, 1/3), (2/3, 

0, 1/3) and (0, 2/3, 1/3) respectively would result in 60 % stacking faults in the structure. 

Table 3.2 shows several sets of translation probabilities and the corresponding stacking 

fault probability, s.  

Table 3.2 Translation vectors that define the translation from one type of TM layer to 
another, their probabilities and the corresponding stacking fault probabilities 

Translation Vectors Translation probabilities  

(1/3, 1/3, 1/3)  1 0.933 0.866 0.8 0.733 0.667 0.6 0.533 0.467 0.4 0.333 

(2/3, 0, 1/3) 0 0.033 0.067 0.1 0.133 0.167 0.2 0.233 0.267 0.3 0.333 

(0, 2/3, 1/3) 0 0.033 0.067 0.1 0.133 0.167 0.2 0.233 0.267 0.3 0.333 

Stacking Fault 
probability (s) (%) 0 10 20 30 40 50 60 70 80 90 100 

stacking fault probability ( ) = (1- )/(2/3) x 100 % (3.3) 
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Figure 3.6 shows the simulated XRD patterns of Li2MnO3 with varying stacking 

fault probabilities obtained from FAULTS. As the stacking fault probability increases 

from 0 % to 100 %, the broadening of the superlattice peaks increases simultaneously. At 

the same time, the increase in stacking fault probability does not have any effect on the 

other Bragg peaks. Figure 3.7 shows the simulated XRD patterns of Li2MnO3 with 

varying stacking fault probabilities but only in the range between 20o to 35o. The SL 

peaks of the structure with 0 % stacking faults have a clear 3-D peak signature but they 

gradually change to a 2-D type peak for the structure with 100% stacking faults. Thus the 

extent of broadening of the SL peaks should be taken as a direct measure of the 

0 % stacking faults

100 % stacking faults

Figure 3.6 FAULTS Simulated XRD patterns of Li2MnO3 from 10o to 90o with varying 
stacking fault probabilities 

Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 
Copyright (2016)  
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probability of stacking faults. 

Stacking faults in LLRTMO materials are affected by the synthesis temperature94. 

Several researchers have already reported that Li2MnO3 synthesized at low temperature 

(e.g. 800oC) has high probability of stacking faults95. In particular, Boulineau et al. 

suggest that synthesizing an ideal Li2MnO3 with the absence of stacking faults is 

impossible96. The occurrence of stacking faults in two samples of Li2MnO3 were analyzed 

10 % 
20 % 
30 % 

40 % 
50 % 
60 % 
70 % 
80 % 
90 % 

100 % 

% Stacking faults

0 % 

Figure 3.7 Enlarged view of the FAULTS simulated XRD patterns of Li2MnO3 
from 20o to 34o with varying stacking fault probabilities 

Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–
A1400) Copyright (2016)  
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– one made at 1100oC (LM1100) and other at 900oC (LM900). Figure 3.8 shows the XRD 

patterns of both LM1100 and LM900 and the inset shows the comparison of their 

superlattice peaks between 20o and 35o. The superlattice peaks of LM1100 are quite sharp 

but with very slight broadening observed at the bottom of the (020), (110) and (-111) 

peaks. On the other hand, obvious SL peak broadening due to the occurrence of stacking 

faults was observed for Li2MnO3 synthesized at 900oC. However, the shapes of other 

peaks (R-3m reflections) are quite similar for both the samples implying the absence of 

any other broadening effects.   

 Boulineau et al. have simulated the XRD pattern of Li2MnO3 with varying 

stacking fault probabilities using a program called DiffaX96. Lu et al. have also used 

DiffaX to simulate the XRD patterns of Li2/3[Ni1/3-xCoxMn2/3]O2 that contained stacking 

20 40 60 80

Scattering angle (deg.)
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.)

20 24 28 32

LM1100

LM900

Figure 3.8 XRD patterns of Li2MnO3 synthesized at 900oC (LM900) and 1100oC 
(LM1100). Inset: Enlarged view in the range of 20o to 33o. 

Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 
Copyright (2016)  
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faults97. In both those studies, the authors compared simulated XRD patterns to 

experimental ones but did not do fitting to the experimental patterns. Recently, McCalla 

et al. have used FAULTS to fit the experimental diffraction pattern of Li4FeSbO6
98 to 

study the stacking faults.  

To quantify the stacking fault probability in both the samples explained in Figure 

3.8, FAULTS fitting was done on their XRD patterns. Figure 3.9a and Figure 3.9b show 

the FAULTS fitting results for LM1100 and LM900. The insets show an enlarged view of 

20 22 24 26 28 30 32 34

20 22 24 26 28 30 32 34

a

b

Figure 3.9 Experimental (red points), the calculated (black line) XRD patterns of LM900 
(a) and LM1100 (b) obtained from FAULTS refinement and their difference (green line) 

Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 
Copyright (2016)  
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the superlattice peak region. FAULTS results revealed a 10 % stacking fault probability 

for LM1100 and a ~ 30 % stacking fault probability for LM900. An increase in the 

stacking faults for the sample synthesized at low temperature is consistent with the results 

reported by Breger et al92,96. However, they reported only a 2 % stacking fault probability 

for a sample of Li2MnO3 synthesized at 1000oC. It may be that simulation, by contrast to 

fitting, underestimated the probability of stacking faults in their methods. 

3.6 Superlattice peak positions in Li[Li 1/3-2x/3NixMn2/3-x/3]O2  

The structural and electrochemical properties of materials from the Li[Li1/3-

2x/3NixMn2/3-x/3]O2 series were first reported by Lu et al99. Table 3.2 shows the ICP-OES 

composition of the studied Li[Li1/3-2x/3NixMn2/3-x/3]O2 samples.  

Table 3.3 ICP-OES compositions for the studied samples in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 
series 

Sample ID ICP-OES composition  

Li : Ni : Mn 
LM900 1.332 : 0.000 : 0.677 

LNM1 1.302 : 0.054 : 0.654 

LNM2 1.213 : 0.217 : 0.593 

LNM3 1.043 : 0.471 :0.506 

  

The Ni content (x) increased from sample LM900 to LMN3, which has a 

composition close to LiNi0.5Mn0.5O2. Figure 3.10 shows the XRD patterns of the studied 

Li[Li1/3-2x/3NixMn2/3-x/3]O2 samples. The XRD pattern at the top represents sample LM900 

whereas the one at the bottom of the stack represents the sample LMN3. All the 

diffraction peaks could be indexed using the C2/m space group including the broad 
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superlattice peaks between 20ο to 30ο. The right panel in Figure 3.10 shows an enlarged 

view of the (001) peaks (C2/m) that occur around 18.6o. The (001) peak position shifted 

from higher to lower angle (black dotted line in Error! Reference source not found.) as x

 (Ni content) increased from LM900 to LNM3 due to an increase in the fraction of larger 

Ni2+ ions. The (001) peak shift suggests a solid-solution behavior. 

This section discusses aspects of the superlattice peaks of the materials in the 

Li[Li1/3-2x/3NixMn2/3-x/3]O2 series. Some researchers consider the Ni, Mn and Co 

containing LLRTMO compounds as solid solutions between layered Li[Li0.333Mn0.667]O2 

(or Li2MnO3) and layered LiMO2 structures such as Li[Ni0.5Mn0.5]O2 44,48,100,101. For 

example, one mole of Li[Li0.2Ni0.2Mn0.6]O2 is a solid solution formed by 0.6 moles of 

Li[Li0.332Mn0.677]O2

Li[Li0.302Ni0.054Mn0.654]O2

Li[Li0.213Ni0.217Mn0.593]O2

Li[Li0.043Ni0.471Mn0.506]O2

LM900

LNM1

LNM2

LNM3

Figure 3.10 XRD of the studied samples in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series.        
Right panel: Expanded view of (001) peak corresponding to C2/m spacegroup.  

The black dotted line shows the shift in (001) peak 
Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 

Copyright (2016)  
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Li[Li0.333Mn0.667]O2 and 0.4 moles of Li[Ni0.5Mn0.5]O2.  Alternatively, some other 

researchers consider these materials as composites made up of two separate layered 

phases. Shukla et al. have recently investigated the microscopic structure of a Ni, Mn and 

Co containing LLRTMO materials and reported that they are pure solid-solutions49.  

Figure 3.11 shows the XRD patterns of the studied Li[Li1/3-2x/3NixMn2/3-x/3]O2 

samples in the range of 20ο to 25ο that show the superlattice peaks. Only the first SL peak 

LM900

LNM1

LNM2

LNM3

Li[Li0.332Mn677]O2

Li[Li0.302Ni0.054Mn0.654]O2

Li[Li0.213Ni0.217Mn0.593]O2

Li[Li0.043Ni0.471Mn0.506]O2

Figure 3.11 XRD patterns showing only the superlattice peaks in the range of 20o to 
25o of the studied samples in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series. The black dotted 

line shows the shift in (020) peak corresponding to the C2/m spacegroup 
Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 

Copyright (2016)  
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(020) that belongs to the C2/m space group and occurs around 20.5o has been considered 

for peak position analysis. For samples LNM2 and LNM3, the intensities were scaled up 

slightly for the purpose of clarity. The (020) peak positions of samples LM900 to LNM3 

shift from higher to lower scattering angle as the Ni content increases and has been 

indicated with a dashed line in Figure 3.11. The (020) peak peak shift with increased Ni 

content for the materials in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series also suggests the solid 

solution behavior as expected from the (001) peak shift belonging to the non-superlattice 

reflections.   

The position of the non-superlattice C2/m (33-1) peak (corresponds to the R-3m 

(110) peak) occurring around 65o and the superlattice C2/m (020) peak occurring around 

20o were compared from samples LM900 to LMN3. Table 3.4 shows the 2θ positions of 

C2/m (020) and the C2/m (33-1) peaks.  

Table 3.4 (020) and (33-1) peak positions (C2/m) obtained from the XRD patterns (Cu 
Kα) of the studied samples in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series 

Sample 2θ (020) 2θ  (33-1) 

LM900 20.87o 65.62o 

LMN1 20.85o 65.55o 

LMN3 20.75o 65.15o 

LMN5 20.65o 64.73o 
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The peak positions (2θ) were converted into d-spacings using Bragg’s law. Figure 

3.12 shows a plot of their corresponding d-spacings. Figure 3.12 shows a linear 

relationship with an R2 value equal to 0.998 and a slope of ~ 0.4. This correlation clearly 

reiterates that the SL peaks belong to the solid solution between Li2MnO3 and LiMO2 (M 

= Ni, Mn and Co) and do not originate from any secondary phase. If Li2MnO3 were a 

separate phase in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series, then peaks corresponding to that 

phase would not be shifted with an increase in Ni content. 

Figure 3.12 d-spacings of C2/m peaks (33-1) vs. (020) of the studied samples in 
the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series. 

Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–
A1400) Copyright (2016)  
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3.7 Superlattice peak broadening in Li[Li1/3-2x/3NixMn2/3-x/3]O2 

The cause of superlattice peak broadening in the diffraction patterns of LLRTMO 

materials has been a subject of debate. Believers in the composite102 nature of these 

materials contend that nano-domains of Li2MnO3 cause the broadened SL peaks 103,104. 

On the other hand, believers in the solid solution argue that the SL peak broadening must 

be attributed to the stacking faults along the c axis96, 105.   

In the earlier parts of this chapter, the superlattice peak broadening in L2MnO3 

was attributed to stacking faults. In the same way, Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials 

exhibit stacking faults. The probability of stacking faults in Li[Li1/3-2x/3NixMn2/3-x/3]O2 is 

comparatively high due to the additional presence of  Ni2+ ions in the TM layers. 

Boulineau et al. have pointed out that a decrease in the long-range in-plane ordering 

would lead to sluggish ordered stacking along the c-axis90. It is expected that the 2-D 

ordering between Li and Mn ions in the TM layers is perturbed by Ni2+, which in turn can 

increase the probability of the stacking disorder along the c axis. Hence it is very likely to 

observe superlattice peak broadening in Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials.  

There has been no study using FAULTS to fit the XRD data of Li[Li1/3-

2x/3NixMn2/3-x/3]O2 materials to quantify the stacking fault probability. In this work, the 

XRD patterns of Li2MnO3 as well as Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials have been fit 

using FAULTS and the results are shared. It would be useful to understand the effect of 

metal composition on the stacking faults. Here, the effect of Ni2+ on the superlattice 

ordering and stacking faults in Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials was studied and 

results are reported. 
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Figure 3.13 shows the FAULTS fitted XRD patterns of samples LM900 to LNM3 

from 10o to 70o whereas Figure 3.14 shows only the superlattice region from 20o to 28o.  

 

Figure 3.13 Experimental (red points) and the FAULTS fitted (black line) XRD 
patterns of the studied samples in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series. 

Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) 
Copyright (2016)  



 

65 
 

The red points an and the black solid lines represent the data points and the calculated 

patterns, respectively. As the amount of Ni increases, the broadening of the SL peaks 

increased due to an increase in the stacking fault probability.  Figure 3.15 shows the 

stacking fault probability plotted versus the Ni content. This plot clearly demonstrates 

how the presence of Ni2+ ions in the TM layer influences the probability of stacking 

LNM3

LNM2

LNM1

LM900

Figure 3.14 Experimental (red points) and the FAULTS fitted (black line) XRD patterns in the 
superlattice region (20o to 28o) of the studied samples in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series. 
Adapted with permission from (J. Electrochem. Soc. 2016, 163 (7), A1394–A1400) Copyright 

(2016)  
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faults. For the sample LNM3, the superlattice peak broadening with change in the 

stacking faults probability is very subtle due to the very weak superlattice peaks. Hence 

the uncertainty of the stacking fault probability reported for LNM3 is higher. 

 

3.8 Conclusions 

The superlattice peak broadening in the XRD patterns of some LLRTMO materials 

has been examined. First, by using a fitting program called FAULTS, which can take into 

account the existence of stacking faults, the XRD patterns of Li2MnO3 were simulated 
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Figure 3.15 Stacking fault probabilities (s) versus Ni content 
(x) of the studied samples in the Li[Li1/3-2x/3NixMn2/3-x/3]O2 

series. 
Adapted with permission from (J. Electrochem. Soc. 2016, 163 

(7), A1394–A1400) Copyright (2016)  
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and fitted. The fitting results revealed that the stacking disorder along the c axis (stacking 

faults) is the underlying reason for the superlattice peak broadening.  Similarly, the XRD 

patterns of Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials were also examined.  The superlattice 

peak positions of Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials changed monotonically with Ni 

content, as did the main peaks, demonstrating that the superlattice peaks originate from 

solid solutions and are not caused by any separate phase such as Li2MnO3 in a composite.   

FAULTS results on Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials showed that stacking fault 

probability increased with Ni content. Hence, it is believed that presence of aliovalent 

ions such as Ni2+ in the TM layer can perturb the stacking order along the c-axis and thus 

the broadening of the superlattice peaks of Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials. It is 

expected that the presence of Co3+ ions in the TM layer can also induce the stacking faults 

in the same way as Ni2+ ions. 
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Chapter 4 Effect of lithium content on the first-cycle 
irreversible capacity loss of layered lithium-rich transition 

metal oxides B 

4.1 Introduction 

Layered Li-rich transition metal oxide (LLRTMO) materials suffer from high 

irreversible capacity (IRC). For example, Li[Li0.2Ni0.2Mn0.6]O2 and 

Li[Li0.200Mn0.533Ni0.133Co0.133]O2 exhibit IRCs of about 70 mAh/g (~20 %)106 and 75 

mAh/g (~17 %)64, respectively. Understanding the effect of metal composition on the 

first-cycle behavior of LLRTMO is essential to find ways for lowering the IRC. This 

chapter explores how IRC can be reduced by adjusting the Li content of a LLRTMO 

material. 

IRC in positive electrode materials is a measure of the proportion of Li+ ions that 

is unable to reintercalate back into the host structure during the first discharge at 

reasonable rates107. Researchers generally believe that a large IRC in LLRTMO materials 

is associated with the irreversible oxygen loss occurring around 4.5 V during the first 

charge48,59. Hence, there have been several attempts to reduce the oxygen release during 

the first charge. One general approach to supress the oxygen release is partially 

delithiating the pristine material using chemical methods and thereby limiting the total 

amount of Li extraction while traversing along the 4.5 V plateau. Chemical delithiation of 

pristine LLRTMO materials has been attempted  using acid leaching but caused structural 

instability associated with a H+/Li+ exchange reaction108. A similar approach to acid 

leaching is  chemical treatment of the pristine LLRTMO materials using reagents such as 
                                                           
B Portions of this Chapter were adapted with permission from Shunmugasundaram, R.; Arumugam, R. S.; 
Dahn, J. R. High Capacity Li-Rich Positive Electrode Materials with Reduced First-Cycle Irreversible 
Capacity loss. Chem. Mater., 2015, 27 (3), 757–767. The author’s contribution to this work included 
synthesis of materials, XRD measurements and electrochemical characterization. 



 
 

69 
 

Na2S2O8
109. The observed low-IRC behavior was claimed to be caused by the formation 

of a spinel phase on the surface of the active material. Blending LLRTMO materials with 

different materials such as V2O5
110 or LiV3O8

111, which can intercalate lithium near 3.5 V, 

reduces IRC but at the expense of lower energy density. Surface coating112 methods have 

been shown to reduce the IRC in an unknown manner and at the apparent expense of 

overall specific capacity. All the above strategies use post-synthesis chemical treatments 

of the pristine materials. Such methods not only require harsh chemical conditions but 

also incur extra processing costs. By contrast, this study focuses on making new 

LLRTMO materials with a synthesis procedure that can be scaled-up. 

