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ABSTRACT 

Layered Li-Ni-Mn-Co oxides (NMC) with low cobalt content are promising positive 

electrode materials for Li-ion batteries.  However, the detailed structural properties of these 

materials are still debated.  This thesis work, in part, focused on a systematic study of 

layered NMC samples to understand the dependence of electrochemical properties on 

structure and transition metal composition, as well as the structural evolution of layered 

NMC materials during lithium intercalation.   

The calendar and cycle lifetimes of lithium-ion cells are affected by the structural stability 

of active electrode materials as well as parasitic reactions between the charged electrode 

materials and electrolyte that occur in lithium-ion batteries.  It is necessary to explore the 

failure mechanisms of layered NMC/graphite cells to guide future improvements.  This 

thesis work, in part, thoroughly studied the failure mechanisms of 

LiNi0.8Mn0.1Co0.1O2/graphite cells from the perspectives of the bulk structural stability, 

surface structure reconstruction and electrolyte oxidation. 

Core-shell (CS) structured positive electrode materials based on layered NMC could be the 

next generation of positive electrode materials for high energy density lithium-ion batteries.  

This is because a high energy core material (Ni-rich NMC), with poor stability against the 

electrolyte, can be protected by a thin layer of a stable and active shell material with lower 

Ni and higher Mn content.  A large part of this thesis focused on the development of CS 

materials using Li-rich and Mn-rich materials as the protecting shell for voltages above 4.5 

V, and on an understanding of inter-diffusion phenomena observed during the synthesis of 

core-shell materials.  
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CHAPTER 1. INTRODUCTION 

In the face of imminent climate change caused by the combustion of fossil fuels, new, 

sustainable, environmentally-friendly energy production and storage technologies must be 

developed.1  Lithium-ion battery powered electric cars are strong candidates for the 

replacement of gasoline-powered cars.  Lithium-ion batteries have the advantages of high 

energy density, rapid charge/discharge capability, high coulombic and energy efficiency 

and relatively long life time, compared to the other types of batteries such as lead acid and 

nickel metal hydride batteries, which render it the best candidate for powering electric 

vehicles.2,3   In 2014, Tesla Motors announced the Tesla Giga-factory, which is expected 

to reduce the production cost of lithium-ion batteries used in Tesla products by 30%.  The 

projected capacity of the Giga-factory is 50 GWh/year in 2020 (source from 

https://en.wikipedia.org/wiki/Gigafactory_1, last checked on Aug. 19, 2016).  The recently 

released Tesla Model 3 is anticipated to have a base price of $35,000 and boast a range of 

215 miles between charges.  Nevertheless, a significant improvement in the energy density 

and lifetime of lithium-ion batteries, as well as significant cost reduction, is required for 

more market penetration of electric vehicles. 

Layered lithium cobalt oxide (LCO) is the most common positive electrode material used 

in portable electronic devices.  Cobalt is expensive ($23/ kg on April. 20, 2016 )4, and 

cobalt-free, or low cobalt alternatives, are required for price reduction.  As a result, layered 

Li-Ni-Mn-Co oxide (NMC) systems with low cobalt content have been extensively 

studied.5�10  NMC positive electrode materials for Li-ion batteries are now used at a level 
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of 35,000 metric tons per year at 2014.11  However, the detailed structural properties of 

these materials are still debated.  This thesis work, in part, focuses on a systematic study 

of the phase diagram of layered NMC to understand the dependence of electrochemical 

properties on structure and transition metal composition. 

The calendar and cycle lifetimes of lithium-ion cells are affected by the structural stability 

of active electrode materials as well as parasitic reactions between the charged electrode 

materials and electrolyte that occur in lithium-ion batteries.12�14  The degree of lithium 

utilization in LiCoO2 is limited to ~75% in order avoid the O3 � H1-3 � O1 phase 

transformation when LiCoO2 charged above 4.55 V.15  Additionally, parasitic reactions, 

such as electrolyte oxidation at the positive electrode/electrolyte interface, can ultimately 

cause cell failure.16�19  The rate of the parasitic reactions is related to both the catalytic role 

of the positive electrode material surface, which depends on its composition and surface 

area17,20, as well as on the stability of the electrolyte16�19.  Electrolyte additives21�25 and 

core-shell positive electrode materials26�28 have been used to reduce the rate and extent of 

parasitic reactions, and as a result,  increase capacity retention and lifetime of high-voltage 

Li-ion cells.  Another major part of this thesis is therefore aimed at studying the failure 

mechanism of NMC as a function of the potential range chosen for cycle testing, the results 

of which will aid in further developments. 

Layered Li-Ni-Mn-Co oxide materials are excellent positive electrodes candidates for cost 

effective LIBs.29,30  A large operating voltage window (upper cut-off voltage higher than 

4.5 V in full cells) is needed to further increase the energy density, and minimal electrolyte 

oxidation is required so the life-time of the cells will not be sacrificed.31  Besides the 
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The C above the left arrow indicates the charge process while the D below the right arrow 

indicates the discharge process.  x and y are selected based on the molar capacity of each 

electrode material.  Normally, x is ~0.5 for LCO and y is ~0.16 for LiC6
51,52.  The upper 

limit of x can affect the structural stability of the positive material and its reactivity with 

the electrolyte12.  The open-circuit voltage of a cell is defined by the difference of the 

chemical potentials of the positive and negative electrode, VOC = (mn�mp)/e and e is the 

magnitude of the electric charge.50 

 

Figure 1.1 Schematic of electrochemical process in a Li-ion cell. 
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Cells using graphitic carbon, or other negative electrode materials other than metallic 

lithium, are referred to as �full cells�.  Cells using metallic lithium as the counter electrode 

material are refed to as �half cells� (also referred to as a lithium battery).2  Both full cells 

and half cells will be discussed in this thesis.  Full cells are chemically less reactive, safer, 

and offer longer cycle life than rechargeable lithium batteries.2  Safety issues with lithium 

metal are attributed to the changing of morphology of lithium as a cell is cycled which 

increases its surface area without limit.2  Additionally, using metallic lithium as the 

negative electrode would significantly decrease the volumetric energy density of the cell 

due to the poor cycling efficiency of lithium metal, which requires excess lithium to 

achieve reasonable lifetime.53  However, half cells are very useful for preliminary studies 

of the electrochemical properties of new positive electrode materials such as measuring the 

voltage - composition curve, determining specific capacity, measuring differential capacity 

and estimating charge-discharge cycle-life.2  

1.2 Positive Electrode Materials 

The most commonly used positive electrode materials in commercial cells are lithiated 

metal oxides, such as layered LiCoO2, LiNixMnyCozO2, LiNi0.8Co0.15Al0.05O2 (NCA) and 