A recent report from the Tarascon group showed reduced IRC (only 10 to 12 %) 

in Li2Ru0.5Sn0.5O3 or Li1.333Ru0.333Sn0.333O2
68. They claim that the Sn atoms make the M-

O bonding “more flexible” and essentially minimize the oxygen release, hence reducing 

IRC. Alternatively, interlayer cation mixing may have been prevented or hindered by 

using a larger ion (Sn4+) in the place of the 3d metals. However, such materials with 

expensive 4d-TM ions will have no commercial value.  

In this work, the impact of Li content on the IRC of LLRTMO materials made 

from a Ni(II)0.167Mn(II)0.5Co(II)0.333CO3 (sample A) precursor and Li2CO3 was 

systematically studied. First, a stoichiometric LLRTMO material (sample A1) from 

precursor A was made as per the calculation explained in Table 2.2 (See Chapter 2). 

Apart from that, “Li-deficient” LLRTMO materials (A2 and A3) were also made by 

adding less Li2CO3 than that required for stoichiometric balance. A systematic 

comparison of the properties of these materials, that were characterized using X-ray 
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diffraction, elemental analysis, He pycnometry, and electrochemical methods, will be the 

subject of this chapter. 

4.2 First charge-discharge cycle 

Table 4.1 shows the nominal (target) compositions of the samples A1, A2 and A3. 

The Li/TM ratio was reduced gradually from A1 to A2 and to A3. This particular change 

in the Li/TM ratio between the samples has a profound effect on the electrochemical 

behaviour, especially on the IRC of the materials.  

Table 4.1 Nominal compositions of the precursors and the LLRTMO samples A1 to A3 

Nominal Precursor 

Composition 

Nominal Composition of the 

sample 

Expected specific 

capacity if all Li 

removed (mAh/g) 

Ni0.166Mn0.5Co0.333 (A) Li1.143Ni0.143Mn0.429Co0.285O2 (A1) 345 

Ni0.166Mn0.5Co0.333 (A) Li1.067Ni0.156Mn0.467Co0.311O2 (A2) 309 

Ni0.166Mn0.5Co0.333 (A) Li1.050Ni0.159Mn0.475Co0.316O2 (A3) 301 

 

Figure 4.1 shows the first cycle voltage - specific capacity profiles ranging 

between 2 V and 4.8 V for LLRTMO samples A1, A2 and A3. As explained in section 

1.3.3.3, the sloping region between the OCV and ~ 4.5 V corresponds to the oxidation of 

TM ions (Ni2+ to Ni4+ and Co3+ to Co4+). The plateau region starting from ~ 4.5 V is 

caused by oxygen release, oxygen oxidation or a combination of both. The total charge 

specific capacity obtained from the first charge (indicated by vertical lines) decreases 
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from sample A1 to A2 to A3 in accordance with their total Li content. By contrast, the 

first discharge specific capacity increases from sample A1 (247 mAh/g) < A2 (272 

mAh/g) and A3 (266 mAh/g). The IRC also drops from A1 to A2 to A3. The % IRC is 

given in the legend of Figure 4.1 Sample A1, which has a stoichiometrically balanced 

amount of Li, has an IRC greater than 20%, as expected for a typical LLRTMO material 

such as Li[Li0.2Ni0.2Mn0.6]O2
71. Surprisingly and beneficially, the Li-deficient members 

(e.g. A2 and A3) show IRCs as low as 6.5 %.  

T = 30oC
Rate ~ C/20

Figure 4.1 First-cycle voltage vs specific capacity profiles of 
samples: A1, A2 and A3.  

The dotted lines represent their respective sister cells. 
Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767) 

Copyright (2015) American Chemical Society 
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Figure 4.1 shows that the sloping region capacity (indicated by a dotted vertical 

line) of all the samples is very close implying the total capacity obtained as a result of TM 

redox is almost the same. However, sample A1 exhibits the largest plateau-region 

capacity whereas the A3 has the smallest. A lower Li content in the pristine structure, for 

A2 and A3, may cause a relatively smaller amount of oxygen release or oxygen oxidation 

during the ~ 4.5 V plateau. In any event, adjusting the Li/M ratio dramatically affects the 

IRC.  

Figure 4.2 shows the measured (black dotted line) and calculated (red line) XRD 

patterns of samples A1, A2 and A3. The difference between the calculated and the 

measured patterns is shown using a green line below the XRD patterns. The calculated 

patterns were deduced from the Rietveld method with appropriate crystallographic 

A3

A1

A2

A3

A1

A2

Figure 4.2 Left Panel: X-ray diffraction patterns of samples A1, A2 and A3. Right 
panel: Enlarged view between 17o and 20o showing the (003) peak corresponding 

to R-3m spacegroup. 
Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767)    

Copyright (2015) American Chemical Society 
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parameters. Table 4.2 shows the structural parameters that include a and c, obtained from 

the Reitveld refinement. Sample A1 is a pure single-phase layered material with O3 

structure, analogous to α-NaFeO2. The Rietveld refinements have been made using the 

space group R-3m but their weak superstructure peaks between 20ᵒ to 30ᵒ were not 

considered. Table 4.2 shows that very little cation mixing occurred in any of the samples. 

The XRD patterns in Figure 4.2 suggest that samples A1 and A2 are predominantly 

single phase. However, sample A3 has two impurity peaks indicated by arrows in its 

XRD pattern in Figure 4.2. First, there is a very low intensity peak at ~15.8ᵒ which may 

correspond to orthorhombic LiMnO2 that could have emerged during the synthesis. The 

JCDPS database shows that orthorhombic LiMnO2 has a strong Bragg peak at ~15.8o113. 

However, the presence of such a tiny amount of orthorhombic LiMnO2 is not expected to 

cause the low-IRC behavior. Second, there is a hump at 18.7ᵒ (clearly shown in the right 

panel in Figure 4.2) in the XRD pattern of A3. This may be an evidence of nano-domains 

of an adjoining spinel phase. The spinel structure can accommodate Li+ ions into its 16c 

sites during discharge provided the lower cut-off potential is below 2.8 V so it could be 

Table 4.2 Structural parameters obtained from Rietveld refinement of the XRD 
patterns of samples A1, A2 and A3 

Sample a (Å) c (Å) z(O) n Ni in Li 
sites 

RB 

A1 2.8452(8) 14.213(4) 0.259(3) 0.006(3) 2.58 

A2 2.8476(6) 14.235(2) 0.258(4) 0.013(6) 2.75 

A3 2.8483(3) 14.243(1) 0.254(7) 0.027(2) 4.14 
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the reason for the low-IRC behavior114. Hence experiments were conducted to ascertain 

the presence of spinel phase and its possible contribution to the low-IRC behavior. 

4.3 Effect of spinel impurity 

To check whether the XRD experiments could detect small amounts of spinel 

admixture, nano-sized spinel LiNi0.5Mn1.5O4 (sample S) was synthesized at low 

temperature. Figure 4.3 shows scanning electron micrograph images of the nano-sized 

LiNi0.5Mn1.5O4 indicating that the primary particles were about 100 nm in size. The nano-

sized spinel was physically mixed with sample A1 in two different weight proportions (5 

and 10 wt %) and XRD patterns were measured. Figure 4.4 shows the XRD patterns of 

admixtures 95 wt % A1 + 5 wt % of spinel and 90 wt % A1 + 10 wt % of spinel.  For 

comparison, the XRD patterns of the sample A1 and the nano-sized spinel (S) are also 

presented in Figure 4.4. The evolution of a new Bragg peak at 36.4o (shown using green 

arrows in Figure 4.4) is a clear marker for the presence of the nano-sized spinel phase. 

With the increase in the fraction of the spinel phase from 5% to 10%, the peak intensity 

Figure 4.3. SEM images of sample S (nano-sized LiNi0.5Mn1.5O4) 
Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767)    

Copyright (2015) American Chemical Society 
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grows proportionally. Thus the XRD patterns can detect the presence of nano-sized 

spinel.  

Figure 4.5 shows the XRD patterns in the range of scattering angles from 35o to 

39o for samples A1, A2 and A3 along with the spinel admixtures containing the 

intentionally added nano-sized spinel. The XRD patterns of A2 and A3 did not show any 

peaks corresponding to the spinel phase. However, the (101) peaks at (~ 37o) of samples 
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Figure 4.4 X-ray diffraction patterns of samples A1, A1 + 5% Spinel, A1 + 10% Spinel 
and pure Spinel  

“S” refers to nano-sized spinel LiNi0.5Mn1.5O4. Green arrows indicate the presence of 
spinel “S” 

Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767)    Copyright (2015) 
American Chemical Society 
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A2 and A3 were broader than that of A1 and may have been caused by an overlapping 

peak from the spinel phase. Hence the samples were characterized electrochemically to 

probe for the presence of the spinel phase.  

A3

A1

A2

A1 +   5 wt % S

A1 + 10 wt % S

Figure 4.5 X-ray diffraction patterns in the range of 35o to 39o for A1, A2, A3, A1 + 5% 
Spinel, A1 + 10% Spinel. 

“S” refers to nano-sized LiNi0.5Mn1.5O4. Green arrows indicate the presence of spinel “S” 
Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767)    Copyright (2015) 

American Chemical Society 
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Coin cells were made from the electrodes of samples A1, 95 wt % A1 + 5 wt % of 

spinel and 90 wt % A1 + 10 wt % of spinel were  measured and electrochemically cycled 

from 2 V to 4.8 V and Figure 4.6 shows their dQ/dV versus V plots. The right panel 

shows an enlarged portion of the dQ/dV vs V plot in the voltage range from 2.6 V to 3 V. 

The oxidation peaks around 2.9 V and the concomitant reduction peaks around 2.75 V 

were caused by the spinel LiNi0.5Mn1.5O4. The dQ/dV peaks grow with the fraction of the 

spinel phase just as the growth of the 36.4o peak in the XRD patterns in Figure 4.4. Thus 

electrochemical characterization proves to be quite powerful to identify any spinel phase 

even in tiny amounts. 

Figure 4.7 shows dQ/dV vs V for samples A1, A2, and A3 along with A1 + 5% 

spinel and A1 + 10% spinel admixtures. Figure 4.7 shows no evidence of spinel 

LiNi0.5Mn1.5O4 in samples A2 and A3. However, Figure 4.7 reveals an extra pair of redox 
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Figure 4.6 Left panel: dQ/dV versus V for samples A1, A1 + 5% Spinel and A1 + 10% 
Spinel in the voltage range between 2 and 4.8 V. Right panel: The green bordered portion 

between 2.6 and 3 V has been enlarged and is shown separately for clarity 
Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767). Copyright (2015) 

American Chemical Society 
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peaks in sample A3, which can be distinguished from the peaks corresponding to the 

LiNi0.5Mn1.5O4 spinel phase (S) that appeared between 2.4 V and 2.9 V. Those two peaks, 

both during charge and discharge are indicated using red arrows in Figure 4.7. If a feature 

representing a particular crystallographic phase can be identified in dQ/dV versus V, then 

there should be a corresponding signature in the XRD pattern as well. Hence the XRD 

patterns of the samples, particularly sample A3, were re-examined carefully. 
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Figure 4.7 dQ/dV versus V for samples A1, A2, A3, A1 + 5% Spinel and A1 + 10% Spinel. 
Red arrows indicate the presence of an impure phase in A3. 

Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767). Copyright (2015) 
American Chemical Society 
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Figure 4.8 shows the XRD patterns of samples A1, A2 and A3 over the complete 

range between 10o to 90o and an expanded view of the patterns between 14o to 17 o and 

17o to 20o is given separately in the right panels. The extra pair of redox peaks in dQ/dV 

vs. V especially for sample A3 may correlate to either the appearance of an XRD peak at 

15.7o or to the hump at 18.7o. The enlarged portion in the right panel between 14o to 17o 

shows that the 15.7o XRD peak can be seen in sample A2 as well whereas the panel 

between 17o to 20o shows that the hump at the 18.7o is absent in sample A2. The 

electrochemical characterization of the composite layered-spinel in Ref. 26 shows a pair 

of redox peaks closer to the one observed here that corresponds to 

LiNi0.425Co0.075Mn1.5O4.  The redox peaks for orthorhombic LiMnO2 are at a higher 

voltage24. Hence, the hump at 18.7o is most likely due to a spinel phase, whose 

composition remains unknown here.   
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Figure 4.8 Left panel: X-ray diffraction patterns of samples A1, A2 and A3. Bottom 
panel: Right panels: The green bordered portion between 14o and 17o and 17o and 20o has 

been enlarged and is shown separately for clarity. 
Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767). Copyright (2015) 
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Figure 4.9 shows the first cycle voltage - specific capacity profiles of samples, A1, 

A1+10 wt. % spinel and A3. The sample A1+10 wt. % spinel exhibited an IRC of 16 %. 

The reduced IRC was clearly caused by the 10 wt % spinel phase only when discharged 

below 2.8 V. However, even after the addition of 10 wt. % spinel, the IRC was not as 

small as sample A3 (6.5 %). A spinel-layered composite reported by Lee et al. had 18 % 

IRC even with 25 mol % of spinel. It should be noted that the extra discharge capacity 

observed below 2.8 V in A3 is very small and cannot be responsible for such small IRC. 

In other words, if the lower cut-off voltage was set to 2.8 V, for example, low-IRC would 

still be observed. Thus the possibility of nano-domains of impurity phases for the cause of 

small IRC observed in samples A2 and A3 can be ruled out. Instead the low-IRC appears 

Figure 4.9 First. cycle voltage - specific capacity profiles of 
samples, A1, A1+10 wt. % spinel and A3 



 

81 
 

to be inherent to LLRTMO layered materials of such compositions. It is quite difficult to 

determine the composition of the impurities because their proportions are very low. 

Instead of trying to identify the composition of the impurities, steps were taken to 

eliminate the impurities from sample A3 and to check if the reduced IRC is in any way 

associated to the presence of the impurity phases.   

4.4 Synthesis by quenching  

Based on suggestions in the work of McCalla et al.115, a sample (A3Q) with 

composition exactly same as that of A3 was synthesized using the same precursor (A) but 

was quenched from 900oC to room temperature instead of cooling slowly. Figure 4.10 
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Figure 4.10 XRD patterns of A3 and A3Q (Quenched) 
Adapted with permission from (Chem. 

Mater., 2015, 27 (3), 757–767). Copyright (2015) 
American Chemical Society 
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shows the XRD patterns of samples A3 and A3Q. The inset shows an enlarged view of 

pattern between 14o and 20o to check for the presence of impurities. The quenching 

strategy resulted in a single phase material and eliminated the impurities completely. The 

XRD patterns of A3 and A3Q are otherwise identical, as expected, with the absence of 

the impurity peak at 15.7ᵒ and the hump at 18.7ᵒ as well. Sample A3Q was also tested 

electrochemically and the first cycle data were extracted.  

Figure 4.11 shows the first cycle V vs Q profile of samples A3 and A3Q. The 

voltage profile of sample A3Q replicates that of sample A3. The IRC measured for 

sample A3Q (6.9 %) is very close to that of sample A3 (6.5 %). This unambiguously 

shows that the reduction in IRC is not an effect of an impurity phase including any spinel 
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phase in sample A3.  

Figure 4.12 shows the comparison of the dQ/dV vs V plots of samples A3 and 

A3Q and the bottom panel in Figure 4.12 shows an enlarged view between 2.2 to 3 V.  As 

Figure 4.12 Top panel: dQ/dV versus V for samples A3 and A3Q 
(prepared by quenching). Bottom panel: The pink bordered portion 

between 2.2 and 3 V has been enlarged and is shown separately for clarity. 
Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767). 

Copyright (2015) American Chemical Society 
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expected, the dQ/dV profiles of samples A3 and A3Q are very similar, but the pair of 

redox peaks corresponding to the extra phase(s) in sample A3 does not appear in sample 

A3Q implying the disappearance of the impurity after quenching.  

4.5 Effect of surface area 

What can be responsible for the small IRC in samples A2, A3 and A3Q? First of 

all, the effect of surface area on IRC was analyzed. Table 4.3 shows the measured specific 

surface area (SSA) of the samples A1, A2, A3 and A3Q. The surface area increased as the 

Li content decreased which is consistent with the literature116. The SSA of samples A3 

and A3Q are almost equal implying that quenching did not alter the SSA. Figure 4.13 

shows SEM images of the samples A1, A2 and A3. Compared to that of sample A1, the 

particle sizes are smaller for samples A2 and A3 and hence the higher SSAs for samples 

A2 and A3 are not unanticipated.  

To see if high surface area caused the reduced IRC, sample A1 was ground using 

a mortar and pestle (for about 1h) until its SSA matched that of sample A3Q. Figure 4.13 

Table 4.3 BET surface area of the samples A1, A2, A3, A3Q and GA1 

Sample Specific surface area (m2/g) 

A1 1.09 ± 0.11 

A2 4.09 ± 0.72 

A3 4.60 ± 0.43 

A3Q 4.60 ± 0.21 

GA1 5.02 ± 0.07 
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shows the SEM images (bottom) of the ground sample (GA1). GA1 had a higher surface 

area than A1 (See Table 4.3). The first cycle IRC of GA1 was measured in the same way 

as done before grinding. Figure 4.14 shows the comparison of the first cycle behavior of 

samples A1 and GA1 and indicates that the ground sample showed the same IRC (22.5 

Figure 4.13 Scanning electron micrograph images of samples A1, A2, A3 and GA1 (ground 
sample) 

Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767). Copyright (2015) 
American Chemical Society 
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%) as the pristine one. This experiment suggests that the low-IRC behaviour has little 

dependence on the specific surface area at least in the compositions studied here. 

Recently, Verde et al. have reported that carbonate-derived Li-rich material had better 

first-cycle coulombic efficiency (IRC) than hydroxide or sol-gel counterparts and that 

might be the case in the current study117. However, all of our samples were prepared 

using the same methods to explore the impact of Li content on IRC.  
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4.6 ICP results 

A careful analysis using ICP-OES was made to determine the true chemical 

compositions of the samples. Table 4.4 shows the results of the ICP-OES analysis in 

comparison with the target composition. The ICP-OES compositions (Li:Ni:Mn:Co) were 

very close to the target compositions. The total occupancy of the metal sites versus the 

oxygen sites is perfectly balanced in the LiMO2 structural motif. However, the total 

charge balance between cations and anions is not equal in samples A2 and A3 assuming 

Li+,  Ni2+, Mn4+, Co3+ and O2- 118, 119, 55 , because the Li/TM has been reduced from A1 to 

A2 to A3. For samples A2, A3 and A3Q, when the Li, Ni, Mn and Co ions are assumed to 

be in the +1, +2, +4 and +3 oxidation states, respectively, the total cationic charge is 

larger than 4. At the same time, XRD proves that they are predominantly single phase 

Table 4.4  Sample, target composition, number of moles of lithium required to get a formula unit of target 
material, number of moles of lithium originally added including extra 5 wt % for compensating Li loss to get a 
formula unit of target composition, composition observed from chemical analysis (ICP-OES) 

 
Sample Target Composition No. of 

moles of Li 
required to 

get a 
formula 
unit of 
target 

composition 

No. of 
moles of Li 
originally 

added 
including 
extra 5 wt 
% for Li 

loss  

ICP-OES 

Li : Ni : Mn : Co = 

1+p’ : a : b : c 

 

 

Total 
charge 

of 
cations 

in a 
formula 

unit 

A1 Li1.143Ni0.143Mn0.429Co0.285O2 1.143 1.200 1.126:0.147:0.429:0.298 4.030 

A2 Li1.067Ni0.156Mn0.467Co0.311O2 1.067 1.120 1.049:0.161:0.466:0.325 4.207 

A3 Li1.05Ni0.159Mn0.475Co0.316O2 1.05 1.103 1.013:0.167:0.484:0.336 4.290 

A3Q Li1.05Ni0.159Mn0.475Co0.316O2 1.05 1.103 1.017:0.166:0.482:0.335 4.283 
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layered LiMO2 type materials. These above two observations imply that there must be an 

excess of oxygen, leading to metal-site vacancies, or the presence of either Co2+ or Mn3+ 

ions in the material. 

It is very unlikely to have Co or Mn in the +2 or +3 oxidation states, respectively, 

because they are not stable oxidation states in the studied materials118, 119, 55. Moreover, in 

that case, the redox capacity during charge would have been higher than the observed 

values for samples A2, A3 and A3Q. Figure 4.15 shows the results of a calculation of first 
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American Chemical Society 
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charge redox capacity (due to TM oxidation) and the total cationic charge both plotted 

against the amount of the assumed Mn3+ for the A3Q sample. The first charge redox 

capacity calculation assumes the oxidation of Ni2+ to Ni4+, Mn3+ (if any) to Mn4+ and Co3+ 

to Co3.6+ 120. The calculated redox region capacity for sample A3Q is ~ 150 mAh/g, 

assuming no Mn3+ and agrees well with that observed (145 mAh/g). Figure 4.15 shows 

that approximately 50% of Mn should be in the +3 oxidation state in order to have a total 

cationic charge equal to 4 in LiMO2 having cation ratios corresponding to sample A3Q. 

According to Figure 4.15, having 50% of Mn in the +3 oxidation state would have 

resulted in a first charge redox capacity equal to at least 200 mAh/g, which is not the case 

here.   

The only way to explain the observed results is if metal-site vacancies exist. 

Transition metal vacancies have been shown by McCalla et al. to exist at some layered 

oxides when the amount of Li used in synthesis is smaller than normally used to balance 

the cation and anion charges115, so their occurrence here is not unanticipated. The 

possibility for the presence of metal-site vacancies is now explored. 

4.7 Predicting metal-site vacancies 

 The metal atom ratios Li:Ni:Mn:Co from ICP-OES listed in Table 4.4 were 

taken to accurately describe each sample. The ratios are represented by the variables p’, a, 

b, and c, respectively. The values p’, a, b, and c in Table 4.4 have been scaled so that their 

sum is exactly 2.0. After heating, it is assumed that the final compound is Lip�q 

NixMnyCozO2, where: 

 (4.1) 
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Equations (4.1) and (4.2) result from a filling of all metal sites by Li, Ni, Mn, Co or 

vacancies (Eqn. 1) and from charge balance, assuming Li+, Ni2+, Mn4+ and Co3+ (Eqn. 2), 

respectively. The metal atom ratios as determined by ICP-OES must match those in 

Lip�qNixMnyCozO2, leading to the equations: 

Equations (4.3) – (4.6) can be used to solve for q, the vacancy content of the resulting 

layered material. One obtains: 

When the calculated value of q ≤ 0, it is believed that there are no metal-site 

vacancies in the structure. However, instead, it is believed that a small of amount of Ni is 

in the 3+ oxidation state. Ni3+ and metal-site vacancies are not expected to exist at the 

same time in these materials.  

4.8 Density measurements 

Table 4.5 shows the calculated metal-site vacancy content based on the ICP-OES 

compositions and the oxidation state rules (Ni = 2+, Mn = 4+ and Co = 3+) as well as the

p + 2x + 4y + 3z = 4 (4.2) 

 (4.3) 

y = b (2 - q)/2 (4.4) 

z = c (2 – q)/2 (4.5) 

p = p’ (2 – q)/2 (4.6) 

 (4.7) 
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Table 4.5 Sample, calculated vacancies based on ICP-OES compositions and oxidation state rules, composition of formula units 
with calculated vacancies, calculated densities based on ICP-OES compositions and calculated vacancy content, densities 
determined from He-Pycnometer, calculated densities based on ICP-OES compositions and measured lattice parameters assuming 
no vacancies 

Sample Calculated 
metal-site 
vacancy 
content 

based on 
ICP-OES  

results 

Composition of a formula unit 
with calculated metal-site 

vacancy  

Calculated 
density 

based on  ICP-
OES 

composition, 
calculated 
metal-site 

vacancy content 
and measured 

lattice 
parameters 
from XRD 

( g/cm
3
) 

 

Measured 
density from 

Helium 
Pycnometer 

(g/cm
3
) 

Calculated 
density  based 
on  ICP-OES 
compositions 

and  measured 
lattice 

parameters from 
XRD assuming 

no vacancies 
(g/cm

3
) 

A1 0.015(2) Li1.118 0.015Ni0.146Mn0.426Co0.296O2 4.46 ± 0.03 4.453 ± 0.005 4.48 ± 0.03 

A2 0.098(7) Li0.998 0.098Ni0.153Mn0.443Co0.309O2 4.51 ± 0.03 4.531 ± 0.008 4.66 ± 0.03 

A3 0.135(12) Li0.945 0.135Ni0.156Mn0.451Co0.313O2 4.53 ± 0.03 4.601 ± 0.018 4.74 ± 0.04 

A3Q 0.132(11) Li0.950 0.132Ni0.155Mn0.450Co0.313O2 4.54 ± 0.03 4.603 ± 0.003 4.75 ± 0.04 

Commercial 
LiCoO2 

-  - 5.057 ± 0.008 5.073 

* Lattice parameters obtained from Ref. 120 to calculate the density 

 91 



 
 

92 
 

omposition of the formula units with the calculated vacancy contents. In Table 4.5, ‘q’ 

represents the calculated metal-site vacancy content based on the above calculation. Table 

4.5 also shows true density measurements obtained using a helium pycnometer. The 

densities were calculated from the XRD results assuming the vacancy content based on 

Equation 4.7 and also based on zero vacancies. The results from both calculations are also 

listed in the Table 4.5. In the latter case, Mn ions were assumed to be a mixture of Mn3+ 

and Mn4+ ions so that the total positive charge adds up to 4 in a formula unit.  

The calculated densities for the case assuming metal-site vacancies agree well 

with the measured densities. The results in Table 4.5 suggest that very few, if any, Mn 

ions are Mn3+ in samples A2, A3 and A3Q. In order to show that the pycnometer 

measurements are reliable, the density of commercial LiCoO2 (obtained from E-one Moli 

Energy) was measured. Table 4.5 also shows the measured density of LiCoO2 and it is 

very close to the crystallographic density calculated from the LiCoO2 lattice constants121. 

Therefore, samples A2, A3 and A3Q contain metal-site vacancies and it is believed that 

these vacancies are responsible for the low-IRC in these materials.   

The presence of the vacancies may help facilitate any needed atom motion to 

enable low-IRC. However, one must realize that these would normally be thought of as 

“Li-rich” materials because the lithium to transition metal ratio is still greater than 1. This 

suggests the origin of the high IRC in sample A1 is the presence of Li atoms in the TM 

layer and the lack of vacancies to enable needed atom motions to allow re-intercalation of 

all the lithium. 
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4.9 Constant current charge-discharge   

Figure 4.16 shows the first cycle profiles of samples A1, A2, A3 and A3Q 

charged to the same delithiation limit to check the effect of delithiation level on the IRC. 

All the samples were charged with the same current density for the same duration (25 h) 

in such a way that all of them have the same length (capacity) along the 4.5 V plateau. 

Figure 4.16 shows that A1 exhibits higher IRC whereas A2, A3 and A3Q show low IRC.  

Therefore, the decreased IRC found in samples A2, A3 or A3Q is not caused by the fact 

that they have smaller first-charge capacity (See Figure 4.1) on the 4.5 V plateau. Instead, 

it is believed that metal-site vacancies give extra room for the reintercalation of extra Li 

into the host structure. 
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Figure 4.16 First-cycle charge-discharge voltage profiles of A1, A2, A3 and A3Q during 
constant time (25 h) first charge protocol. 

Adapted with permission from (Chem. Mater., 2015, 27 (3), 757–767). Copyright (2015) 
American Chemical Society 



 
 

94 
 

4.10 Conclusions 

 Layered positive electrode materials with slightly different lithium to transition 

metal ratio were synthesized from the same precursor and electrochemically characterized 

with a focus on the first cycle behaviour, especially the IRC. Surprisingly and 

beneficially, the samples having lower lithium to transition metal ratio exhibited IRC as 

small as 6.5 % of the first charge capacity. Few impurities (secondary phases) were found 

in the low-IRC materials but quenching resulted in pure phase materials. Analyzing 

dQ/dV vs. V plots confirmed that the secondary phases were removed by quenching and 

that quenching did not affect the low-IRC. Careful studies showed that the low-IRC 

behavior did not originate from any impurity phases including nano-domains of spinel. 

Therefore, the small IRC of these samples was inherent to their composition and 

structure.  

The metal compositions from ICP-OES results and the oxidation state versus 

atomic occupancy rules suggested that the compounds exhibiting low-IRC contain metal-

site vacancies. This was further supported by true density measurements using a helium 

pycnometer. The metal-site vacancies may provide avenues for enhanced atomic 

diffusion during and after the oxygen loss process which may contribute to the small 

irreversible capacity.  
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Chapter 5 Search for low-irreversible capacity layered lithium-
rich transition metal oxides in the Li-Ni-Mn-Co-O pseudo-

quaternary system3  

5.1 Introduction 

The identification of low-irreversible capacity (IRC) materials (labelled as A2, A3 

and A3Q) that were discussed in Chapter 4 fueled the idea of searching for similar 

materials in the Li-Ni-Mn-Co-O pseudo-quaternary system. The low-IRC samples A2 and 

A3Q were found to be single-phase layered materials with inherent metal-site vacancies 

that were synthesized from Ni0.166Mn0.5Co0.333CO3 (labelled as A) In order to know 

whether other Ni-Mn-Co compositions could yield low-IRC materials synthesis and 

characterization of such materials from precursors of different Ni-Mn-Co compositions 

were explored and their results are discussed in this chapter.  

Figure 5.1 shows a pseudo-ternary composition diagram of Ni, Mn and Co, in 

which every point represents the composition of a NixMnyCo1-x-yCO3 precursor (e.g. 

Ni0.4Mn0.2Co0.4CO3). The three vertices of the triangle in Figure 5.1 represent MnCO3, 

NiCO3 and CoCO3. The given pseudo-ternary composition diagram is also applicable for 

hydroxide precursors. LLRTMO materials can be made from such precursors by heating 

with an appropriate lithium source such as Li2CO3. The stoichiometric amount of Li 

required to make a layered LLRTMO, without vacancies, from any NixMnyCo1-x-yCO3 

precursor can be calculated assuming that the total metal occupancy and total metal 

charge must be 2 and 4, respectively, in a LiMO2 formula unit. In Figure 5.1, the number 

(in blue) displayed above each point is the calculated number of moles of Li (u) required 
                                                           
3 This chapter was adapted with permission from Shunmugasundaram, R.; Arumugam, R. S.; Dahn, J. R. A 
Search for Low-Irreversible Capacity and High-Reversible Capacity Positive Electrode Materials in the Li-
Ni-Mn-Co Pseudoquaternary System. Chem. Mater., 2016, 28 (1), 55–66. The author’s contribution to this 
work included synthesis of materials, XRD measurements and electrochemical characterization. 
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to be mixed with (2-u) moles of NixMnyCo1-x-yCO3 precursor to make one mole of 

stoichiometrically balanced single-phase LiuM2-uO2 type material. For example, the 

number of moles of Li (u) required to make one mole of Li[Li0.166Ni0.083Mn0.417Co0.333]O2 

from 0.833 moles of Ni0.1Mn0.5Co0.4CO3 precursor is 1.167. The calculation has been 
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Figure 5.1 Ni-Mn-Co ternary diagram with every point representing NixMnyCo1-x-y 
precursor composition (e.g. Ni0.4Mn0.2Co0.4CO3)  

Black and red points (samples studied here) represent precursor compositions that can be 
used to make Li-excess materials. 

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright (2016) 
American Chemical Society 
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done assuming Ni, Mn and Co adopt the +2, +4 and +3 oxidation states, respectively, in a 

LiuM2-uO2 formula unit.  

In Figure 5.1, the line drawn between Co to Ni0.5Mn0.5 divides the ternary diagram 

into two regions based on the Li/TM ratio in the anticipated LiMO2 type compounds. 

LLRTMO without vacancies and subject to the oxidation state rules, Mn4+, Co3+, Ni2+ or 

Ni3+ and Li1+, must have more lithium atoms than transition metal atoms when 

synthesized from precursors lying above the line. This triangular area bounded by Co, 

Ni0.5Mn0.5 and Mn in Figure 5.1 is called the “Li-rich region” as the LLRTMO 

synthesized from the precursors of this region have Li/TM > 1. Any LiMO2 compound 

synthesized on (e.g. LiNi0.4Mn0.4Co0.2O2 (NMC 442)) or below (e.g. LiNi0.8Mn0.1Co0.1O2 

(NMC 811) the line joining Co to Ni0.5Mn0.5 represents a LiNixMnyCo1-x-yO2 (NMC) 

material for which the Li/TM can be 1. The red points (labelled from A to O) within the 

Li-rich region in Figure 5.1 are the Ni-Mn-Co precursor compositions that have been 

studied in this work.  

The Li/TM ratio and the synthesis conditions are crucial in the synthesis of pure 

layered LiMO2 type material. If a LiuM2-uO2 material is synthesized with less Li than 

required for stoichiometric charge balance under an excess oxygen atmosphere (synthesis 

in a furnace under air), the co-existence of a spinel phase (LiM2O4) along with the layered 

phase is normally expected. The layered-spinel coexistence regions in the Li-Ni-Mn-O 

pseudoternary and the Li-Ni-Mn-Co-O pseudoquaternary systems have been mapped by 

McCalla et al.36 and Brown et al.122respectively. Lee et al. showed the formation of 

layered-spinel composite by reducing the Li/TM ratio from that of the stoichiometric 
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requirement131. However, the evolution of a spinel phase did not occur when the Li/TM 

ratio was reduced slightly to make A2 from precursor A. 

McCalla et al. also showed, in a separate report115, the existence of single-phase 

layered materials such  as Li[ 1/6Ni1/6Mn2/3]O2, which contain metal-site vacancies.  In 

this case, quenching after calcining was required to synthesize single-phase 

Li[ 1/6Ni1/6Mn2/3]O2. Attempts to synthesize Li[ 1/6Ni1/6Mn2/3]O2, with slow cooling 

resulted in a layered-spinel composite. Compared to Li[ 1/6Ni1/6Mn2/3]O2, which did not 

show low-IRC behavior, the low-IRC material A2 had metal-site vacancies, also 

contained Co and was synthesized with slow cooling. It appears that the presence of Co is 

important for observing low-IRC and also favors the formation of a single layered phase 

during slow cooling. This raises a question about the contribution of the overall metal 

composition, especially Co, to promote low-IRC behavior and to promote the formation 

of pure layered single phases under Li deficient conditions. Hence the focus of this 

chapter is to evaluate the combined effect of Li-deficiency and overall metal composition 

on the structural and electrochemical properties of materials in the Li-Ni-Mn-Co-O 

system.   