LiMn2O4 (spinel) or lithiated metal phosphates such as LiFePO4.
2,13,14,48�50  The most 

common commercialized types of NMC materials are LiNi1/3Mn1/3Co1/3O2 (NMC111), 

LiNi0.42Mn0.42Co0.16O2 (NMC442), LiNi0.5Mn0.3Co0.2O2 (NMC532), and 

LiNi0.6Mn0.2Co0.2O2 (NMC622).  Recently, Ni-rich NMC materials (with more than 60% 

Ni among the transition metals)54�64, such as LiNi0.8Mn0.1Co0.1O2 (NMC811), have drawn 

industrial attention due to their high specific capacity.  Li-rich and Mn-rich NMC 
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The stacking sequence of the MO2 (M for transition metal ions) slabs in the overall 

structure depends on the lithium site occupancy, especially in the case of LixCoO2 when Li 

is partially removed from the host structure.52,80  For instance, Figure 1.3 shows the 

structure of CoO2 while all the lithium is removed.  It adopts the O1 structure that has a 

unit cell that only contains one slab.  Thus, there is a phase transition from O3 to O1 during 

the deintercalation process, while the transition metals change from �abc� stacking to �aa� 

stacking (Figure 1.2 and 1.3). 

 

Figure 1.2 Crystallite structure of layered LiMO2 (O3-type) and a (110) projection of the 

structure.  The symbols in between the panels which align with either a transition metal atom 

layer (small letter), oxygen atom layer (capital letter) or lithium atom layer (Greek letter) show 

the stacking sequence.  The blue, red and green balls show the M, O and Li atoms respectively.  
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and Li atoms tend to be ordered on a Ś3ahex × Ś3ahex superstructure in the transition-

metal layer in order to minimize Coulomb repulsion.5,6,81 

 

Figure 1.4 shows the ideal monoclinic and hexagonal unit cells together.  The monoclinic 

cell has 1/3 of the layers of the original hexagonal cell.  The relationship between the two 

unit cells is described in the figure, where h and m indicate the hexagonal and monoclinic 

settings respectively.82  Figure 1.5 shows a projection along the C2/m (010) direction and 

the atoms in transition metal layer, where red and black lines show the monoclinic and 

hexagonal unit cells respectively.  The blue dashed line shows the Ś3ahex × Ś3ahex super 

 

Figure 1.4 Monoclinic and hexagonal unit cells.  The blue, red and green balls show the TM, 

oxygen and Li atoms respectively. The equation in the inset shows the structural relationship 

between a hexagonal and a monoclinic unit cell. 
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lattice.  Li and TM ions have an ideal ratio of 1:2.  In the Li-rich and Mn-rich NMC 

materials, this ordering is formed between the weakly charged Li1+
, Ni2+ cations and the 

strongly charged Co3+, Ni3+ and Mn4+ cations6,29,66,83�89. 

 

Physical properties such as particle size distribution, particle shape, specific surface area 

and tap density are important factors for positive electrode materials.  The particle shape, 

size and distribution will affect the solid state diffusion of lithium atoms from the surface 

to the bulk, especially when charging and discharging the cell at high rates.2  A large 

gradient of lithium content from the surface to the bulk will be established when the 

diffusion length is long and the current is high.90  The surface area is an important 

 

Figure 1.5 Monoclinic and hexagonal unit cell with a monoclinic (010) projection, and the 

transition metal layers respectively.  The blue, red and green balls show the M, O and Li atoms 

respectively. The equations show the relationship between the monoclinic and hexagonal unit 

cell parameters.  
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parameter to minimize for improved safety and lifetime, due to reactions between the 

electrolyte and the charged electrode especially at elevated temperatures.91�94  Hence, a 

minimum surface area is desired.  For a cell to achieve high volumetric energy density, it 

requires a high density electrode.  The tap density of powders can be used as an indicator 

of the density of a commercial, calendared electrode.  These properties are usually affected 

by the synthesis procedure of positive electrode materials. 

LCO is usually made by sintering a mixture of cobalt oxide or carbonate with lithium 

hydroxide or lithium carbonate at high temperatures.  The achieved LCO particles are 

usually micron-scale single crystals.80,95,96  Similarly, LiMn2O4 or Li1+xMn2-x-yAlyO4  are 

normally synthesized by sintering a mixture of manganese dioxide, lithium carbonate and 

aluminum hydroxide.  Boric acid can be added as flux to improve the degree of sintering 

and particle growth.97  NMC and NCA require a uniform distribution of cations within the 

structure. As a result, a mixed metal hydroxide or carbonate precursor made by a co-

precipitation method is normally made prior to sintering of the mixture with the lithium 

source.  This results in spherical secondary-particles that consist of primary particles with 

a size around 200 nm.98,99  

Normally, LCO, NMC and NCA electrode materials have a specific surface area around 

0.1-0.9 m2/g, a tap density of ~2 � 3 g/cc and a mean particle size of 5 � 20 µm, depending 

on the type of material and the manufacturer.2  A specific surface area less than 0.5 m2/g is 

preferred to minimize the reactions with electrolyte at the particle surfaces.2  A detailed 

review of layered NMC materials including their electrochemical properties will be 

presented in the next chapter. 
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1.3 Negative Electrode Materials 

 

Most Li-ion cells use graphitic carbons as negative electrode materials, such as mesocarbon 

microbead (MCMB) carbon, synthetic or natural graphite.  These materials have high 

specific capacity, from 300 � 365 mAh/g, and a low specific surface area, which ensures 

low irreversible capacity and good safety properties.2  Graphite has a highly ordered 

structure with an ABAB or ABCABC type of stacking along the c-axis, which yields 

hexagonal (2H) graphite or rhombohedral (3R) graphite respectively.  

Figure 1.6 shows the structure of 2H and 3R graphite.  2H graphite can be indexed in the 

P6/mmc space group with a= 2.46 and c= 6.70 ¯.  The fractional atomic coordinates of the 

carbon atoms in layer A and in layer B are (0, 0, 0) (1/3, 2/3, 0) and (0, 0, 1/2) (2/3, 1/3, 

1/2), respectively.  3R graphite can be indexed in the R-3m space group with a=2.46 and 

 

Figure 1.6 Structure of graphite. 
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c=10.05 ¯.  The fractional atomic coordinates of layer A, B and C atoms are (0, 0, 0) (1/3, 

2/3, 0), (1/3, 2/3, 1/3) (2/3, 1/3, 1/3) and (0, 0, 2/3) (2/3, 1/3, 2/3), respectively.100 

 

 

Figure 1.7 shows there are distinct voltage plateaus during the intercalation of lithium into 

graphite, which are associated with the formation of distinct phases (stages).  Lithium 

atoms form �islands� instead of a homogenous distribution.51,101,102  In the coexistence 

region of two phases, the chemical potential of lithium in the two phases is equal, and as a 

result, plateaus in the voltage � composition curve are observed in the two phase region.102  