A search for low-IRC materials (IRC < 10%) in the Li-Ni-Mn-Co-O pseudo-

quaternary system was made by synthesizing LiMO2 type materials with less Li than 

required for a stoichiometric balance. For example, less than 1.166 moles of Li has been 

mixed with 0.833 moles of Ni0.1Mn0.5Co0.4CO3 precursor to make a low-IRC material. In 

this work, a total of 15 selected NixMnyCo1-x-yCO3 precursors (red circles in Figure 5.1) 

were made and their lithiated oxides were studied. As such, each precursor composition 

(e.g. B) forms a series of lithiated materials (see Table 5.1), in which the first member 
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(e.g. A1, B1) is stoichiometrically balanced whereas the rest of the samples (e.g. A2, B2,) in each series are Li-deficient but their 

Li/TM ratio is not necessarily less than 1.   

Table 5.1 shows the nominal composition of the precursors, the number of moles of Li (u) to be mixed with 2-u moles of 

precursor required to make one mole of stoichiometric LiuM2-uO2, the observed number of moles of lithium (from ICP-OES) per mole 

of total metals in the synthesized LiMO2 composition (v) and their relative difference [(u-v)/u x 100] which is called the “lithium 

deficiency” here. Table 5.1 also lists the first charge capacity, the first discharge capacity, the observed IRC and indicates whether the 

sample was single phase or not.  Table 5.1 shows that IRC decreases, in general, as the Li deficiency increases. The identification of 

low-IRC materials from a variety of Ni-Mn-Co compositions in the Li-rich region of the Ni-Mn-Co ternary system (Figure 5.1) 

suggested that low-IRC behavior is not just confined to one particular Ni-Mn-Co composition.  

Table 5.1 Sample, nominal precursor composition, calculated [Li] to make one mole of the corresponding stoichiometric LiMO2, 
observed [Li] in one mole of synthesized LiMO2 derived from ICP-OES, % Li deficiency, first charge specific capacity, first discharge 

specific capacity, % IRC relative to the first charge specific capacity and layered single phase purity of the sample. 
(Table 5.1 continues on the next two pages) 

Sample ICP-OES Precursor 
Composition          
(Ni:Mn:Co) 

Calculated [Li] 
to make one 
mole of the 

LiuM2-uO2 (u) 

ICP-OES [Li] in 
one mole of the 

synthesized 
compound (v) 

Li deficiency 
=             

[(u-v)/u]    
(%) 

First 
charge 

capacity 
(mAh/g) 

First   
discharge 
capacity 
(mAh/g) 

Observed 
IRC (% first 
cycle charge 

capacity) 

Pure 
layered    
single 
phase? 

(based on 
XRD) 

A1 0.169:0.491:0.341 1.161 1.126 3. 02 319 247 22.5± 0.5 Yes 
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Sample ICP-OES Precursor 
Composition          
(Ni:Mn:Co) 

Calculated [Li] 
to make one 
mole of the 

LiuM2-uO2 (u) 

ICP-OES [Li] in 
one mole of the 

synthesized 
compound (v) 

Li deficiency 
=             

[(u-v)/u]    
(%) 

First 
charge 

capacity 
(mAh/g) 

First   
discharge 
capacity 
(mAh/g) 

Observed 
IRC (% first 
cycle charge 

capacity) 

Pure 
layered    
single 
phase? 

(based on 
XRD) 

A2 0.169:0.491:0.341 1.161 1.049 9.63 295 272 7.7± 0.5 Yes 
A3 0.169:0.491:0.341 1.161 1.014 12.70 285 266 6.5± 0.5 No 
B1 0.199:0.495:0.306 1.148 1.156 -0.61 315 246 22± 0.5 Yes 
B2 0.199:0.495:0.306 1.148 1.054 8.21 295 267 9.5± 0.5 Yes 
B3 0.199:0.495:0.306 1.148 1.046 8.93 280 259 7.5± 0.5 Yes 
C1 0.301:0.497:0.202 1.098 1.079 1.76 295 228 22.7± 0.5 Yes 
C2 0.301:0.497:0.202 1.098 1.082 1.44 283 228 19.5± 0.5 Yes 
C3 0.301:0.497:0.202 1.098 1.058 3.71 275 235 14.5± 0.5 Yes 
C4 0.301:0.497:0.202 1.098 1.021 6.99 265 237 10.7± 0.5 Yes 
C5 0.301:0.497:0.202 1.098 1.008 8.17 257 232 9.8± 0.5 No 
D1 0.333:0.498:0.169 1.082 1.076 0.55 276 208 24.5± 0.5 Yes 
D2 0.333:0.498:0.169 1.082 1.072 0.97 274 212 22.4± 0.5 Yes 
D3 0.333:0.498:0.169 1.082 1.065 1.59 273 218 20.3± 0.5 Yes 
D4 0.333:0.498:0.169 1.082 1.016 6.10 270 249 7.6± 0.5 Yes 
D5 0.333:0.498:0.169 1.082 1.003 7.30 258 240 6.9± 0.5 No 
E1 0.051:0.494:0.456 1.221 1.155 5.39 327 206 37.0± 0.5 Yes 
E2 0.051:0.494:0.456 1.221 1.103 9.66 317 241 23.9± 0.5 No 
F1 0.164:0.390:0.446 1.113 1.053 5.35 300 233 22.5± 0.5 Yes 
F2 0.164:0.390:0.446 1.113 1.008 9.47 274 233 15.0± 0.5 Yes 
F3 0.164:0.390:0.446 1.113 0.994 10.74 268 233 13.2± 0.5 Yes 
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Sample ICP-OES Precursor 
Composition          
(Ni:Mn:Co) 

Calculated [Li] 
to make one 
mole of the 

LiuM2-uO2 (u) 

ICP-OES [Li] in 
one mole of the 

synthesized 
compound (v) 

Li deficiency 
=             

[(u-v)/u]    
(%) 

First 
charge 

capacity 
(mAh/g) 

First   
discharge 
capacity 
(mAh/g) 

Observed 
IRC (% first 
cycle charge 

capacity) 

Pure 
layered    
single 
phase? 

(based on 
XRD) 

G1 0.191:0.603:0.207 1.206 1.178 2.40 332 281 15.5± 0.5 Yes 
G2 0.191:0.603:0.207 1.206 1.075 10.87 285 257 10.1± 0.5 No 
H1 0.382:0.515:0.103 1.066 1.050 1.58 279 235 15.7± 0.5 Yes 
H2 0.382:0.515:0.103 1.066 0.966 9.41 256 243 5.0± 0.5 No 
H3 0.382:0.515:0.103 1.066 0.943 11.55 240 233 3.0± 0.5 No 
I1 0.264:0.603:0.103 1.155 1.151 0.38 314 240 23.5± 0.5 Yes 
I2 0.264:0.603:0.103 1.155 1.050 9.17 279 259 7.3± 0.5 No 
J1 0.197:0.702:0.101 1.252 1.192 4.78 311 218 30.0± 0.5 Yes 
J2 0.197:0.702:0.101 1.252 1.090 13.01 299 258 13.8± 0.5 No 
K1 0.298:0.395:0.307 1.048 1.029 1.86 290 220 24.0± 0.5 Yes 
K2 0.298:0.395:0.307 1.048 0.926 11.63 243 218 10.4± 0.5 Yes 
L1 0.199:0.394:0.406 1.097 1.088 0.91 308 231 25.0± 0.5 Yes 
L2 0.199:0.394:0.406 1.097 0.982 10.49 263 241 8.5± 0.5 Yes 
M1 0.101:0.389:0.510 1.144 1.121 2.01 320 218 32.0± 0.5 Yes 
M2 0.101:0.389:0.510 1.144 1.016 11.16 274 246 10.1± 0.5 No 
N1 0.202:0.289:0.509 1.044 1.014 2.87 280 207 26.2± 0.5 Yes 
N2 0.202:0.289:0.509 1.044 0.926 11.28 242 222 8.2± 0.5 Yes 
O1 0.101:0.291:0.609 1.095 1.073 1.97 308 213 30.9± 0.5 Yes 
O2 0.101:0.291:0.609 1.095 0.973 11.19 252 233 7.6± 0.5 No 
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Figure 5.2 shows scanning electron micrograph (SEM) images of some selective 

precursors A, C, H, J, L and O, which have different Ni:Mn:Co ratios. Although the same 

reaction conditions (pH, temperature, ammonia concentration, solution feed rates, 

stirring) were maintained during the synthesis of these precursors, their morphology 

varied somewhat, which could be attributed to their varying Ni:Mn:Co compositions. Van 

Bommel et al. showed how the pH and ammonia concentration affected the solubility of 

TM[NH3]n ions and the importance of optimizing these conditions for different Ni:Mn:Co 

ratios to get spherical particles of the same size123. However, Figure 5.2 and Table 5.1 

show that morphology changes in the precursors had a minimal impact in reducing the 

IRC. Therefore it is believed that the variations in precursor morphology do not 

Figure 5.2 Scanning electron micrograph images of selected precursors A, C, H, J, L and O 
Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright (2016) 

American Chemical Society 
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significantly impact the values of IRC in this work. 

5.2 Single phase low-irreversible capacity materials  

Table 5.1 shows that Li-deficient materials were either single-phase layered 

materials (e.g. C4) or layered-spinel composites (e.g. C5) depending on the degree of Li 

deficiency and the overall metal composition. The single-phase low-IRC materials were 

found to be solid solutions between Li2MnO3 and LiMO2
124,44,125

 containing “metal-site 

vacancies”115. The existence of vacancies will be addressed in the next paragraph. Figure 

5.3 shows the XRD patterns of a few single phase low-IRC materials in the angular range 

Figure 5.3 XRD patterns of few single phase low-IRC materials 
(samples C4, D4, K2 and L2) between 20ο to 70ο 

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–
66). Copyright (2016) American Chemical Society 
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of 10o to 70o. They are all layered O3 structures (similar to α-NaFeO2), which can be 

defined in the R-3m space group. The set of superstructure peaks between 20ᵒ and 30o are 

due to the ordering (C2/m) of Li or vacancies with Ni, Mn and Co to form the √3ahex x 

√3ahex superlattice in the TM layer. Superlattice formation does not necessarily require Li 

in the TM layer as was shown by McCalla et al. for the case of 

Li[ 1/6Ni1/6Mn2/3]O2
115,where vacancies order with TM atoms to form a superlattice. 

Table 5.2 shows the XRD Rietveld refinement results of single-phase samples of two 

selected series (D and K) including the lattice parameters. In every series, the lattice 

parameters increase as the Li deficiency increases, which is expected based on an increase 

in the TM/Li ratio. Appendix C shows the XRD patterns of all the samples (A1 to O2) 

and Appendix D shows a table of lattice constants of all the samples (A1 to O1) obtained 

from the Rietveld refinement. 

Table 5.2 Rietveld refinement results of samples from D and K series 

Sample a (Å) c (Å) z(O) n Ni in 
Li sites 

Calculated metal-
site 

vacancy content 

RB 

D1 2.8613(4) 14.243(8) 0.258(3) 0.035(8) 0.000(2) 2.02 

D2 2.8635(1) 14.258(4) 0.257(9) 0.032(3) 0.003(1) 1.66 

D3 2.8644(3) 14.263(7) 0.257(7) 0.049(5) 0.012(3) 2.01 

D4 2.8653(3) 14.276(3) 0.252(7) 0.063(3) 0.063(6) 4.05 

K1 2.8549(6) 14.225(2) 0.259(1) 0.015(1) 0.014(2) 2.07 

K2 2.8592(2) 14.242(7) 0.256(2) 0.033(8) 0.119(13) 2.40 
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The total cationic charge of the single phase low-IRC materials calculated from 

the as-obtained ICP-OES composition (Li:Ni:Mn:Co) was above 4 when the oxidation 

states of the cations are Li+, Ni2+, Co3+ and Mn4+. Hence the formula unit of any single-

phase low-IRC compound would have excess oxygen (> 2). However, the total oxygen 

content in a formula unit can be adjusted to 2 by introducing metal-site vacancies. The 

amount of metal-site vacancies required in each composition was calculated based on the 

amount of excess cationic charge. That is, the ICP-OES composition formula unit was 

renormalized for a total oxygen content equal to 2 to get the formula unit with metal-site 

vacancies. For example, the formula unit of sample L2: Li0.982Ni0.203Mn0.402Co0.413O2.117 

has been renormalized to Li0.928 0.111Ni0.192Mn0.380Co0.390O2, which includes metal-site 

vacancies. Table 5.3 shows the metal atom ratios observed from ICP-OES analysis, the 

calculated vacancy content per mole of synthesized compound and the formula unit with 

metal-site vacancies of the single-phase low-IRC materials. 

The existence of metal-site vacancies can be verified by comparing measured and 

calculated densities. The densities of the samples were measured using a helium 

pycnometer, and they were calculated from the lattice parameters (XRD) and chemical 

compositions that include metal-site vacancies. Table 5.3 shows the experimentally 

measured densities (pycnometer) and the calculated densities. For comparison purposes, 

the densities of the materials were also calculated for corresponding LiMO2 units in 

which the ICP-OES based metal composition was substituted for a LiM unit with no 

vacancies.  In the latter case, some TM ions must exist in lower oxidation states than 

normal in order to compensate for the total anionic charge of 4. For example, the zero 
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Table 5.3 Sample ID, ICP-OES metal ratio, calculated no. of moles of vacancies in one mole of synthesized LiMO2, calculated 
formula unit with metal-site vacancies, layered single phase purity, measured density from a He pycnometer, calculated density 
assuming metal-site vacancies and calculated density assuming no vacancies of single-phase low-IRC materials 

Sample ICP-OES  
metal ratio          

Li : Ni : Mn : Co 
 

Calculated 
no. of moles 
of vacancies 

(q) 

Formula unit with calculated 
metal-site vacancies 
Lip qNixMnyCozO2 

Measured density  
from He 

Pycnometer 
(g/cm3) 

 

Calculated 
density 

assuming 
No 

vacancies 
(g/cm3) 

 

Calculated 
density 

assuming 
No vacancy 

(g/cm3) 
 

A2 1.049:0.161:0.466:0.325 0.098 Li0.998 0.098Ni0.153Mn0.443Co0.309O2 4.530 ± 0.008 4.50 ± 0.03 4.65 ± 0.03 
B2 1.054:0.187:0.470:0.289 0.084 Li1.01 0.084Ni0.179Mn0.450Co0.277O2 4.511 ± 0.017 4.50 ± 0.03 4.62 ± 0.03 
B3 1.046:0.190:0.472:0.292 0.091 Li0.998 0.091Ni0.181Mn0.451Co0.279O2 4.531 ± 0.025 4.51 ± 0.03 4.64 ± 0.03 
C2 1.082:0.275:0.455:0.187 0.008 Li1.078 0.008Ni0.274Mn0.454Co0.186O2 4.491 ± 0.010 4.50 ± 0.03 4.52 ± 0.03 
C3 1.057:0.282:0.468:0.193 0.035 Li1.038 0.035Ni0.277Mn0.46Co0.19O2 4.535 ± 0.011 4.52 ± 0.03 4.57 ± 0.03 
C4 1.021:0.294:0.486:0.198 0.072 Li0.985 0.071Ni0.284Mn0.469Co0.191O2 4.531 ± 0.021 4.55 ± 0.03 4.66 ± 0.03 
D2 1.072:0.312:0.460:0.157 0.003 Li1.07 0.003Ni0.311Mn0.459Co0.157O2 4.522 ± 0.030 4.54 ± 0.03 4.54 ± 0.03 
D3 1.065:0.311:0.465:0.158 0.012 Li1.059 0.01Ni0.309Mn0.463Co0.157O2 4.541 ± 0.020 4.53 ± 0.03 4.55 ± 0.03 
D4 1.016:0.328:0.489:0.167 0.063 Li0.984 0.062Ni0.318Mn0.474Co0.162O2 4.542 ± 0.016 4.57 ± 0.04 4.66 ± 0.03 
E2 1.103:0.046:0.440:0.411 0.090 Li1.053 0.09Ni0.044Mn0.42Co0.393O2 4.428 ± 0.008 4.45 ± 0.03 4.58 ± 0.03 
F2 1.008:0.163:0.387:0.443 0.099 Li0.957 0.1Ni0.155Mn0.368Co0.421O2 4.610 ± 0.007 4.64 ± 0.03 4.79 ± 0.03 
F3 0.993:0.162:0.394:0.450 0.116 Li0.936 0.115Ni0.153Mn0.371Co0.424O2 4.595 ± 0.013 4.64 ± 0.03 4.82 ± 0.03 
K2 0.926:0.320:0.424:0.330 0.119 Li0.871 0.119Ni0.301Mn0.399Co0.31O2 4.705 ± 0.013 4.72 ± 0.03 4.91 ± 0.03 
L2 0.982:0.203:0.402:0.413 0.111 Li0.928 0.111Ni0.192Mn0.38Co0.39O2 4.670 ± 0.012 4.66 ± 0.03 4.83 ± 0.03 
M2 1.016:0.099:0.383:0.502 0.118 Li0.956 0.119Ni0.093Mn0.36Co0.472O2 4.595 ± 0.011 4.62 ± 0.04 4.80 ± 0.03 
N2 0.926:0.217:0.310:0.547 0.114 Li0.873 0.114Ni0.205Mn0.292Co0.516O2 4.834 ± 0.005 4.83 ± 0.04 5.02 ± 0.03 
O2 0.973:0.103: 0.300:0.625 0.118 Li0.915 0.119Ni0.097Mn0.282Co0.588O2 4.733 ± 0.006 4.77 ± 0.04 4.96 ± 0.04 
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metal-site vacancy counterpart of Li1.01 0.084Ni0.179Mn0.450Co0.277O2 (sample B2) is 

Li1.054Ni0.187Mn0.470Co0.289O2, where the total cationic charge is 4.1749 and hence some 

Mn ions must be in the +3 oxidation state to balance the total anionic charge of 4.   