It is important to use graphitic carbons with the highest degree of order for the highest 

specific capacity. 102�104  Other important selection factors for graphite powder to be used 

as negative electrode material for lithium ion batteries are specific surface area, particle 

 

Figure 1.7 Staging of graphite during electrochemical intercalation, reprinted with 

permission.102 Copyright (1995) The American Physical Society. 
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shape, tap density and impurity content.2  Graphite with the smallest specific surface area 

is desirable for negative electrode materials to minimize the irreversible capacity and 

reactivity of the electrode surface with electrolyte.105,106 A typical particle size of graphite 

in commercial cells is around 10 - 20 mm with a specific surface area less than 2 m2/g.2  

Graphite normally has a flaky particle shape, however, spherical shaped graphite is also 

commonly found in lithium ion cells because the spherical shape minimizes the surface 

area per volume of material and minimizes the diffusion path length of lithium.2 

1.4 Electrolyte, Solid Electrolyte Interphase and Additives  

Non-aqueous liquid electrolytes are usually used in lithium ion cells, which are solutions 

of a lithium salt in organic solvents, typically carbonates.24,107  Lithium 

hexafluorophosphate (LiPF6) is typically used as the lithium salt due to its high ionic 

conductivity (10-2 S/cm)108 in carbonate solvents, acceptable safety properties and ability 

to passivate the aluminum positive electrode current collector at high voltages.24,107  Other 

salts are studied in the literature, notably lithium tetrafluoroborate (LiBF4)109, lithium bis-

oxalato borate (LiBOB)110, and LiN(CF3SO2)2
2 usually have lower ionic conductivity in 

carbonate solvents.  Typically, LiPF6 has the highest conductivity with a salt concentration 

around 1 M at room temperature.108  However, LiPF6 is relatively costly, hygroscopic and 

produces hydrofluoric acid (HF) upon reaction with water, which requires handling in a 

dry environment.2  

The solvents are usually a mixture of organic carbonates, typically ethylene carbonate (EC) 

which has a high dielectric constant, in combination with a linear carbonate, such as 
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commercial lithium ion cells.  Heptamethyldisilazane116 was found to be able to remove 

HF from LiPF6-containing electrolytes.  Epicyanohydrin63, divinyl sulfone64 and 1,3-

propane sulfone61 can be effective electrolyte additives to stabilize the interface between 

Ni-rich NMC positive electrodes and electrolyte.  Many researchers are now focused on 

studying electrolyte additives (or combinations of additives) to extend the cell lifetime.  

In summary, the cell performance and lifetime depend on the electrode materials, 

electrolyte and electrode-electrolyte interactions.  Stabilizing the electrode/electrolyte 

interface is the key to extend cell lifetime. 
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based on the work of Aaron Rowe117, Eric McCalla10 and the work presented in Chapter 

429. 

 

 

Figure 2.1 Structure - composition diagram of Li-Ni-Mn oxide for samples prepared at 

900oC in air with a regular cooling rate (5-10oC/min) (a).  The solid redlines borders the 

boundaries of the single phase layered region in the Li-Mn-Ni-Oxide pseudoternary phase 

diagram while red dashed lines are tie-lines at the outer edges of the 3-phase regions.  S, R, M, 

N are the end members of the tie lines, representing the spinel, rocksalt, Mn-rich layered and 

Ni-rich layered phases, respectively.  The extended view of the single �phase layered region 

(b).  Copyright (2014) American Chemical Society Reproduced with permission.29   
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2.1.2 Cation Mixing and Impact 

Figure 2.3a schematically shows the Li and Transition metal (TM) layeres in an ideal 

layered LiMO2 structure, where lithium atoms only occupy the sites in lithium layer and 

 

Figure 2.2 Composition � structure diagrams in the Li-Ni-Mn-Co-O pseudo-quaternary system 

at cobalt contents of 0%, 10%, 20%, and 30% for samples regular-cooled after heating to 800°C 

for 3 h in oxygen.  Reproduced with permission.5  Copyright (2015) American Chemical 

Society. 
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transition metal atoms stay in the transition metal layer.  However, layered NMC materials 

usually have some nickel atoms  present in in the lithium layer while an equivalent amount 

lithium atoms occupy sites in the transition metal layers.   

 

For instance, LiNi0.5Mn0.5O2 has about 10% nickel atoms in the lithium layer.118  Figure 

2.3b schematically shows this phenomenon, which is termed cation mixing, where the 

nickel atoms in transition metal layer and lithium atoms in the lithium layer exchanges 

sites.  Lithium-rich NMC materials usually have a very small degree of cation mixing, but 

have Li atoms in the TM layer by necessity as schematically shown in Figure 2.3c.29   

 

Figure 2.3 Li layer and transition metal layer in ideal layered LiMO2 (M=Ni, Mn, and Co) (a).  

Li layer and transition metal layer in layered LiMO2 with cation mixing (b).  Li layer and 

transition metal layer in Li-rich layered structure with cation mixing (c).  The green and blue 

balls indicate the lithium and transiton metal atoms respectively. 
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t2g sub-band and two unpaired electrons in the eg band.  Electrons in the eg band are 

removed when it is oxidized from2+ to 3+ or 4+ state.47 

 

Figure 2.4b shows a qualitative energy vs. electron density of states diagram of the 

transition metal 3d band and the oxygen 2p band in a typical Li-rich compound.  Figure 

2.4b shows that Co3+/4+ t2g band overlaps the O 2p band, which increases the metal-oxygen 

covalence and decreases the electron localization.  The overlap between the Ni3+/4+ eg band 

and the O 2p band is small.71,123,124  Hence, Ni2+ can be fully oxidized to Ni4+, but the 

 

Figure 2.4 Schematic d electron levels of the transition metals in layered NMC compounds 

(a),120,122 and qualitative energy vs electron density of states diagram of the transition metal 3d 

band and the oxygen 2p band of Ti doped Li[Li0.2Mn0.6Ni0.2]O2, reproduced with permission.71   

Copyright (2011) American Chemistry Society. 
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oxidation of Co3+ beyond Co3.6+ involves the oxidation of O as suggested by A. Manthiram 

et al..14  Furthermore, the removal of lithium is accompanied by an increase of oxidation 

potential (lower Fermi level) of NMC, which is why NMC at higher states of charge (SOC) 

is more reactive with the electrolyte.122 

2.2 Electrochemical Performance of Regular NMC 

2.2.1 Impact of Upper Cut-off Voltage 

 

 

Figure 2.5 Voltage as a function of capacity between 3 � 4.6 V (a), 3 � 4.4 V (b) and 3 � 4.2 V 

(c).  Differential capacity curve of NMC622 with C/20 current 3 � 4.6 V (d), 3 � 4.4 V (e) and 

3 � 4.6 2 (f).  The electrolyte is 1M LiPF6 in EC:DEC electrolyte at 30 oC. 
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The reversible capacity of regular NMC materials LiNixMnyCozO2 (x+y+z = 1) depends on 

the composition and upper cut-off voltage.2,14  For instance, LiNi0.6Mn0.2Co0.2O2 

(NMC622) is a single phase material in the layered region as shown in Figure 2.2.  Figure 

2.5 shows the voltage as a function of specific capacity and differential capacity curve of 

LiNi0.6Mn0.2Co0.2O2 (NMC622) cells charged to 4.2, 4.4 and 4.6 V (vs. Li).  Figure 2.5 

shows that NMC622 can deliver a reversible capacity of ~175, 200 and 220 mAh/g when 

tested between 3 � 4.2, 4.4 and 4.6 V, respectively.  Figure 2.5 shows that the energy 

density of NMC622 cells can be increased by increasing the upper cut-off voltage.   