Figure 5.4 shows a comparison of the measured densities to the calculated 

densities. In Figure 5.4, the densities calculated assuming metal-site vacancies are shown 

Figure 5.4 Calculated densities assuming metal-site vacancies (black) and no 
vacancies (red) vs measured densities (using a He-pycnometer)  

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright (2016) 
American Chemical Society 
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as black circles and the densities assuming no vacancies are shown as red circles. The 

measured densities and the calculated densities assuming metal-site vacancies agree very 

well (black circles) resulting in data with a slope of 1.00 and an intercept of zero in Figure 

5.4. By contrast, the measured densities do not agree well with densities calculated 

assuming no metal-site vacancies (red circles) except for a few points where, it turns out, 

the vacancy content is very small. The close agreement between the measured densities 

and the densities calculated assuming metal-site vacancies strongly suggests the presence 

of vacancies in the pristine single-phase materials. Moreover, simultaneous metal-site 

vacancies and oxygen vacancies would result in even lower density and this possibility 

was discarded. The possibility of having just oxygen vacancies was also discarded 

because the synthesis of materials under an oxygen-rich environment would not favor 

oxygen vacancies. By contrast, the synthesis conditions for introducing oxygen vacancies 

must require some special chemical treatment. For example, Qiu et al. showed the 

introduction of oxygen vacancies in the surface of LLRTMO materials by treating the 

pristine materials with CO2 to form carbonate (-CO3) groups.126 

The calculated compositions with metal-site vacancies have the same the metal 

atom ratios as obtained from the ICP-OES results. Hence the mass difference between the 

formula units of the two structures (with and without vacancies) should be the weighted 

average of cation atomic mass multiplied by the vacancy content. This means the density 

difference should be approximately proportional to the vacancy content, neglecting small 

variations in unit cell size because all compositions have approximately a 1:1 Li:TM 

ratio. Figure 5.5 shows a plot of the difference between the measured density 

(pycnometer) and the calculated densities that assume no vac7ancies versus the vacancy 
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content. Figure 5.5 shows that the expected linearity is observed. If the vacant sites had 

been occupied by equal amounts of Li and TM (i.e. a 1:1 ratio), then the slope of the plot 

is expected to be very close to 1.5 g/mL shown by the red line in Figure 5.5. The 

measured slope of a best fit line through the data is equal to ± 1.69 g/mL and is shown as 

a black line in Figure 5.5. The measured slope agrees quite well with the “back of the 

envelope” estimate.  

Figure 5.5 Density difference between the calculated (no vacancy case) and the measured 
densities (from He pycnometer) vs the calculated metal-site vacancy content 

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright (2016) 
American Chemical Society 

± 1.69 g/mL 
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Figure 5.6 shows a representative set (samples C4, D4, K2 and L2) of first cycle 

charge-discharge voltage profiles (voltage vs. specific capacity) of cells with electrodes of 

several single-phase low-IRC materials in the range between 4.8 and 2.0 V. Most of the 

samples display two distinct regions on their first charge profile: (a) a sloping region 

corresponding to the oxidation of TM ions and (b) a ~ 4.5 V plateau region corresponding 

to the electrochemical reactions dictated by oxygen anions (oxygen release56 or oxygen 

Figure 5.6 First cycle charge-discharge voltage vs specific capacity profiles of few single 
phase low-IRC materials represented in Figure 5.3 

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright (2016) 
American Chemical Society 
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oxidation68) similar to other reported Li-excess materials. The observed first charge 

specific capacities of all the samples were between 240 and 270 mAh/g. The charge 

capacity increases with increasing Li content whereas the sloping region (redox) capacity 

increases with an increasing proportion of TM redox ions. Table 5.1 shows the first 

charge and discharge capacities of the single-phase materials. The first cycle charge-

discharge voltage profiles of all the samples studied are given in Appendix E. 

Figure 5.7 shows the first cycle differential capacity versus potential profiles of 

the cells described by Figure 5.6. Every sample exhibits an oxidation peak at ~ 3.8 V 

corresponding to Ni (Ni2+ to Ni4+) and Co (Co3+ to Co4+) oxidation. The oxidation peak 

around 4.5 V corresponds to the oxygen release or oxygen oxidation or a combination of 

both. Figure 5.7 also shows the difference in the shape of the 4.5 V oxidation peaks 

between the samples. The intensity of the peaks varies with the involvement of the 

oxygen anions in the electrochemical reaction, which in turn depends on the available 

redox TM ions. For example, sample K2 has almost no oxygen-based redox peak 

implying that nearly all the Li ions were extracted with the aid of redox TM ions similar 

to traditional layered materials40. Sample K2 has a Li/TM ratio less than 1 and hence it is 

not a Li-rich material. Hence samples such as K2 are traditional layered materials but 

notably contain metal-site vacancies.  

While the focus of this study is finding high capacity low-IRC materials, 

discovering materials such as K2 is a bonus as they represent another category of positive 

electrode materials. The single phase low-IRC materials with metal-site vacancies can be 

categorized into two types. The first (e.g. K2) are similar to traditional layered materials, 

such as LiNi0.333Mn0.333Co0.333O2, but with metal-site vacancies. The second type of 
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materials have Li/TM >1 (e.g. B2), contain metal-site vacancies and exhibit high capacity 

with oxygen-based redox activity such as is observed in a typical LLRTMO material. 

Figure 5.7 shows that other single phase low-IRC materials exhibit the oxygen-based 

redox reaction. The redox capability of the TM ions, which primarily depends on the 

overall composition, and the initial lithium content affects the extent of reversible Li 

deintercalation and intercalation as will be discussed after the next section on two-phase 

materials.  

Figure 5.7 First cycle charge-discharge differential capacity profiles of few single 
phase low-IRC materials represented in Figure 5.3 

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright 
(2016) American Chemical Society 
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5.3 Two-phase low- irreversible capacity materials 

Some low-IRC materials were found to contain impurities such as a spinel phase. 

Li-deficient materials in the H and E series, which were predominantly Ni-rich, exhibited 

two-phase behavior. Figure 5.8 shows the XRD patterns of series H materials in the 

angular range between 10o to 70o. Figure 5.8 shows that the Li-deficient members 
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Figure 5.8 XRD patterns of samples H1, H2 and H3. Green arrows indicate the secondary 
spinel phase 

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright (2016) 
American Chemical Society 
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(samples H2 and H3) are two-phase composites with a spinel component. The green 

arrows in the XRD patterns of the samples H2 and H3 (Figure 5.8) indicate the Bragg 

peaks corresponding to the spinel phase. 

Figure 5.9 shows the first cycle charge-discharge profiles of the H series, in which 

the low-IRC counterparts are layered-spinel composites. Their first cycle electrochemical 

behavior is similar to that of high capacity layered-spinel composites reported 

elsewhere127. Sample H3 exhibits an IRC as low as 3%, the lowest IRC ever reported for 
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Figure 5.9 First cycle charge-discharge voltage vs specific capacity profiles of H 
series. H1 and H2 are two-phase low-IRC materials. 

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright 
(2016) American Chemical Society 
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such composite materials. The reduced IRC in spinel-layered composites may be 

attributed to the combined effect of spinel and layered components – the ability of the 

spinel component to intercalate Li into its, initially empty, 16c sites and the presence of 

metal-site vacancies in the layered component. The vacancy content of two-phase 

materials were calculated as if they were pure layered LiMO2 materials even though the 

additional phase may contribute to the reduced IRC behavior. 

The key condition for realizing low-IRC in single-phase LiMO2 type materials is 

sufficient Li deficiency. By comparing the electrochemical behavior of all the low-IRC 

materials discussed in this paper, correlations between materials that show low-IRC can 

be observed. Figure 5.10a shows the correlation between the IRC and the vacancy 

content. The black and red circles or diamonds in Figure 5.10 represent the single phase 

and two phase materials respectively. As the number of metal-site vacancies increases, 

the IRC is reduced. Figure 5.10b shows the first discharge capacity of the materials 

studied. Some of the low-IRC materials exhibit relatively high capacity.  

IRC is determined by the ability or inability of the Li ions to intercalate back into 

the host structure after the first charge107. For conventional Li-excess materials Li[LiuM1-

u]O2, the relative number of transition metal atoms versus oxygen atoms increases after 

the irreversible oxygen loss leading to structures such as M1-uO2-j (j is the amount of 

irreversible oxygen loss during first charge) at the end of the first charge. Therefore 

reaccommodating all the deintercalated Li may not be possible after the first charge and a 

large irreversible capacity results. By contrast, the low-IRC materials reported here have 

metal-site vacancies in the pristine state and can compensate for the irreversible oxygen 

loss.  
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Figure 5.11 summarizes the data presented in this chapter. Figure 5.11a shows the 

irreversible capacity plotted versus the “Li excess” in the materials. The Li excess is the 

difference of the total lithium content from 1.00. If the Li excess is greater than 0.00, then 

there are certainly Li atoms in the transition metal layer and the irreversible capacity 

increases. If the Li excess is less than 0.00, then there are vacancies in the Li layer, as 

Figure 5.10 (a) Irreversible capacity vs. vacancy content and (b) first discharge capacity 
vs. vacancy content showing single phase (black circles or diamonds) and two phase (red 

circles or diamonds) samples. 
Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright (2016) 

American Chemical Society 
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well as possible vacancies in the TM layer and the IRC decreases. Figure 5.11a separates 

the results according to whether samples are single phase (black symbols) or two phase 

Figure 5.11 (a) Fraction IRC vs. Li excess showing single (black points) and two 
phase (red points) samples, (b) Co content vs. Li excess (fraction of IRC 

represented as size of the data points) and (c) Co content vs. Li excess showing 
whether a sample is single phase (Y) or not (N). 

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright 
(2016) American Chemical Society 
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(red symbols). The appearance of the spinel phase when the lithium excess is less than 

0.00 is not unexpected. However, it is important to understand the compositions that are 

single phase and also have large negative values of lithium excess (i.e. lithium 

deficiency).   

Figure 5.11b and 11c show the variation of the fraction of IRC and the phase purity 

respectively versus the lithium excess and the Co content in a formula unit. Li-deficient 

materials (Li excess less than 0.00) with higher Co content can tolerate a higher content 

of vacancies and remain in a single layered phase. By contrast, Ni-rich materials readily 

form a co-existing spinel phase when they have the same degree of Li deficiency. For 

example, the Li and vacancy content of samples A2 (Li0.998 0.098Ni0.153Mn0.443Co0.309O2) 

and I2 (Li1.00 0.094Ni0.266Mn0.547Co0.093O2) are the same but A2 (Co content is 0.309) is 

single phase while I2 (Co content is 0.093) is two phase. The reason an increased Co 

content favors a single layered phase material containing metal-site vacancies may be 

understood as follows. Co hinders the interlayer mixing of Li and Ni ions between Li and 

TM layers in LiMO2 materials128,129. Increased Ni in the Li layer may promote spinel 

phase formation. Rietveld refinements of the XRD patterns given in Table 5.2 shows that, 

in the case of Ni-rich samples, the probability of finding Ni in the Li layer is higher. 

Spinel formation when the Li/TM ratio is low may be a consequence of increased Ni in 

the Li layer which can be suppressed by addition of Co. Thus a material with an 

appropriate amount of Li, Co, Ni, Mn and metal-site vacancies can be prepared as a single 

layered phase even when cooled slowly.  
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5.4 Conclusion 

 A search for low-IRC (~ 10 % or lower) materials was performed in the 

Li-Ni-Mn-Co-O pseudo-quaternary system by synthesizing materials with a variety of Li, 

Ni, Mn, and Co compositions. Low-IRC materials (~ 10 % or less) can be synthesized at 

most Ni-Mn-Co combinations by forcing sufficient Li deficiency. The as-prepared 

materials were characterized structurally using XRD. Most of the low-IRC materials were 

single-phase layered, contained metal-site vacancies and exhibited an O3 type structure. 

If the Li deficiency was increased beyond a certain limit, depending on the Ni:Mn:Co 

ratios in the material, a spinel phase appeared in the samples and the materials which 

contained a spinel phase component generally had low-IRC. In general, materials with 

high cobalt content appeared to tolerate more Li deficiency in the layered single phase 

and delayed the appearance of spinel. Among the single phase low-IRC materials, some 

can be regarded as traditional layered materials without a 4.5 V oxygen loss plateau, but 

containing metal-site vacancies (e.g. sample K2). Other single phase low-IRC materials 

with metal-site vacancies have a 4.5 V oxygen loss plateau that appears in typical 

LLRTMO materials. 
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Chapter 6 Understanding irreversible capacity behavior in 
layered lithium-rich transition metal oxides4 

 

 

6.1 Introduction 

Chapter 6 discusses the low-irreversible capacity (IRC) behavior observed in 

some layered lithium-rich transition metal oxides (LLRTMO) that were identified 

(Chapter 4) and surveyed (Chapter 5) in the Li-Ni-Mn-Co pseudo-quaternary system. 

Density measurements suggested the presence of metal-site vacancies in the pristine 

LLRTMO. Locating the metal-site vacancies in the Li and/or TM layer is essential to 

understand the low-IRC behavior. 7Li NMR spectroscopy was used to investigate the 

local environments and to measure the distribution of Li atoms in the Li and TM layers. 

The first part of Chapter 6 describes 7Li NMR studies on some low-IRC materials. 

Chapter 6 also presents studies that explore the cause of high IRC in LLRTMO materials 

with no vacancies. The final part of Chapter 6 discusses the correlation between the metal 

composition, TM ion migration during the first charge and the low-IRC behavior. 

6.2 7Li NMR studies on layered lithium-rich transition metal oxides 

Solid-state Li NMR spectra of LLRTMO materials are dominated by Fermi contact 

interactions with any paramagnetic metals that are bonded to the same oxygen atom as a 

given Li130. The amount of unpaired-electron-spin density that is shared to the Li site 

across the intervening oxygen bonds by a particular metal atom is relatively consistent as 

                                                           
4 Portions of this Chapter were adapted with permission from Shunmugasundaram, R.; Arumugam, R. S.; 
Harris, K. J.; Goward, G. R.; .Dahn, J. R. A Search for Low-Irreversible Capacity and High-Reversible 
Capacity Positive Electrode Materials in the Li-Ni-Mn-Co Pseudoquaternary System. Chem. 
Mater., 2016, 28 (1), 55–66. The author’s contribution to this work included synthesis of materials, XRD 
measurements, electrochemical characterization and manuscript preparation. Dr. Kris Harris from 
McMaster University did the NMR experiments and data analyses. 
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the stoichiometry is changed, making at least partial assignment of the spectra 

straightforward130. Figure 6.1 shows the 7Li NMR spectrum of Li2MnO3 

(Li[Li1/3Mn2/3]O2), which has Li atoms in both TM and Li layers. Peaks corresponding to 

Li in the TM layer are shifted strongly to high frequency with respect to those in the Li 

layer. The 7Li NMR spectrum of Li2MnO3 (Li[Li1/3Mn2/3]O2) has two distinct peaks: one 

peak at ~1420 ppm caused by Li in the TM layer fully surrounded by Mn and another 

peak at ~700 ppm caused by Li in the Li layer 130.  

 

TM layer Li Layer

Figure 6.1 7Li NMR spectrograph of Li2MnO3.  
The green and blue regions indicate the limits of TM layer and Li layer regions 

respectively 
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Figure 6.2 (left panel) shows the 7Li NMR spectra from 2000 to -1000 ppm 

collected for some selected LLRTMO samples. The right panels in Figure 6.2 from ~ 

1500 ppm to ~ 1200 ppm and from ~ 1000 ppm to ~ -500 ppm represent Li in TM layer 

2000 1500 1000 500 0 -500 -1000
ppm

A1

A2

A3Q

K1

K2

L1

L2

N1

N2

O1

O2

Li in TM Layer Li in Li Layer

1000 500 0 -500
ppm

1500 1400 1300 1200

Chemical Shift

Figure 6.2 7Li NMR spectrographs of A1, A2, A3Q, K1, K2, L1, L2, N1, N2, O1 and O2 (refer 
Table 6.1) 

The right panels from 1500 ppm to 1100 ppm and from 1000 ppm to -500 ppm show the peaks 
corresponding to TM layer Li and Li layer respectively 

Adapted with permission from (Chem. Mater., 2016, 28 (1), 55–66). Copyright (2016) American 
Chemical Society 
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and the Li layer respectively. The peaks indicated by black arrows in Figure 6.2 represent 

spinning side bands. The 7Li NMR spectra of the studied samples follow the same pattern 

as that of Li2MnO3 differing only in that each region of the spectrum is broadened by the 

larger array of local metal clusters.  Similar features have been reported for a wide range 

of stoichiometries130 using the more time-consuming 6Li NMR spectroscopy, and appear 

as expected here when the much more rapid 7Li magic-angle spinning method131 is 

employed. 

The simple two-peak structure of the 7Li NMR spectra allows facile estimation of 

the ratio of Li atoms in the TM layer to those in the Li layer. Table 6.1 shows 7Li NMR-

derived Li occupations of the LLRTMO materials, from spectra shown in Figure 6.2. 

Given a formula with metal-site vacancies (refer Table 5.3) such as Lip qNixMnyCozO2, 

there are 1-(x+y+z) sites in the TM layer and 1-p sites in the Li layer that can be occupied 

by metal-site vacancies. The NMR spectrum yields the percentage of Li atoms in each 

layer, and these may be compared to the number of available sites to estimate the location 

of the vacancies. For example, A2 has a formula unit of 

Li0.998 0.098Ni0.153Mn0.443Co0.309O2, which has 1-(x+y+z) = 0.095 sites in the TM layer 

that may be occupied by either Li atoms or vacancies. The NMR spectrum shows that 

9.9% of the 0.998 Li atoms in the formula unit, i.e., 0.099 Li atoms, are inside the TM 

layer (see Table 6.1). As a result the formula unit of A2 can be written as 

Li0.899 0.098Ni0.003[Li0.099Ni0.150Mn0.443Co0.309]O2, where all the metal-site vacancies are 

found to reside in the Li layer. 

Table 6.1 shows that similar behaviour was observed in all of the vacancy-

containing samples and none showed evidence of vacancies in the TM layer. In all 
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samples, the measured values from NMR and ICP-OES of the Li populations within the 

TM layer are approximately equal to the calculated number of sites available for Li atoms 

or vacancies. In some cases, slightly more Li atoms than the sites available are 

Table 6.1 Combined 7Li NMR- and ICP-OES derived Li populations of selected LLRTMO materials 

Sample NMRa 
% of 
Li 
in Li 
Layer 

NMRa 
% of 
Li 
in TM 
Layer 

NMR-
ICPb 
[Li] 
 in Li 
Layer 
per 
Formula 
Unit 

NMR-
ICPb 
[Li]  
in TM 
Layer 
per 
Formula 
Unit 

Formula Unit (NMR-ICP) 

Li2MnO3 74.5 25.5 0.997(3) 0.336(1) Li0.997[Li0.336Mn0.664]O2 

A1 90.4 9.6 1.010(3) 0.107(1) Li[Li0.118Ni0.146Mn0.426Co0.296]O2 

A2 90.1 9.9 0.899(3) 0.099(2) Li0.899 0.098Ni0.003[Li0.099Ni0.150Mn0.443Co0.309]O2 

A3Q 90.3 9.7 0.858(3) 0.092(1) Li0.858 0.132Ni0.010[Li0.092Ni0.145Mn0.450Co0.313]O2 

D1 89.9 10.1 0.968(3) 0.109(2) Li0.968Ni0.032[Li0.109Ni0.277Mn0.459Co0.157]O2 

D4 92.0 8.0 0.905(3) 0.079(1) Li0.905 0.063Ni0.032[Li0.079Ni0.286Mn0.474Co0.162]O2 

K1 92.3 7.7 0.942(3) 0.079(1) Li0.942 0.014Ni0.044[Li0.079Ni0.250Mn0.378Co0.293]O2 

K2 96.5 3.5 0.841(3) 0.030(1) Li0.841 0.118Ni0.041[Li0.030Ni0.261Mn0.399Co0.310]O2 

L1 93.3 6.7 1.013(3) 0.073(1) Li[Li0.086 0.002Ni0.180Mn0.359Co0.372]O2 

L2 94.4 5.6 0.875(3) 0.052(1) Li0.875 0.111Ni0.015[Li0.052Ni0.177Mn0.379Co0.390]O2 

N1 96.3 3.7 0.963(3) 0.037(1) Li0.963 0.028Ni0.009[Li0.037Ni0.187Mn0.280Co0.496]O2 

N2 98.7 1.3 0.862(3) 0.011(1) Li0.862 0.114Ni0.024[Li0.011Ni0.180Mn0.292Co0.516]O2 

O1 95.7 4.3 1.019(3) 0.046(1) Li[Li0.065 0.015Ni0.092Mn0.268Co0.560]O2 

O2 96.6 3.4 0.884(3) 0.031(1) Li0.884 0.116[Li0.031 0.003Ni0.097Mn0.282Co0.588]O2 
 

a Obtained from integrated intensities from the 7Li NMR spectra shown in Figure 6.2 measuring the 
percentage of Li observed in the shift region for the TM or Li layers in these structures.  
 
bSeparation of the ICP-OES-measured Li atoms per LiMO2 formula unit (Table 5.3), into those in 
the Li layer and those in the TM layer, using the NMR-measured percentages shown in the first two 
columns 
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incorporated, likely because of some TM ions (presumably due to Ni to Li exchange) in 

the Li layer, and small errors in the measurements.   

The NMR results suggest that the metal-site vacancies, which could be located on 

any cation site, predominantly occupy the sites in the Li layer. The density of the low-

IRC material is independent of the location (Li layer or TM layer) of the vacancies. 

Hence, the assignment of vacancies in the Li layer (e.g. A2) does not mean they were 

simply substituted for Li atoms in the Li layer of a stoichiometrically balanced compound 

(e.g. A1). Instead, incorporation of metal-site vacancies in the Li layer is accompanied by 

a change in metal composition in the TM layer to satisfy the total metal occupancy of 2 

and the total charge balance of 4 in a formula unit.  

Jiang et al. have carried out 6Li MAS spectra studies on Li-excess materials by 

recovering active materials after the first cycle and showed that only a reduced amount of 

Li could be reinserted back into the TM layers, contributing to irreversible capacity62. As 

a consequence, reintercalation of extra Li during the first discharge could fill or partially 

fill the metal-site vacancies in the Li layer and contribute to reduced irreversible capacity. 

In order to understand how metal-site vacancies help to reduce the IRC, it is essential to 

investigate the reasons for the high IRC in LLRMTO materials with no vacancies and that 

is the subject of the following discussion. 

6.3 Effect of metal composition  

LLRTMO samples with a variety of chemical compositions were studied in Chapter 

5. The results suggested that the IRC of LLRTMO materials with no metal-site vacancies 

ranged from 16 % (e.g. H1) up to 37 % (e.g. E1) when charged and discharged between 
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4.8 V and 2.0 V at a relatively low rate (e.g. C/20). High IRC in LLRTMO materials has 

mainly been attributed to the irreversible oxygen release during first charge, which 

depends on the total TM redox limit and hence the overall metal composition. Li et al.65 

showed that variations in the particle morphology can affect the irreversible oxygen loss 

(and hence the IRC) and that the IRC can be changed by modifying the particle size and 

morphology. In order to see how morphology affects the low-IRC behavior, two samples 

(A2† and A2††) with the same composition as A2 but with different morphologies were 

synthesized. The precursors of samples A2† and A2†† were synthesized using the same 

conditions as that of the sample A2 (2M mixed TM sulfate solution, pH = 8, T = 60oC 

and stirring rate of = 1000 rpm) except for the following changes: a 1M mixed TM sulfate 

solution and Na2CO3 were used for the synthesis of A2† and a stirring rate of 800 rpm 

(but with a 2M mixed TM sulfate and Na2CO3 solution) was used for making A2††. 

Figure 6.3 shows that the XRD patterns of the samples A2, A2† and A2†† (10o to 

70o) are very close to each other implying that their structures are nearly identical. The 

Bragg peak positions of A2, A2† and A2†† did not show any deviation. The right panel in 

Figure 6.3 shows an enlarged view of the (003) peak corresponding to the spacegroup R-

3m. The scattering angles of (003) peaks of samples A2, A2† and A2†† were nearly the 

same. Table 6.2 shows the metal composition measured from ICP-OES, lattice parameters 

(a and c) and the % Ni in the Li layer of the samples A2, A2† and A2††. All the structural 

parameters were virtually the same. Table 6.2 shows the specific surface area measured 

using the BET method and the density obtained from the pycnometer for samples A2, 

A2† and A2††. While the densities of the samples were quite similar, their specific 

surface areas were not equal. Due to the change in the particle size and morphology (see 

Figure 6.4), the change in the specific surface area was not unexpected.  



 

127 
 

 

Table 6.2 ICP-OES metal composition, structural parameters, surface area and density of 
samples A2, A2† and A2†† 

Sample ICP-OES metal composition 
(Li:Ni:Mn:Co) 

a c % Ni in 
the Li 
layer 

BET 
specific 
surface 

area (m2/g) 

Density from 
Pycnometer 

(g/cm3) 

A2 1.049:0.161:0.466:0.325 2.847(1) 14.23(5) 1.6(2) % 4.09 ± 0.72 4.531 ± 0.008 

A2† 1.062:0.157:0.461:0.313 2.847(2) 14.22(5) 2.0(5) % 4.93 ± 0.57 4.519 ± 0.003 

A2†† 1.058:0.163:0.473:0.315 2.84(3) 14.22(6) 1.8(3)  % 2.26 ± 0.36 4.527 ± 0.006 

 

A2

A2†

A2††

A2

A2†

A2††

Figure 6.3 XRD patterns of samples A2, A2† and A2†† between 10o to 70o  
Right panel: Enlarged view of (003) peak corresponding to R-3m spacegroup 
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Figure 6.4 shows the SEM images of samples A2, A2† and A2†† with their 

respective IRC values indicated below each panel. The IRC changed only slightly even 

with changes in the primary particle morphology or size suggesting a superficial effect of 

particle surface on the IRC in materials of this composition. Hence the effect of particle 

morphology on low-IRC behavior is ignored in the forthcoming discussion.  

The chemical composition of the compounds determines the IRC more 

fundamentally due to the oxidation limits of TM ions during first charge. Arunkumar et 

al. studied a few sets of solid solution series: (1-z)Li[Li1/3Mn2/3]O2.(z)Li[Mn0.5-yNi0.5-

yCo2y]O2 and (1-z)Li[Li1/3Mn2/3]O2.(z)Li[Ni1-yCoy]O2, with a number of y and z values 

and attempted to understand the factors that affect the irreversible oxygen release54. They 

A2 A2†

A2††

Figure 6.4 SEM images of samples A2, A2† and A2†† 
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concluded that the amount of Li in the TM layer is a strong determinant of the extent of 

irreversible oxygen loss. However, they were not able to find an unified trend for IRC 

versus the amount of irreversible oxygen loss. This raises a question whether the 

irreversible oxygen loss alone that can account for all the observed IRC. In this section, 

the first-cycle voltage-specific capacity profiles of some selected LLRTMO materials 

with no metal-site vacancies are revisited to learn more about the origin of the IRC. 

Table 6.3 lists some selected LLRTMO materials and their chemical compositions 

derived from ICP-OES. The selected LLRTMO samples in the order E1, A1, B1, C1, D1 

and H1 form a solid-solution series with increasing Ni/Co ratio. Table 6.3 shows that the 

precursors of the selected samples have same Mn content but the Li and Mn content vary 

in their lithated oxides (middle column) with changing Ni/Co ratio. As per the oxidation 

state rules (Ni2+, Mn4+ and Co3+), the Li contents decrease from E1 to H1.  

Table 6.3 ICP-OES formula unit and the precursor compositions of samples E1, A1, B1, 
C1, D1 and H1 

Sample Formula unit derived from ICP-OES Precursor composition 

E1 Li[Li0.155Ni0.043Mn0.417Co0.385]O2 Ni0.05Mn0.5Co0.45Co3 

A1 Li[Li0.126Ni0.147Mn0.429Co0.298]O2 Ni0.167Mn0.5Co0.333Co3 

B1 Li[Li0.155Ni0.163Mn0.430Co0.251]O2 Ni0.2Mn0.5Co0.3CO3 

C1 Li[Li0.079Ni0.277Mn0.458Co0.186]O2 Ni0.3Mn0.5Co0.2CO3 

D1 Li[Li0.076Ni0.309Mn0.458Co0.156]O2 Ni0.33Mn0.5Co0.167CO3 

H1 Li[Li0.049Ni0.362Mn0.492Co0.097]O2 Ni0.4Mn0.5Co0.1CO3 
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Figure 6.5 shows a stack of the XRD patterns of the samples from E1 to H1. The 

main peaks, which can be described with R-3m spacegroup (α-NaFeO2 structure), in the 

XRD patterns shift towards lower angles from sample E1 to H1 implying the substitution 

of larger Ni2+ ions for smaller Co3+ ions. The right panel of Figure 6.5 shows an enlarged 

view of the superlattice peaks between 20o and 24o. The superlattice peaks also shift in 

the same manner as the main peaks implying solid solution behavior (previously 

explained in Chapter 3).  

The structure of the LLRTMO materials E1, A1, B1, C1, D1 and H1 should be 

ideally described with the C2/m spacegroup in the monoclinic setting but just for 
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Figure 6.5 XRD patterns of samples E1, A1, B1, C1, D1 and H1 between 10o and 70o 
Right panel: Enlarged view of the superlattice peaks between 20o and 24o 
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convenience, the lattice parameters are reported in terms of hexagonal setting. Figure 6.6 

shows a plot of lattice parameter (a and c) variation with the amount of Co. As expected, 

a decrease in the lattice parameters was observed with the substitution of Co for Ni (see 

Table 6.3). 

 Figure 6.7 shows the first cycle voltage-specific capacity profiles of the samples 

E1, A1, B1, C1, D1 and H1 between 2.0 V and 4.8 V vs Li/Li+. As discussed previously 

in Chapter 1 (refer to Figure 1.7), the first charge profile can be divided into two regions 

– a sloping region corresponding to the TM redox processes and the plateau region 

Figure 6.6 Lattice parameters a and c vs. the amount of Co for 
samples E1, A1, B1, C1, D1 and H1 



 

132 
 

corresponding to oxygen release or oxygen redox. In Figure 6.7, the sloping region and 

the plateau region limits have been indicated using a thick line and a dashed-line, 

Vo
lta

ge
 (V

)
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B1

C1

D1

H1

Figure 6.7 First cycle voltage-capacity profiles of samples E1, A1, B1, C1, D1 
and H1 between 2.0 V and 4.8 V.  

The transition metal redox limits (solid lines) and the oxygen-activity (oxygen 
release and/or oxygen redox) (dashed lines) limits are shown in each panel 
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respectively, in each panel.  

Table 6.4 shows the total first charge capacity, the sloping region (TM redox) 

capacity, the plateau capacity and the IRC of the samples from E1, A1, B1, C1, D1 and 

H1. The first charge capacities were consistent with their respective total Li content. As 

the sloping region capacity increases, the plateau capacity decreases from sample E1, A1, 

B1, C1, D1 and H1. As the Ni/Co ratio increases from sample E1, A1, B1, C1, D1 and 

H1, more Ni is involved in the redox region and thus gives rise the increase in the sloping 

region capacity. 

Table 6.4 Sloping region, plateau region and the total capacities observed during the first 
charge of samples E1, A1, B1, C1, D1 and H1 (refer Figure 6.7 ) 

Sample Total Li 
(ICP-
OES) 

Total 
calculated 
capacity  
(mAh/g) 

Total 
observed 
capacity  
(mAh/g) 

Sloping 
region 

capacity 
(mAh/g) 

Plateau 
capacity 
(mAh/g) 

Discharge 
capacity 
(mAh/g) 

IRC 
% 

E1 1.155 351 327 90 237 206 37.00 

A1 1.126 337 319 125 194 247 22.50 

B1 1.155 351 315 130 185 246 22.00 

C1 1.079 314 295 155 140 228 22.70 

D1 1.076 313 280 160 120 211 24.50 

H1 1.051 301 278 170 108 234 15.70 

 

Figure 6.8 shows the dQ/dV vs V plots of samples E1, A1, B1, C1, D1 and H1. The 

oxidation peaks between 3.6 V and 4.2 V are caused by the oxidation of Ni2+ and Co3+ 

ions. For sample E1, which has a tiny amount of Ni2+, the oxidation peak that is centered 

at ~ 4.0 V predominantly corresponds to the oxidation of Co3+. The oxidation peaks of 
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samples from E1, A1, B1, C1, D1 and H1 progressively shift towards lower voltage 

indicating the increased participation of Ni2+ oxidation. The peaks that are centered 

around 4.5 V in the charge profile correspond to the oxygen release or oxygen redox. The 

right panel of Figure 6.8 shows an enlarged view of the oxygen release peaks of samples 

E1, A1, B1, C1, D1 and H1. The centers of the oxygen release (and/or oxygen redox) 

peaks shift to high voltage from sample E1 to H1 implying a delay in the oxygen release 

or oxygen redox for samples with increased Ni/Co and TM redox. 

Figure 6.9 shows a plot of IRC against plateau capacity of the samples E1, A1, B1, 

C1, D1 and H1. As the Ni/Co ratio increases from sample E1, A1, B1, C1, D1 and H1, 

which causes more TM redox capacity, the plateau capacity decreases. Sample E1, which 

has the lowest Ni/Co ratio, exhibits the highest plateau capacity (~ 72 %) and IRC (37 %) 

and sample H1, which has the highest Ni/Co ratio exhibits the lowest plateau capacity (~ 
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Figure 6.8 Differential voltage-capacity profiles during the first cycle of samples E1, 
A1, B1, C1, D1 and H1.  

Right Panel: Enlarged view of the oxygen-release peaks between 4.3 V and 4.6 V 
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40 %) and IRC (15.7 %). It appears that the IRC increases with increase in plateau 

capacity (due to irreversible oxygen release) but they were not correlated linearly. This 

suggests that oxygen release may not be the only factor for high IRC observed in 

LLRTMO materials. Arunkumar et al. reported that the compound 

Li[Li0.08Ni0.55Mn0.37]O2 showed no obvious plateau during first charge but exhibited an 

IRC of 17 %138. For this compound, according to the stoichiometry, the first charge 

capacity can be explained by Ni redox. So, both a delay in the oxygen release (sample 

H1) and/or the absence of oxygen release137 in Ni-rich LLRTMO compounds did not 

Figure 6.9 Irreversible capacity vs. 4.5 V plateau capacity of 
samples E1, A1, B1, C1, D1 and  H1 
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reduce the IRC below a certain level. So, there must be another factor that contributes to 

the IRC. In Ni-rich samples, Ni ions are very likely to migrate to the Li sites and stabilize 

there and impede the re-entry of the Li ions during the first discharge step. So, the next 

section will explore the effect of migration of TM ions as another possible reason for high 

IRC.   