 

 

Figure 2.6 Specific capacity of NMC622 at 30 oC as a function of cycle number for cells charged 

to 4.2, 4.4 and 4.6 V (vs. Li), respectively.  The electrolyte was 1M LiPF6 in EC:DEC.  Currents 

of 10 mA/g for the first 2 cycles and 40 mA/g in the following cycles were used.  The numbers 

in the graph show the percentage of capacity loss from the 3rd cycle to the 58th cycle for cells 

with different upper � cut off voltages. 
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charged electrode powders at 4.3 V without addition of electrolyte was measured with 

differential scanning calorimetry.   

 

Figure 2.7 shows that LiNi1/3Mn1/3Co1/3O2 (NMC111) has the lowest specific capacity of 

~ 150 mAh/g with best capacity retention (~95%) and the highest exothermic reaction peak 

temperature (~300oC) in the delithiated state (4.3 V).  NMC811 has the highest specific 

capacity of ~200 mAh/g but the worst capacity retention (~73%) and lowest exothermic 

reaction peak temperature (~215 oC) in the delithiated state (4.3 V).  The specific capacity 

 

Figure 2.7 Map of relationship between discharge capacity, thermal stability and capacity 

retention of Li/Li[NixCoyMnz]O2 (x= 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85), reprinted with 

permission.127  Copyright (2016) Elsevier. 
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of Li[NixCoyMnz]O2, with compositions shown in the figure, between 3 � 4.3 V increases 

with increasing nickel content, while the capacity retention and exothermic reaction peak 

temperature decrease, which indicates worse lifetime and safety.   

2.2.3 Challenges for Ni-rich NMC  

NMC materials with a Ni content higher than 60% are referred to as Ni-rich NMC.  They 

can deliver high capacities over a narrow potential range as well as excellent rate capability 

as shown in the last section.54,55,59,127  However, they have challenges in terms of synthesis, 

storage, lifetime and safety. 

The main difficulty in the synthesis of Ni-rich NMC is to minimize the degree of cation 

mixing which requires an excess of the lithium source prior to sintering, while also 

minimizing residual compounds left at the surface.  To fully oxidize Ni to 3+ while 

obtaining a minimal degree of cation mixing, heating in dry air or in oxygen at lower 

temperatures is preferred127, which could increase the cost of synthesis. 

Lithium compounds like Li2O, Li2CO3 and LiOH remain on the surface after synthesis or 

from the reaction of the nickel-rich surface with moist air during storage.130,131 These have 

a negative impact on cell performance.59  One study shows that reheating LiNi0.7Mn0.3O2 

at 200oC can help remove water molecules trapped at the surface and can partially remove 

the surface residuals without affecting structural integrity.132  Y. K. Sun�s group showed 

that modifying the surface of NMC622 with H3PO4 in anhydrous ethanol can remove the 

residual surface compounds.  H3PO4 changes to Li3PO4 coated on the particle surface after 

reaction with residual LiOH and Li2CO3 during heating at 500oC.55 
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in the same voltage ranges, which means more lithium is extracted from the host structure 

LixMO2, resulting in a more reactive surface.  Additionally, the decrease of capacity 

retention with the increase of Ni/Mn ratio may relate to the catalytic role of Ni that also 

increases the reactivity of electrolyte at the positive electrode surface91,107,136, while Mn 

shows the opposite function.  Manthiram�s group stated that �Mn ions as incorporated into 

the Ni-rich cathodes, especially those existing at the particle surface, significantly reduce 

the irreversible side reactions between the electrode surface and the electrolyte and 

improve the surface structural stability.�60 

Besides electrolyte oxidation at the positive electrode surface, researchers also claim that 

the volume expansion of NMC materials137, and the surface structural reconstruction from 

layered to rocksalt structure125,136,138�143 are other major contributors to the failure of NMC, 

especially Ni-rich NMC materials.  E.J. Lee et al137 showed that volume expansion could 

lead to the build-up of macrostrain, eventually causing cracking of particles.  The 

measurement of macrostrains of the cycled electrode using XRD in this paper137 did not 

report the state of charge of each sample, and seems to be different due to the obvious 

shifting of the (003) peak.  This could significantly affect the peak width observed, which 

is troublesome.  The volume change of the NMC lattice is less than 6% even with more 

than 75% lithium extraction (~200 mAh/g capacity).12,144�146  NMC442 experiences a 

volume change of less than 3% with an upper-cut off of 4.4 V.145,146  The volume expansion 

in NMC materials doesn�t seem to be as problematic compared to Si based anode materials 

which have a volume expansion as large as of ~280%.147   
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Some researchers believe the formation of a rock salt phase at the NMC surface would 

block the lithium diffusion path and cause impedance growth and capacity fade.140,141   

Other researchers think this rocksalt surface layer can act as a layer which protects the bulk 

material from further structural degradation and hinders electrolyte decomposition at the 

positive electrode surface.143  Sasaki et al.148 and Muto et al.149 think the appearance of Li-

deficiencies and inactive Ni3+  which are distributed throughout the entire particles are a 

major contributor to the failure of Ni-rich materials.  The impact of the surface rocksalt 

layer will be discussed in Chapter 7. 