6.4 Effect of TM migration 

The effect of TM migration into the TM layer on the progressive voltage fade in 

LLRTMO materials has been studied by Sathya et al.132 They reported that the trapping or 

stabilization of smaller TM ions such as Ti4+ in the tetrahedral sites in the Li layer 

induced spinel-like phases and caused voltage fade. However, larger TM ions such as 

Sn4+ did not cause such a voltage fade. Their studies suggest that mitigation of TM ions 

migration to the Li layer could also reduce IRC.  

 In order to study the effect of TM migration on IRC clearly, a Fe containing 

LLRTMO compound (Li[Li0.143Fe0.286Mn0.286Co0.286]O2), labelled as Fe-A1, with almost 

same amount of Li and same theoretical TM redox capacity as to that of sample A1, was 

synthesized and its properties were characterized. The reason for the selection of Fe is 

that it has been known to migrate easily to the Li layer133. A carbonate precursor of 

composition Fe0.333Mn0.333Co0.333CO3 was synthesized through co-precipitation under the 

same conditions as explained in section 2.1.1. A required amount of Li2CO3 was added to 

Fe0.333Mn0.333Co0.333CO3 and fired at 900oC to obtain sample Fe-A1.  

Figure 6.10 shows the experimental and calculated (Rietveld refinement) XRD 

pattern of the sample Fe-A1. The black and the red lines represent the experimental and 
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the calculated patterns respectively and the green line is the difference between them.  

The inset at the top left of Figure 6.10 shows the structural parameters of sample Fe-A1 

that were obtained from Rietveld refinement of the XRD pattern. The inset at the top right 

of Figure 6.10 shows the SEM image of Fe-A1. The particles were nearly spherical and 

the particle size is comparable to that of the sample A1 (see Figure 5.2).  

a = 2.8727(2)

c = 14.323(4)

Fe in Li layer = 4.2 %

10μm

Figure 6.10 XRD pattern of sample Fe-A1 
Black – experimental, red - calculated and green - difference from Rietveld refinement. 

Inset: structural parameters obtained from the Rietveld refinement (top left) and the SEM 
image of Fe-A1(top right) 



 
 

138 
 

Table 6.5 compares a few properties of samples A1 and Fe-A1. The specific surface 

area of Fe-A1 was slightly smaller than that of A1. Similar to A1, the measured density of 

Fe-A1 was very close to its calculated density implying the absence of metal-site 

vacancies. Hence it is assumed that factors such as particle size, specific surface area and 

density do not affect the comparison of first-cycle electrochemical properties between A1 

and Fe-A1. 

Table 6.5 Comparison of properties of A1 and Fe-A1 

Sample A1 Fe-A1 

ICP-OES metal 
composition 

1.126:0.147:0.429:0.298 

(Li:Ni:Mn:Co) 

1.132:0.284:0.295:0.288 

(Li:Fe:Mn:Co) 

Calculated specific 
capacity  

336 mAh/g 342 mAh/g 

Calculated redox capacity  177 mAh/g 173 mAh/g 

% Redox capacity 52.7 % 50.5 % 

BET surface area (m2) 1.09 ± 0.11 0.85 ± 0.13 

Calculated density 4.46 ± 0.03 4.52 ± 0.03 

Density from pycnometer 4.453 ± 0.005 4.531 ± 0.005 

 

Figure 6.11 shows the first-cycle voltage-specific capacity profile of samples A1 

(black line) and Fe-A1 (red line). The observed first charge capacity of Fe-A1 was 282 

mAh/g , which is consistent with the work by Tabuchi et al141. They showed that all the 

Fe3+ could not be oxidized to Fe4+. Figure 6.11 shows a plateau at ~ 4.0 V in the voltage 

profile of Fe-A1 most likely corresponding to the oxidation of Fe3+ to Fe4+ 141 and Co3+ to 

Co4+. The proportion of plateau capacity of Fe-A1 (~ 37 %) is lower than that of sample 

A1 (~ 61 %). However, sample Fe-A1 exhibited an IRC of ~ 48 % compared to 22 % IRC 
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observed in sample A1. Figure 6.11 confirms that the extent of plateau capacity during 

first charge is not directly proportional to the IRC. This is consistent with the fraction of 

TM ions in the Li layer in the pristine material obtained from Rietveld refinement, which 

showed the pristine Fe-A1 had a larger (see the inset in Figure 6.10) fraction of Fe3+ ions 

in the Li layer than the Ni2+ ions in the pristine A1 (see Table 4.2). So, the most likely 

other factor that affects IRC is TM migration during the first charge. 

In order to see how the migration of TM ions during the first charge affects the 

IRC, a step-wise charge-discharge experiment was conducted. The samples A1, Fe-A1 

and A2 were charged to the upper cut-off step-voltages (4.0 V, 4.4 V, 4.6 V and 4.8V) 

and then discharged to 2.0 V each time. Figure 6.12 shows the voltage-capacity profiles  

Figure 6.11 First cycle voltage-specific capacity profiles of samples A1 (blue) 
and Fe-A1 (red) between 4.8 V and 2.0 V 
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Figure 6.12 Voltage-specific capacity profiles obtained from step-wise charge-
discharge cycles between 2.0 V and upper cut-off voltages 4.0 V(black), 4.4 V(blue), 

4.6 V(pink) and 4.8 V(green).  
Inset: % IRC observed in each step (upper-cut-off voltage) cycle and the total % IRC 

as indicated. 
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of samples A1, A2 and Fe-A1 obtained from the step-wise charge-discharge experiments. 

The inset in each panel of Figure 6.12 shows the IRC observed after the charge-discharge 

step. The IRC after the 4.0 V step cycle for the sample Fe-A1 is very high (~ 68 %) 

implying that the Li+ ions are unable to reenter the host structure just after charging up to 

4.0 V. This was consistent with the results obtained by McLaren et al.134, who showed a 

very large irreversible capacity in LiFe0.2Co0.8O2. They found that 50 % Fe ions became 

disordered after the first charge. It strongly suggests that Fe ion migration into the TM 

layer could prevent the reentry of Li. There may be a possibility that the deintercalaction 

of Li from the TM layer could have occurred first and caused the huge IRC, which needs 

further investigation.   

On the other hand, sample A1 exhibited an IRC of 17 % after the 4.0 V step cycle 

implying that TM migration even after 4.0 V charge is significant. By contrast to that of 

the samples Fe-A1 and A1, the IRC exhibited by sample A2 (-0.5 %) was very low when 

charged to 4.0 V. However, the discharge profile of sample A2 exhibited a small 

curvature (indicated with a red oval in Figure 6.12). It is speculated that most likely the 

low voltage curvature in A2 corresponds to a tiny amount of impurity similar to that 

found in sample A3 (see Figure 4.7) or a spinel phase. At the same time, it should be 

noted that the impurity in A3 was removed by quenching and A3 exhibited low-IRC 

behavior even after that, which is applicable to A2 as well. So, the negative values of IRC 

for sample A2 suggest that the metal-site vacancies could be used for accommodating the 

Li ions during discharge and that TM ions migration is negligible after the 4.0 V charge. 
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The results of the above experiments suggest that both oxygen release and TM ions 

migration during first charge causes high IRC in the LLRTMO materials. The 

predominance of one effect over the other depends on the chemical composition of the 

positive electrode material. For the Co-rich LLRTMO samples with no vacancies (e.g. 

A1, B1), it is speculated that oxygen release predominates due to decreased TM redox 

and causes permanent oxygen loss (mainly at the surface) and concomitant Li loss leading 

to high IRC. For the Ni-rich (e.g. H1) or Fe-rich LLRTMO samples with no vacancies, it 

is speculated that TM ion migration predominates and impedes the re-entry of Li during 

first discharge and causes high IRC. For the LLRTMO materials with metal-site 

vacancies, it is speculated that metal-site vacancies facilitate the accommodation of extra 

Li ions during first discharge compensating for the high IRC factors (oxygen release and 

TM ion migration) and caused reduced IRC. 

6.5  Conclusion 

Solid-state 7Li NMR experiments were performed on some LLRTMO materials that 

included some low-IRC materials. The 7Li NMR results were used to measure the amount 

of Li in the Li layer and in the TM layer, which in turn was used to estimate the 

distribution of metal-site vacancies between the two layers. The results of the 7Li NMR 

studies suggested that the metal-site vacancies were predominantly located the Li layer of 

the single-phase low-IRC materials. To probe the underlying reason for the high IRC in 

LLRTMO materials, properties of a solid-solution series comprised of six LLRTMO 

materials with no vacancies were revisited. Analyzing the first charge-discharge cycles of 

those LLRTMO materials showed that irreversible oxygen release might not be the only 

reason for the high IRC. To test if TM migration during the first charge could contribute 
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to the IRC, a Fe-containing LLRTMO compound was synthesized and its properties were 

compared to the sample A1. The Fe-containing material had a very high IRC compared to 

that of the sample A1 suggesting the view that TM migration could cause high IRC. 

Further, the results of step-wise charge-discharge experiments with different upper cut-off 

voltages suggested that TM migration could cause high IRC and that metal-site vacancies 

facilitated the reentry of extra Li ions during the first discharge.  
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Chapter 7 Conclusions and suggested future work 
 

7.1 Conclusions 

Layered Li-rich transition metal oxides (LLRTMO) are one of the potential 

candidate positive electrode materials for high-energy Li-ion batteries because they can 

deliver very high specific capacity (> 250 mAh/g). From an academic point of view, 

LLRTMO materials have been the subject of several thesis works in recent years. Table 

7.1 shows a few examples of recent thesis works from various universities around the 

world showing that LLRTMO materials have received extensive research. 

Table 7.1 Examples of recent thesis works done in LLRTMO materials 

Year Thesis title University Ref 

2010 Li-rich transition metal oxides as positive 
electrode materials in Li-ion batteries 

Dalhousie University 135 

2012 Structural factors affecting the Li transport in Li-
excess layered cathode materials 

University of Florida 136 

2013 Study of Li-rich lamellar oxides as positive 
electrode materials for Li-ion batteries 

University of Science 
and Technology 
Bordeaux 

137 

2014 Electrochemical properties and ion-extraction 
mechanisms of Li-rich layered oxides and spinel 
oxides 

University of Texas, 
Austin 

138 

2015 High energy density cathode active materials for 
Li-ion batteries 

Northeastern 
University 

139 

 

LLRTMO materials have several drawbacks such as a very high first cycle 

irreversible capacity and progressive voltage fade, which prevent their usefulness in 

commercial Li-ion batteries. Hence there have been intense efforts to understand the 
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properties of LLRTMO materials and to solve the problems associated with them. This 

doctoral thesis is one of the several attempts to understanding the properties of the 

LLRTMO materials and find solutions to the aforementioned problems. This thesis 

investigated both structural and electrochemical properties of Li-Ni-Mn-Co based 

LLRTMO materials, especially the first cycle charge-discharge profile.  

7.1.1 Structural characterization (Chapter 3) 

Chapter 3 used X-ray diffraction to study certain structural properties of LLRTMO. 

In the structure of LLRTMO materials, the presence of Li+ ions with large ionic radii 

(0.74 Å) and small sized Mn4+ ions (0.54 Å) in the TM layer causes in-plane ordering 

resulting in the formation of a superstructure or superlattice. Due to the superlattice 

ordering, the diffraction patterns of LLRTMO materials exhibit special peaks called as 

“superlattice peaks”. Li2MnO3 can be used as a model material to study the superlattice 

ordering in LLRTMO. 

In LLRTMO materials, including Li2MnO3, the stacking of TM layers along the c- 

axis theoretically follows an order between adjacent layers dictated by translation vectors. 

If a structure has no faults in the stacking order, then it is said to be a structure with zero 

stacking faults. In reality, LLRTMO structures have stacking disorder caused by various 

factors such as synthesis conditions and presence of aliovalent ions in the TM layer and 

as a result, superlattice peaks become broader. 

 The XRD patterns of Li2MnO3 with varying amounts of stacking faults were 

simulated using a program called FAULTS, which can take into account the existence of 

stacking fault probability. Li2MnO3 with different amounts of stacking faults were 
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synthesized at different temperatures (900oC and 1100oC) and their XRD patterns were 

fitted with FAULTS. The FAULTS results determined the amount of stacking faults in 

the two samples and supported the view that increased synthesis temperature tend to 

lowers the stacking disorder. 

Similar to Li2MnO3, the XRD patterns of Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials were 

also examined. The superlattice peak positions in the XRD patterns of Li[Li1/3-

2x/3NixMn2/3-x/3]O2 materials changed monotonically with Ni content, as did the main 

Bragg peaks, demonstrating that the superlattice peaks originate from solid solutions and 

are not caused by any separate phase such as Li2MnO3 in a composite.  FAULTS results 

on Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials revealed that the stacking fault probability 

increased with Ni content. The presence of aliovalent ions (Ni2+) in the TM layer 

perturbed the stacking order along the c-axis and thus caused the broadening of the 

superlattice peaks of Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials.   

7.1.2 Effect of lithium content (Chapter 4) 

The Li content of LLRTMO materials affects their first-cycle characteristics 

especially the length of the 4.5 V plateau. Excess Li in LLRTMO materials generally 

causes an increase in specific capacity. By contrast, removing Li electrochemically 

beyond a certain limit, especially from the TM layer, causes irreversible oxygen loss from 

the host structure and hence a high irreversible capacity loss (IRC).  

To reduce the first cycle IRC, three different LLRTMO materials with varying 

Li/TM ratio were synthesized from the same precursor. One of them was synthesized with 

appropriate amount of Li based on the stoichiometric calculation. All the three samples 
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were electrochemically characterized with a focus on the first cycle behaviour. 

Surprisingly and beneficially, the samples having lower Li/TM ratio exhibited IRC as 

small as 6.5 % of the first charge capacity. Few impurities were found in one of the two 

low-IRC materials but quenching resulted in pure phase materials. Analyzing dQ/dV vs. 

V plots confirmed that the impurities were removed after quenching and that quenching 

did not affect the low-IRC behavior.  

Careful XRD and dQ/dV studies showed that the low-IRC behavior did not 

originate from any impurity phases including nano-domains of spinel. Therefore, the 

small IRC of these samples was found to be inherent to their composition and structure. 

The metal compositions from ICP-OES results and the oxidation states versus atomic 

occupancy rules suggested that the compounds exhibiting low-IRC had metal-site 

vacancies. This was further supported by true densities obtained from a helium 

pycnometer. It is speculated that the metal-site vacancies may provide avenues for 

enhanced atomic diffusion during and after the oxygen loss process which may contribute 

to the small IRC.  

7.1.3 Effect of transition metal composition (Chapter 5) 

A search for low-IRC behavior in other LLRTMO materials with different metal 

composition is the subject of Chapter 5. The search for low-IRC (~ 10 % or lower) 

materials was performed in the Li-Ni-Mn-Co-O pseudo-quaternary system by 

synthesizing materials with a variety of Li, Ni, Mn, and Co compositions. The first-cycle 

electrochemical results showed that low-IRC materials (~ 10 % or less) can be 

synthesized at most Ni-Mn-Co combinations by forcing sufficient Li deficiency.  
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The structures of the materials were characterized using XRD, which showed that 

several low-IRC materials were single-phase layered containing metal-site vacancies and 

exhibited an O3 structure. If the Li deficiency was increased beyond a certain limit, 

depending on the Ni:Mn:Co ratios in the material, a spinel phase appeared in the samples 

and the materials which contained a spinel phase component generally had low-IRC. 

Compared to the Ni-rich materials, materials with high Co content appeared to tolerate 

more Li deficiency (metal-site vacancies) in the layered single phase and delayed the 

appearance of spinel. Among the single phase low-IRC materials, some can be regarded 

as traditional layered materials because they did not exhibit the 4.5 V plateau but they had 

metal-site vacancies (e.g. sample K2). Other single phase low-IRC materials with metal-

site vacancies exhibited the 4.5 V plateau, which usually appears in typical LLRTMO 

materials. 

7.1.4 Understanding the irreversible capacity loss in layered lithium-rich transition 

metal oxides (Chapter 6) 

From Chapters 4 and 5, several single-phase LLRTMO materials with metal-site 

vacancies but varying Li:Ni:Mn:Co ratios were identified. In order to find the location of 

metal-site vacancies, solid-state 7Li NMR experiments were performed on some selected 

low-IRC materials (e.g. A2, D4) and their corresponding low-IRC counterparts (A1, D1). 

The 7Li NMR results were used to measure the amount of Li in the Li layer and in the TM 

layer, which in turn was used to estimate the distribution of metal-site vacancies between 

the two layers. The results of the 7Li NMR studies suggested that the metal-site vacancies 

predominantly occupied the Li layer in the single-phase low-IRC materials.  
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 To probe the cause for the high IRC in LLRTMO materials, properties of a solid-

solution series comprised of six LLRTMO materials with increasing Ni/Co ratio but with 

no vacancies were examined. The first charge-discharge cycles, especially the 4.5 V 

plateaus, of those LLRTMO materials revealed that a higher Ni content caused increased 

TM redox capacity. However, the comparison of IRC with respect to Ni/Co ratio 

suggested that irreversible oxygen release may not be the only reason for the high IRC. It 

is speculated that TM migration during the first charge in Ni-rich materials could 

contribute to the IRC. 

A Fe-containing LLRTMO compound (Fe-A1) with same theoretical TM redox 

capacity as sample A1 was synthesized and its properties were compared to sample A1. 

Rietveld refinement of the XRD pattern of the compound Fe-A1 showed a relatively large 

fraction of Fe ions in the Li layer. The compound Fe-A1 had a very high IRC compared 

to that of the sample A1 supporting the view that TM ions in the Li layer (after TM 

migration) could cause high IRC.  

A step-wise charge-discharge experiment with different upper cut-off voltages 

were performed with samples A1, A2 and Fe-A1 and their IRCs were measured. The IRC 

of the Fe-A1 was very high even for the upper cut-off voltage of 4.0 V. By contrast, the 

sample containing metal-site vacancies (A2) showed a very low-IRC even after charging 

up to 4.8 V. Hence, it is speculated that TM migration could cause high IRC and that 

metal-site vacancies facilitated the reentry of extra Li ions during the first charge. 
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7.1.5 Low-IRC behavior in core-shell positive electrode materials 

One of the main impacts of this thesis work is the utilization of low-IRC materials 

in the core-shell positive electrode materials. Li et al. have shown the usefulness of the 

low-IRC materials in core-shell materials140. Designing positive electrode materials in the 

form of core-shell is being pursued as a novel strategy to simultaneously harvest two 

different beneficial properties. For example, a Ni-rich material is used as core to get high 

specific capacity but Ni in the particle surface can undergo unwanted reactions with 

electrolytes at high voltage and affects the battery life time. Hence the Ni-rich core should 

be protected with materials of other metal composition such as a Mn-rich material. In the 

core-shell materials studied by Li et al., low-IRC materials were used as shell materials 

and the resulting core-shell materials exhibited a relatively lower IRC. Thus low-IRC 

materials have possible application in the design of core-shell type positive electrode 

materials. 

7.2 Suggested future work 

7.2.1 Presence of Mn3+ in the low-irreversible capacity samples 

The presence of metal-site vacancies in Li-deficient (low-IRC) materials was 

identified and investigated in chapters 4 and 5. The stoichiometry of the formula unit of 

those Li-deficient materials was derived from ICP-OES metal ratio (see. Section 4.7) . To 

accommodate the metal-site vacancies in a formula unit of LiMO2, the oxidation states of 

Ni, Mn and Co were assumed to be +2, +4 and +3 respectively. One possible counter-

argument against the presence of metal-site vacancies (or excess oxygen) would be the 

presence of Mn3+ ions substituting for some of the Mn4+ ions in the synthesized samples. 
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Hence, X-ray absorption near edge structure (XANES) experiments probing the oxidation 

states of Mn in low-IRC materials are important to perform. Required oxidation state 

standards for Mn3+ (e.g. o-LiMn3+O2) and Mn4+ (e.g. Li2Mn4+O3) ions should be used for 

comparison.  

7.2.2 Effect of the nature of precursor on the low-irreversible capacity behavior 

Verde et al.117 studied the first cycle properties of a set of LLRTMO materials 

with the same stoichiometry (Li[Li0.166Ni0.25Mn0.583]O2) but synthesized by three different 

routes – sol-gel method, hydroxide co-precipitation and carbonate co-precipitation. They 

Figure 7.1 First cycle charge-discharge profiles of Li[Li0.166Ni0.250Mn0.583]O2 synthesized 
form sol-gel method, hydroxide co-precipitation and carbonate co-precipitation.  

Reprinted with permission from (ACS Appl. Mater. Interfaces, 2014, 6 (21), pp 18868–
18877) Copyright (2014) American Chemical Society 
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showed that the IRC values of LLRTMO materials derived from carbonate precursors 

were smaller than those of materials from hydroxides. Figure 7.1 shows the first charge-

discharge profiles of those LLRTMO materials. According to Verde et al., the relatively 

homogeneous nature of LLRTMO particles from carbonate co-precipitation resulted in 

better electrochemical performance. So, a similar type of comparison of the properties of 

low-IRC materials that are derived from sol-gel method, carbonate and hydroxide co-

precipitations might be an interesting study.  

 

7.2.3 Long-term electrochemical properties of low-irreversible capacity materials 

Figure 7.2 shows the cycling properties (capacity retention and average voltage) 

of low-IRC materials A2 and B2 compared with their stoichiometric counterparts A1 and 

B1 respectively. In both cases, the capacity retention of low-IRC materials was neither 

superior nor inferior to that of its stoichiometric counterparts. However, the average 

voltage of low-IRC materials was somewhat better than their stoichiometric counterparts. 

In any case, a study to improve the long-term electrochemical properties of low-IRC 

materials is necessary. Metal-site vacancies in a LLRTMO material offer extra discharge 

capacity during the first-cycle by providing extra room during the first discharge. 

However, the effect of metal-site vacancies on the electrochemical properties such as 

coulombic efficiency is not known in detail. Hence this study should also investigate the 

effect of metal-site vacancies on life-time related properties such as coulombic efficiency. 
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7.2.4 FAULTS and Neutron diffraction in LLRTMO with metal-site vacancies 

Chapter 3 discussed the effect of metal composition on the stacking fault 

probability in Li[Li1/3-2x/3NixMn2/3-x/3]O2 solid solution series. It was showed that 

aliovalent ions, such as, Ni2+ in the transition metal layers disturbed the superlattice 

ordering between Li+ and Mn4+ ions and hence the stacking order along the c axis leading 

Figure 7.2 Top panels: Discharge specific capacity vs cycle number and bottom panels: 
Average discharge voltage vs. cycle number of samples A1, A2, B1 and B2 
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to stacking faults. Chapters 4 and 5 showed the existence of many Li-Ni-Mn-Co 

containing LLRTMO materials with metal-site vacancies. So, it would be interesting to 

study the impact of metal-site vacancies on the stacking fault probability using FAULTS. 

 7Li NMR results from Chapter 6 suggested that metal-site vacancies prefer to 

reside in the Li layer of the single phase low-IRC materials with metal-site vacancies. At 

the same time, it is not known whether Ni2+ ions can exchange sites with metal-site 

vacancies in the same way as Li ions do. The possible exchange between metal-site 

vacancies and Ni2+ ions could also impact the stacking order and hence the superlattice 

broadening. So, careful neutron diffraction studies would be useful to probe the nature of 

the superlattice ordering with respect to metal-site vacancies. Once the composition of the 

TM layers is known precisely, FAULTS can be used to fit the superlattice peak 

broadening in LLRTMO materials with metal-site vacancies. As an extension, in-situ and 

ex-situ neutron diffraction studies at different cut-off voltages during the first cycle in 

combination with FAULTS analysis will give clues about the TM ion dynamics during 

the first cycle profile. 

7.2.5 Origin of metal-site vacancies in Li-Ni-Mn-O vs Li-Ni-Mn-Co-O systems 

McCalla et al.115 showed the presence of metal-site vacancies in some Li-Ni-Mn-

O based LLRTMO materials. Those materials were synthesized through quenching but 

synthesizing the same material under slow-cooling method caused phase separation into 

layered and spinel components. Figure 7.3 shows the XRD pattern of the Li-deficient 

material synthesized through quenching by McCalla et al. By contrast, Li-deficiency 

incurred on some Co-rich materials can accommodate metal-site vacancies even under 

slow-cooling synthesis61. It is known that Ni ions exchange sites with Li in the Li layer 
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and Co ions have the tendency to prevent that141. So, it may be that the exchanged Ni ions 

in the Li layer would activate the formation of a spinel phase as soon as Li deficiency is 

attained. So, a study correlating the cation exchange level, metal composition, amount of 

vacancies and the phase separation tendency would be an interesting future work. This 

study would also be useful to understand the origin and onset of the layered-to-spinel 

conversion occurring in LLRTMO materials during the first cycle. 

 Figure 7.4 shows the voltage-specific capacity profiles corresponding to several 

cycles of the material Li[Ni1/6Mn2/3]O2. Li[Ni1/6Mn2/3]O2 exhibited an IRC of 16 % even 

in the presence of metal-site vacancies. McCalla et al.115 reported that the metal-site 

vacancies in the compound of Li[Ni1/6Mn2/3]O2 reside in the TM layer causing superlattice 

ordering. So, it is speculated that the vacancies in the TM layer may not be useful in re-

Figure 7.3 XRD pattern of the compound Li[Ni1/6Mn2/3]O2 
(observed – black, calculated – red and difference – blue).  

Reprinted with permission from (Chem. Mater., 2013, 25 (13), pp 2716–2721) (Ref.141) 
Copyright (2013) American Chemical Society 
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accommodating Li ions back into the host structure. Hence, a study investigating the 

effect of metal-site vacancies residing in the TM layer on the first-cycle properties would 

be very interesting. 

 

7.2.6 Layered NMC materials with metal-site vacancies 

From the low-IRC materials search (Chapter 5), it was found that some materials 

(e.g. K2 and N2) were non-Li-rich as their Li/TM ratios were less than 1. Hence they 

should be treated as traditional layered materials with metal-site vacancies. Figure 7.5 

shows the first cycle voltage-specific capacity profiles of the samples K2 and N2 

compared with those of K1 and N1 respectively. Neither K2 nor N2 exhibited the 4.5 V 

plateau and hence the low-IRC behavior in K2 and N2 was not surprising. At the same 

time, they serve as new class of layered NMC materials, whose properties are not known 

Figure 7.4 Left panel: Voltage-specific capacity profiles of Li[Ni1/6Mn2/3]O2 and right 
panel: dQ/dV vs. V plots for several cycles. 

Reprinted with permission from (Chem. Mater., 2013, 25 (13), pp 2716–2721) 
(Ref.141) Copyright (2013) American Chemical Society. 
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in detail. Hence, a detailed structural and electrochemical characterization of these 

materials would be an interesting future work. 

7.2.7 Effect of metal-site vacancies on the reversible anionic redox properties 

Recent work from Ceder’s group142 on the chemical origin of oxygen redox 

activity in LLRTMO materials was reported on the basis of the local environment of the 

O atoms. According to their theoretical predictions, those O atoms that are surrounded by 

specific Li-excess environments (Li-O-Li configuration) have a strong tendency to induce 

anionic redox. The top panel in Figure 7.6 shows the local Li-excess environments around 

O atoms in stoichiometric layered and the LLRTMO materials (as explained by Seo et 

al.142). The availability of Li-O-Li configuration in LLRTMO materials is one of the 

preliminary conditions for oxygen redox activity. The bottom panel in Figure 7.6 was 

created by adapting the same scenario as in the top panel but with metal-site vacancies 

around O atoms. In the light of the work by Seo et al.142, it is speculated that the Li-O-
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configuration, which is one of the possible configurations in single-phase low-IRC 

LLRTMO materials, would also affect the oxygen redox activity. So, similar DFT studies 

would be interesting to probe the anionic-redox tendency of LLRTMO materials with 

metal-site vacancies.  

In the event of finding increased anionic redox activity in LLRTMO materials 

with metal-site vacancies, it can be verified by precisely measuring the oxygen release in 

Figure 7.6 Local Li-excess environments around O atoms in LLRTMO 
materials (top panel) and LLRTMO with metal-site vacancies (bottom 

panels). 
Metal-site vacancies are shown as yellow boxes. 

Adapted with permission from (Nature Chemistry 8, 692–697 
(2016)) Copyright (2016) Nature Publishing Group 
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different LLRTMO materials. Pouch cells should be made with LLRTMO materials with 

metal-site vacancies as working electrodes. The relative oxygen release during the first 

charge should be measured using Archimedes principle explained by Self et al143. Pouch 

cells with different active material mass loadings would be useful to confirm the amount 

of the released oxygen per unit mass of the active material. GS/MS could be used to 

monitor the composition of the evolved gas. Finally, the extent of oxygen redox with 

respect to the amount of metal-site vacancies can be estimated. 

7.2.8 Eye to reality 

Volumetric energy density and electrode density for the all the materials should be 

measured and estimated to determine if any of these materials or future materials are 

competitive compared to high Ni content NMC, for example NMC 622, NMC 532, etc., 
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Appendix A: Two-phase behavior vs. stacking faults 

 

In Chapter 3, it was concluded that Li[Li1/3-2x/3NixMn2/3-x/3]O2 materials were 

single phase materials and that they were solid-solutions between Li2MnO3 and 

Li[Ni0.5Mn0.5]O2. The peak broadening of the superlattice peaks of those materials was 

attributed to the presence of stacking faults. However, during the PhD defense, one of the 

examining committee members asked -  whether the stacking faults can just exist in the 

Li2MnO3 phase.  

Figure 3.10 shows the diffraction pattern of the Li[Li1/3-2x/3NixMn2/3-x/3]O2 series. 

The (001) peak near 19o becomes broader as the Ni content increases. The examiner 

asked! Couldn’t this happen if a Li2MnO3 phase of fixed lattice constant coexisted with a 

LiNi0.5Mn0.5O2 phase of fixed lattice constant. As x increased, the peak would broaden 

and shift to the left as observed in the right panel of Figure 3.10. 

In order to decide if this interpretation is correct, one must examine what happens 

to the superlattice peaks. The superlattice peaks become very broad, due to stacking 

faults. The examiner asked: what if the stacking faults are in the Li2MnO3 (second) phase 

Figure A1 shows the calculated 020 superlattice peak of Li2MnO3 as a function of 

stacking fault probability. Figure A1 shows that this peak shifts to the right as the 

stacking faults probability increases. By contrast, Figure 3.11 shows that this 020 peak 

shifts to the left as Ni content increases. In addition, the 020 peak shifts in concert with 

the 001 peak as shown in Figure 3.12. Therefore, the postulate of the examiner cannot be 

correct. Instead, the conclusion of chapter 3 are deemed correct. 
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Figure A1. XRD pattern between 20.6o and 21o showing the first superlattice peak 
obtained from FAULTS simulation 
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Appendix B: Rietveld refinement of the XRD patterns 

 

The XRD patterns of the single-phase materials with and without metal-site 

vacancies were fitted using Rietveld refinement. The parameters used in the model are 

explained as follows. For convenience, the superlattice peaks were excluded in the 

refinement and the space group R-3m (hexagonal unit cell) was used. The metal-ratios 

obtained from the ICP-OES analysis were normalized to 2 and hence the total oxygen was 

fixed to 2. In the case of materials with metal-site vacancies, the total metal content was 

less than 2. The location of metal-site vacancies was assumed either in the Li layer or TM 

layer according to the 7Li NMR results.  

In the refinement, the lattice parameters a and c, the scale factor, the position of 

oxygen in the hexagonal unit cell and the parameters for the background (fifth order 

polynomial function) were adjustable parameters. The peak shape was defined using 

pseudo-voigt function and the variation of the FWHM was defined by the Caglioti 

function and hence the u, v and w were adjustable parameters. Constraints for the 

exchange of Li and Ni between the Li layer and TM layers were imposed in such a way 

the total metal content in each layer is always equal to 1. In the case of materials with 

metal-site vacancies, the metal ions were fixed according to the 7Li NMR results. 
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Appendix C: XRD patterns of samples A1 to O2 

 

 

 

 

 

 



 
 

173 
 

 

 

 

 

 



 
 

174 
 

 

 

 



 
 

175 
 

 

 

 



 
 

176 
 

 

 

 

 

 

 

 



 
 

177 
 

 

 

 

 

 

 

 

 



 
 

178 
 

 

 

 

 

 

 

 



 
 

179 
 

 

 

 

 

 

 

 

 



 
 

180 
 

 

 

 

 

 

 

 



 
 

181 
 

 

 

 

 

 

 

 



 
 

182 
 

 

 

 

 

 

 

 



 
 

183 
 

 

 

 

 

 

 

 



 
 

184 
 

 

 

 

 

 

 

 



 
 

185 
 

 

 

 

 

 

 

 



 
 

186 
 

 

 

 

 

 



 
 

187 
 

Appendix D: Table of lattice constants of samples A1 to O2 

Sample a(Å) c(Å) 

A1 2.8452(3) 14.213(4) 

A2 2.8476(6) 14.235(2) 

A3* 2.8483(3) 14.243(1) 

B1 2.8481(1) 14.208(4) 

B2 2.8514(4) 14.239(3) 

B3 2.8511(1) 14.244(8) 

B4 2.8518(8) 14.247(2) 

C1 2.8597(3) 14.239(2) 

C2 2.8625(3) 14.252(8) 

C3 2.8634(9) 14.259(1) 

C4 2.8635(6) 14.261(6) 

C5* 2.8648(4) 14.262(8) 

D1 2.8613(4) 14.243(8) 

D2 2.8635(1) 14.258(4) 

D3 2.8644(3) 14.263(7) 

D4 2.8653(3) 14.276(3) 

D5* 2.8609(2) 14.279(3) 

E1 2.8346(3) 14.208(2) 

E2* 2.8331(8) 14.20(7) 

F1 2.8477(7) 14.223(5) 

F2 2.8455(1) 14.21(5) 

F3 2.8462(6) 14.233(4) 

G1 2.8564(5) 14.258(1) 

G2 2.8572(3) 14.259(6) 
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*Refinement done only for the major phase (R-3m) 

Sample a(Å) c(Å) 

H1 2.8702(9) 14.270(3) 

H2* 2.8762(7) 14.295(2) 

H3* 2.8811(3) 14.267(9) 

I1 2.8582(2) 14.244(4) 

I2* 2.8597(6) 14.279(2) 

J1 2.8522(5) 14.232(7) 

J2* 2.8513(6) 14.248(3) 

K1 2.8549(6) 14.225(2) 

K2 2.8592(2) 14.242(7) 

L1 2.8453(1) 14.200(8) 

L2 2.8496(7) 14.229(7) 

M1 2.8345(6) 14.173(3) 

M2* 2.8362(3) 14.201(2) 

N1 2.8423(3) 14.184(6) 

N2 2.8439(3) 14.219(5) 

O1 2.8316 14.155(5) 

O2* 2.8304(2) 14.192(1) 
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Appendix E: First charge-discharge profiles of samples A1 to O2 
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Appendix F: Copyright information 
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