2.2.5 Methods for Improvement of Cell Performance 

Electrolyte additives61�64 and surface modifications such as coatings on the positive 

electrode material surfaces39,40,150,151 have been clearly shown to significantly extend the 

lifetime of regular NMC based cells.  Electrolyte additives can help to form a stable 

protective layer on the positive electrode side, while coatings can protect the positive 

electrode surface from undesired reactions with the electrolyte and scavenge trace amounts 

of HF in the electrolyte.14  Coating materials include metal oxides, metal phosphates, metal 

fluorides and polymers, etc.39,40,55,56,150,152�156  Combining electrolyte additives and 

coatings can lead to improvements in cell performance.  Recently, fluorine doping, which 

partially replaces oxygen in the lattice at the surface was also shown to be effective.157,158 

Thick coatings (greater than 3 wt.%) of inactive materials on NMC materials significantly 

decrease the energy density and rate capability of the cells, and thus these coatings are 

usually incomplete with nano-particles scattered on the NMC surface.39,40  Core-shell or 

gradient LiNixMnyCozO2 (x + y + z = 1) materials were first developed by Y. K. Sun�s 
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group, which use active layered NMC materials with high Mn content as coating 

layers27,44,45,159�161.  Thus a high energy core material with poor stability against the 

electrolyte can be protected by a thin layer of a stable and active shell material with lower 

Ni and higher Mn content.26  Typically, the full concentration gradient (FCG) NMC 

materials have a high Ni content (~80 - 90%) in the core with increasing Mn content and 

decreasing Ni content from the core to the surface, with a maximum Mn content on the 

surface of ~50%.44,45,159�161  The FCG NMC material with an average composition of 

LiNi0.75Co0.10Mn0.15O2 showed 95% capacity retention over 1000 cycles in a FCG/graphite 

cell between 3 � 4.2 V with a constant current of 1 C at room temperature.45 

2.3 Properties of Li and Mn-rich NMC Materials 

2.3.1  Debate about the Structure of Li and Mn-rich NMC Materials 

The layered lithium rich NMC system has received lots of attention due to its high specific 

capacity after a first charge to above 4.6 V (vs. Li) and excellent capacity retention at high 

voltage as compared to other layered oxides. 65,66,73,74,77�79,123,162�168  These materials can be 

written as Li1+xM1-xO2 or sometimes denoted as (1-x) Li2MnO3•xLiMO2, and have been 

described as a solid solution of monoclinic Li2MnO3 and rhombohedral LiMO2.5�8,10,81,85�

89,169  Conversely, Thackeray et. al. have incorrectly described the Li and Mn-rich materials 

as a nano-composite of Li2MnO3 and LiMO2 
170�185 

Numerous studies have found that lithium rich NMC materials display solid solution 

behavior since the lattice parameters change linearly with composition.  K. Jarvis et al.66,69, 

C. Genevois et al.85, H. Koga et al.87 and A. K. Shukla et al.186 (Ni3+, Co3+, Mn4+) have 
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x-ray absorption fine structure (EXAFS) on a non-quenched sample of Li1.2Co0.4Mn0.4O2 

by J. Bareno et al..176 

 

 

2.3.2 Electrochemical Performance of Li-Rich NMC 

Lithium-rich NMC materials can have extraordinary high specific capacity of more than 

250 mAh/g with an average potential of ~3.6 V (vs. Li) after an irreversible oxygen release 

activation process at ~4.5 V (vs. Li).  Major issues such as large irreversible capacity 

(IRC),69,72,187 voltage fade upon cycling 67,68,74,88,162,188,189 and poor rate capability74,127,166 

have hindered the application of these materials. 

 

Figure 2.8 Partial Li-Mn-Ni oxide composition - structure diagram showing the boundaries to 

the single phase layered region.  The lower boundary is shown connecting LiNiO2 to Li2MnO3.  

The insert shows approximate boundaries to the layered region with different synthesis 

conditions.  The red lines are a lattice parameter contours, reprinted with permission.81 

Copyright (2014) The Electrochemical Society. 
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Figure 2.9a shows the voltage as a function of capacity for Li1.26(Ni0.2Mn0.8)0.74O2.  The 

cells were first tested between 2.5 � 4.4 V for four cycles, then charged to 4.8 V for one 

cycle and followed by cycling between 2.5 � 4.6 V.  A reversible capacity of ~70 mAh/g 

was observed between 2.5 � 4.4 V, which arises from the oxidation of Ni2+ to Ni4+ during 

lithium extraction.  A prolonged plateau at 4.5 V was observed and a reversislbe capacity 

of ~200 mAh/g was delivered when cells were tested between 2.5 � 4.8 V.  This is 

associated with about 28% irreversible capcity.  During the first charge to 4.8 V, the 

prolonged plateau at 4.5 V is thought to be associated with the removal of oxygen from the 

lattice while lithium being extracted.14  After this process, some Mn4+ is reduced to Mn3+ 

during discharge which partially contributes to the high capacity (~200 mAh/g) observed 

in the following cycles.78 

 

 

Figure 2.9 Voltage (a) and differential capacity (b) curve for Li1.26(Ni0.2Mn0.8)0.74O2.  The cells 

were first tested between 2.5 � 4.4 V for four cycles, then charged to 4.8 V for one cycle and 

followed by cycling between 2.5 � 4.6 V. 



 

38 

The Mn-rich materials also have serious voltage fade issues during cycling.  Figure 2.9b 

shows the differential capacity as function of voltage for Li1.26(Ni0.2Mn0.8)0.74O2 when 

cycled between 2.5 � 4.6 V after the first charge to 4.8 V.  Figure 2.9b shows that, during 

discharge, the main feature at ~3.3 V at the beginning gradually disappeared while the 

feature at ~3.0 V is pronounced during cycling.  The voltage decay significantly decreases 

the energy density of the lithium-rich NMC materials. 

 Mechanism of Extraordinary High Capacity and Voltage Fade 

Tremendous work has focused on understanding the extraordinary high capacity of the 

lithim rich NMC materials and voltage fade mechanism.74,75,85,162  A reversible anion redox 

of O2-/ O- was proposed by M. Sathiya et al.190 and K. Luo et al.191 which can be explained 

through the generation of localized electron holes on oxygen through the transition metal 

3d and oxygen 2p hybridization.  M. Sathiya et al.190 proposed that the formation of oxygen 

vacancies which appear during the first charge is triggered by the destabilization of the 

oxidized O 2p level.  The voltage fade is due to a cycling-driven phase conversion from 

layered to a spinel-like or �splayered� phase.67,68,74,88,162,188,189  This phase transformation 

could be due to the migration of transition metals and oxygen vacancies trigered by the 

anionic redox process during cycling. 

Manthiram�s group showed that the substitution of Co3+ for equal amounts of Mn4+ and 

Ni2+ in Li[Li0.2Ni0.2�x/2Mn0.6�x/2Cox]O2 can extend the oxygen release plateau and aggravate 

the voltage decay.72  This is associated with the increased metal�oxygen covalence and 

electron delocalization due to the overlap of Co3+/4+ t2g band with the top of the O2- 2p band, 

and severe migration of Li and TM ions caused by the lengthened plateau region.14,72  Quian 
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et al. proposed the activation barriers for transition metal diffusion in the presence of 

oxygen vacancies are drastically reduced.  The migration of transition metals to the lithium 

layer and the formation of tetrahedral Li�Li dumbbells induced by oxygen vancancies leads 

to the local structural transformation from layered phase to spinel-like phase.75   

Koga et al. found co-existence of two phases at the top of charge (4.8 V) of the lithium-

rich NMC materials which were maintained in the following cycles.88  Based on the two-

phase observation, it was proposed that oxygen loss occured at the surface of the particles 

with a corresponding densification of the host structure, while reversible oxygen redox 

occurs within the bulk without major modification of the structure.  The two phases were 

referred to as the surface and bulk phases respectively.  During the following cycling 

process, it was proposed that the surface phase transforms to the spinel-like structure and 

the active redox couples involve Ni4+/Ni2+, Co4+/Co3+ and Mn4+/Mn3+, whereas the bulk 

phase involves redox couples of Ni4+/Ni2+, Co4+/Co3+ and O2-d/O2- with a similar structure 

to the pristine material.85,86,88,162,169,190 

 Methods for Improvement of Cell Performance 

Optimizing the nickel, manganese and cobalt composition such as increasing Ni content is 

one way to improve the performance of lithium rich NMC materials.72,164,192 Other methods 

such as applying dopants like Al, Cr and F etc.189,193�197, coatings such as AlF3, Al2O3, 

AlPO4 etc.41�43,153,154,198�200, and surface treatments with NH4SO4 and persulfates etc.201,202 

were introduced to improve the performance of lithium-rich NMC materials.  Additionally, 

blending lithium-rich NMC materials with lithium insertion hosts likeV2O5, LiV3O8 etc.203�

205 that can take the �irreversible� lithium extracted in the first charge reduced the 
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 Volumetric Energy Density of Li-rich NMC 

Lithium-rich materials have a low crystallite density, which is ~ 4.18 g/cc for 

Li1.2Ni0.2Mn0.6O2, compared to LCO (~5.08 g/cc) and NMC622 (~4.77 g/cc).  The stable 

capacity of Li1.2Ni0.2Mn0.6O2 reported varies from 200 � 250 mAh/g depending on the 

synthesis methods, while average voltage decreases from 3.7 to 3.5 V at C/20 in about 30 

cycles.65,66,70,72,212�217  Assuming a stable capacity of ~220 mAh/g and an average voltage 

of 3.6 V from 2.5 � 4.6 V (vs. Li) for Li1.2Ni0.2Mn0.6O2 gives an energy density of 4.18 g/cc 

×225 mAh/g × 3.6 V =3.38 Wh/cc (assuming no electrode porosity).  Assuming a capacity 

of ~ 155 mAh/g and an average voltage of 3.9 V from 3 � 4.2 V for LCO218, and a capacity 

of ~185 mAh/g and an average voltage of 3.8 V between 3 � 4.3 V for NMC622 (Figure 

2.5), one can calculate volumetric energy densities of ~3.07 and 3.35 Wh/cc respectively.  

This shows NMC622 between 3 � 4.3 V has almost the same volumetric energy density as 

Li1.2Ni0.2Mn0.6O2 has between 2.5 � 4.6 V.  

If the voltage window of LCO and NMC622 is increased, a capacity of 175 mAh/g and an 

average voltage of 3.95 V for high voltage LCO between 3 � 4.45 V (vs. Li)218 and 210 

mAh/g and an average voltage of 3.9 V for NMC622 between 3 � 4.5 V (vs. Li) (Figure 

2.5) can be achieved.  This will then give energy densities of 3.51 and 3.91 Wh/cc for LCO 

and NMC622 respectively.  NMC622 can deliver a much higher volumetric energy density 

between 3 � 4.5 V compared to that of Li1.2Ni0.2Mn0.6O2 between 2.5 � 4.6 V. 

Lithium-rich NMC materials usually have low tap density, lower than 1.8 g/cc, with only 

a few papers reported to densify around 1.9 � 2.0 g/cc.65,212�217  Regular NMC and LCO 
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usually have tap densities higher than 2.5 g/cc.2  With this consideration, lithium-rich NMC 

materials do not have advantages in volumetric energy density compared to high voltage 

LCO and NMC622 (4.5 V vs. Li).  Additionally, to obtain the high capacity of lithium-rich 

NMC, these materials must be cycled over a wide potential range of 2.5-4.6 V (vs. Li), 

which may be challenging for the current carbonate-based electrolytes.  This shows that 

NMC622 can be a promising core material for core-shell materials. 
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CHAPTER 3. EXPERIMENTAL AND THEORETICAL 

CONSIDERATIONS 

3.1 Sample Preparation  

3.1.1 Synthesis of NMC Hydroxide Precursors 

Metal hydroxide precursors NixMnyCoz(OH)2 were prepared via co-precipitation in a 

continuously stirred tank reactor (CSTR) using a method similar to that described by Van 

Bommel et al. 98   

 

 

Figure 3.1 Continuously Stirred Tank Reactor (A); example of pH (a) and pumping rate of the 

core/shell solution for a core-shell sample (b) change as a function of time, where 1 indicates 

100% of default pumping speed (B).  A schematic diagram of core-shell particles (C). 
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Aqueous solutions of NiSO4, MnSO4 and CoSO4 were prepared with Ni:Mn:Co molar 

ratios of x:y:z.  The total metal ion concentration of each solution was 2.0 M.  A 10.0 M 

NaOH(aq) solution was used as the source of base for the reaction, while a 5.0 M NH3(aq) 

solution was used for metal ion coordination with ammonia to facilitate spherical and dense 

particle growth during the reaction.98 

Figure 3.1A shows a continuously stirred tank reactor used for the synthesis of precursors. 

It has a main reaction vessel, internal pumps for NaOH and ammonia solutions, external 

pumps for metal sulfate (MSO4) solutions, a pH controller, a temperature controller, an 

over-head stirring controller, a gas flow controller and an over-flow container.  During the 

reaction, reagents were added using digital peristaltic pumps (Masterflex L/S 07524).  

Sodium hydroxide addition was automatically controlled by the pH controller and added 

as required by a peristaltic pump on the reactor.  The vessel was maintained at a 

temperature of 60°C and the contents of the reactor were stirred by an overhead stirrer at 

800-1000 rpm.  Nitrogen was bubbled (60 sccm (standard cubic centimeter per minute)) 

into the reactor throughout the reaction to create an inert reaction atmosphere in order to 

minimize the oxidation of Mn rich hydroxides.  The pH electrode (Mettler-Toledo InLab 

424) was calibrated at room temperature using buffer solutions. The pH values of the buffer 

solutions were 4.0 and 10.0 at 20°C (Fisher Scientific). 

For each precursor, a volume of 1 L of a 1 M NH3(aq) solution was first heated to 60°C.  

The reaction proceeded with the addition of 5.0 M NH3(aq) at 0.14 ml/min and 2.0 M MSO4 

at 0.5 ml/min.  The morphology and tap density of the precursors depend on the pH, 

concentration of ammonia and transition metal composition which was demonstrated by 
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Van Bommel et al. 98   A pH of around 10.2 � 10.6 was used for the Ni-rich core hydroxides 

and a lower pH of 9.6 � 10.1 was usually used for the Mn-rich shell precursors.  After 20 

hours of reaction time, the hydroxide precursor was rinsed with 4.0 L of deionized water, 

and then dried at 120°C overnight.   

3.1.2 Synthesis of Core-Shell Hydroxide Precursors 

For the CS precursors26, aqueous solutions with a desired ratio of NiSO4, MnSO4 and 

CoSO4 for the core and shell were first made separately.  The total metal ion concentration 

of each solution was 2.0 M.  The volume of the core solution and shell solution was 

calculated based on the pre-designed core to shell ratio with a total volume of 600 mL.  For 

instance, if the target core to shell ratio was 2:1, the core solution would be 600 mL*2/3= 

400 mL, and the shell solution wouldbe 600 mL* 1/3 = 200 mL.  Thus, the core solution 

was pumped for ~15 hours (400 mL) and then pumping switched to the shell solution for 

~8 hours (200 mL), which yielded about 33 mol% shell (molar ratio).  The desired pH 

values were changed accordingly when the solutions were switched from core to shell.  

Figure 3.1B shows an example of the change of pH, and the pumping rate of the core and 

shell metal sulfate solution for a CS precursor as a function of time.  The CS precursor has 

33 mol% Ni0.2Mn0.6Co0.2(OH)2 shell and 67 mol% Ni0.67Mn0.33(OH)2 core. 

3.1.3 Lithiation of Precusors 

Each dried precursor was recovered, ground, and mixed with a stoichiometric equivalent 

of Li2CO3 (Umicore) by mechanical grinding until a homogenous consistency was 

achieved; about 10-15 minutes.  The powder mixtures were sintered in a box furnace at 
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temperatures around 900°C for 10 hours, with an initial heating rate of 20°C/min and a 

final cooling rate of 20°C/min for all samples. The final products were mechanically 

ground and passed through a 45 micron sieve prior to characterization.  

3.2 Powder Characterization Techniques 

3.2.1 X-ray Diffraction 

 Bragg’s Law 

 

Figure 3.2 shows the diffraction of x-rays by a crystal.  The parallel beams 1 and 2 represent 

the incident waves, and beams 1� and 2� represent the diffracted waves by the atoms in the 

lattice.  The incident beam angle is q and the perpendicular distance between adjacent 

planes is d.  The path difference of the scattered waves is AD+BD = 2dsinq.  If the scattered 

waves are to be in phase then  

 

Figure 3.2 Diffraction of x-rays by a crystal. 
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roughness.225,226  SE are mostly generated from regions near the surface of a specimen and 

BSE are generated from regions that are generally deeper.225  Thus, SE images can provide 

better lateral resolution than BSE images. 225 

Besides the generation of SE, characteristic x-rays can also be produced during the 

interaction between the primary electron beam and the specimen.225,227  This happens when 

an inner shell electron of the specimen atom is excited by a primary electron and ejected 

from the atom.  Then, an outer shell electron may fall into the empty inner shell level with 

corresponding emission of an x-ray photon.225,227  Since each element has unique atomic 

structure, the x-rays generated are characteristic for each element.  This allows the unique 

set of peaks in the x-ray emission spectrum to be used for both quantitative and qualitative 

elemental analysis in energy dispersive x-ray spectroscopy (EDS).225,227 

Three different SEM instruments were used throughout this thesis.  A NanoScience 

Phenom Pro G2 Desktop Scanning Electron Microscopy (SEM) was used to study the 

morphology of precursors and sintered samples in Chapter 4.  This is equipped with a 

backscattered electron detector and a fixed acceleration voltage of 5 kV.  Samples were 

prepared by mounting the powder on adhesive carbon tape prior to imaging. 

EDS mapping measurements shown in Chapter 8 and point compositional analysis shown 

in Chapter 9 required special samples.  These were prepared by first encasing powder in 

epoxy (CrystalBond 555, SPI Supplies/Structure Probe Inc.).  The particles encased in 

epoxy were cut with sandpaper and then polished to a mirror finish with alumina paste.  

The stubs were then coated with amorphous carbon (~40 nm thick) using magnetron 
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sputtering.  The mapping was carried out using a Hitachi S-4700 SEM equipped with an 

80 mm2 silicon drifted detector (Oxford Instruments).  Elemental maps of samples were 

collected in 300 seconds with an accelerating voltage of 20 kV and a current of 15 mA. 

In Chapter 10, samples for cross-sectional SEM imaging and EDS mapping measurements 

were prepared at the Canadian Centre for Electron Microscopy by argon milling the 

samples embedded in a graphite block with carbon paint (PELCOfi) to achieve a smooth 

cross-section surface.  The mapping was carried out using a JEOL JSM-7000F SEM at 

CCEM.  Elemental maps of samples were collected in 300 seconds with an accelerating 

voltage of 10 kV and a current of 10 mA.  This instrument has both backscattered and 

secondary electron detectors. 

3.2.3 Scanning Transmission Electron Microscope and Electron Energy Loss 

Spectroscopy 

The scanning transmission electron microscope (STEM) works similarly to a normal SEM 

in that the desired signal is collected to form an image while a focused beam of electrons 

is scanned over the sample.225,227  The difference with SEM is that thin specimens and high 

accelerating voltage (200 � 300 kV) are used so that transmission modes of imaging with 

high spatial resolution are available.225  This can allow the actual atomic configuration 

within the nanostructure to be observed.  In STEM, a dark field (DF) detector excludes the 

transmitted beam.225,227  An annular dark field detector collects electrons from an annulus 

around the beam, thus detects mostly scattered electrons.225,227  A high angle annular dark 

field (HAADF) image is formed only by incoherently scattered electrons at very high 
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angle, which is different to Bragg scattered electrons.  STEM-HAADF images have a high 

sensitivity to the atomic numbers of the elements in the sample (Z-contrast).228 

As discussed in section 3.2.2 the electron beam can lose energy during the interaction with 

the specimen undergoing inelastic scattering.  Similar to the generation of characteristic x-

rays, the energy loss of the incident electrons, such as due to inner shell ionization, is also 

a characteristic feature for each atom.229  Energy-loss spectroscopy (EELS) measures the 

change in kinetic energy of electrons after they have interacted with a specimen, which can 

be used to give structural and chemical information.229 

In this thesis, STEM/EELS results are discussed in Chapter 7, which were carried out at 

CCEM.  The STEM samples were prepared using a dual beam focused ion beam/scanning 

electron microscope (FIB/SEM) (Zeiss NVision 40).  The sampling location on each 

electrode was randomly selected prior to TEM sample preparation.  Protection layers of 

tungsten and/or carbon were then pre-deposited to the selected region before beam milling.   

The TEM samples were mounted onto a FIB lift-out grid (PELCOfi) and eventually thinned 

down to ~ 70 nm prior to the analysis.   

Scanning transmission electron microscopy and electron energy loss spectroscopy (EELS) 

were carried out using an aberration-corrected (image and probe-forming lenses) FEI Titan 

Cubed 80-300 HB scanning/transmission electron microscope (S/TEM) operated in STEM 

mode with an acceleration voltage of 200 keV.  EELS spectra were collected using a Gatan 

Image Filter Quantum-965 spectrometer with 0.25 eV/channel dispersion.  The high-angle 

annular dark field (HAADF) STEM images were obtained using HAADF detector.  The 
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total cost of all experiments at CCEM was about $40,000 CAD, not including living and 

travel expense for four months of experiments. 

3.2.4 Elemental Analysis  

Elemental analysis (EA) was completed using inductively coupled plasma optical emission 

spectrometry (ICP-OES) to determine the Li, Mn, Ni and Co ratio of each sample.  

Approximately 10 mg of each sample was dissolved in a 2:1 reagent grade HCl:HNO3 aqua 

regia solution which was then diluted prior to measurement.  

3.3 Cell Construction  

3.3.1 Coin Cells 

 

 

Figure 3.4 A schematic of components in making a coin cell, reprinted from reference279.  
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A slurry with a mixture of 92 wt. % active material, 4 wt.% Super-S carbon black as 

conductive additive and 4 wt.% poly(vinylidene) fluoride (PVDF, Kynar 301F, Arkema),  

with N-methyl-pyrrolidone (NMP, 99.5%, Sigma-Aldrich) as the solvent was first prepared.  

Electrodes were made by coating the slurry on an Al foil with a 150 µm notch bar spreader. 

The electrode was first dried at 80oC in air for three hours, then pressed with a pressure of 

~1000 atmosphere. The electrodes were eventually dried overnight at 120 °C in a vacuum 

oven before use.  Figure 3.4 shows a schematic of components used in making a coin 

cell.117,223  The counter electrode was lithium metal or graphite.  The electrolyte used was 

1.0 M LiPF6 in 1:2 v/v ethylene carbonate : diethyl carbonate (EC:DEC).  The separators 

used were one Celgard 2320 (Celgard) on the lithium electrode and one polypropylene 

blown-microfiber separator (3M) adjacent to the positive electrode. 

3.3.2 Pouch Cells 

Machine-made NMC811/graphite pouch cells (220 mAh) were obtained dry (no electrolyte) 

from LiFun Technology (Xinma Industry Zone, Golden Dragon Road, Tianyuan District, 

Zhuzhou City, Hunan Province, PRC, 412000).  The cells were vacuum sealed in a dry 

room in China before they were shipped to Canada.  The cells were balanced so that they 

could be charged to 4.7 V without any lithium plating.  The cells were cut open below the 

heat seal and placed in a heated vacuum oven at 80°C overnight (approximately 14 hours) 

to remove residual water.  After drying, the cells were directly transferred to an argon-

filled glove box without exposure to ambient air, where they were filled with 0.90 g 

electrolyte.  The electrolyte used differed from experiment to experiment which will be 

stated explicitly in the results section.  Once cells were filled with electrolyte, they were 
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sealed with a compact vacuum sealer (MSK-115V, MTI Corp.) to 94% of full vacuum (-

95.2 kPa gauge pressure or 6.1 kPa absolute pressure) with a 6 second sealing time at 150°C. 

All cells were placed in a temperature-controlled box at 40. – 0.1°C and held at 1.5 V for 

24 hours to ensure complete wetting.  Then cells were charged at C/20 to 3.8 V using a 

Maccor series 4000 automated test system (Maccor Inc.), where C/20 is the current 

required to complete a full charge (to 4.2 V) or discharge in 20 hours.  The cells were 

transferred back to an argon-filled glove box and cut open under the previous seal to release 

any gas that was produced.  The cells were then vacuum sealed again as previously 

described.  For cells with an upper cut-off voltage of 4.1 V, there was only one degassing 

procedure performed at 3.8 V as described before.  For cells with an upper cut-off voltage 

of 4.3 V, a second degas was performed after the charge to 4.3 V based on the work by 

Aiken et al.230,231  

3.4 Electrochemical Measurements 

3.4.1 Galvanostatic Cycling 

Galvanostatic charge and discharge cycling was used to analyze coin cells and pouch cells.  

The cells were charged and discharged with a constant current until the upper cut-off 

voltage (charge) or lower cut-off voltage limit (discharge) was reached.  The capacity of 

the each charge and discharge is: 

Q=It                                                                         (3.7) 
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samples 1E, 1F and 1G are approaching the lower boundary (the most lithium) of the single 

phase layered region. 

To more carefully quantify the changes taking place with increasing lithium content, the 

scans were fitted using Rietveld refinement assuming a single hexagonal layered structure 

for samples 1D to 1G, and two layered phases for samples 1A to 1C except for extra peaks 

associated with the superlattice structure observed between 20 and 35°.77  The results of 

the refinement (only showing the main phase for samples 1A to 1C) are presented in Table 

4.3.  Table 4.3 shows that both the a and c lattice parameters decreased with the addition 

of lithium (increasing x) while the nickel content in the lithium layer decreased.  Within 

the single phase layered region, the change in the c axis is much more significant (0.013 ¯ 

from x = 0.12 to x = 0.16) while the a lattice parameter has very little change (0.006 ¯).  

The lattice constants of samples 1F and 1G did not show any sign of saturation even though 

residual Li2CO3 were observed.  Samples 1F and 1G were ground with a mortar and pestle 

and then reheated to 900oC for 10 hours in an attempt to remove the Li2CO3.  No evidence 

of Li2CO3 was found after the second heating.  The refinement results show that the lattice 

constants of reheated samples 1F and 1G increased from (2.8631 ¯, 14.254 ¯) to (2.8719 

¯, 14.272 ¯) and from (2.8601 ¯, 14.245 ¯) to (2.8699 ¯, 14.274 ¯), respectively, 

indicating lithium loss during the reheating process.  This is probably due to the removal 

of lithium peroxide vapor by evaporation during reheating of samples 1F and 1G in 

air.9,235,236  This implies that it is possible to make samples close to the lower boundary of 

the single phase region (the largest lithium content) where all the nickel ions are 3+ if a 

high partial pressure of lithium peroxide is available as apparently is the case when excess 

Li2CO3 is present.   
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When y = 0.2 (Figure 4.3a), there are sufficient Mn atoms and obvious superlattice peaks 

were observed which match the expected positions in the C2/m space group as shown by 

the red lines.  The peak widths of all the superstructure peaks cannot be fit well indicating 

that the superstructure ordering has stacking faults along the c-axis.83,237�239  The peaks 

 

Figure 4.3 Partial XRD patterns ( 20-35° ) for samples of the composition series Li1+x(Niy Mn1-

y)1-xO2 (y=0.2, 0.4, 0.5, 0.6 and 0.7) showing the superlattice peaks. The red lines in (a) are 

monoclinic fits to the data in the C2/m space group.  The blue labels indicate the samples in the 

single phase region. 
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Figure 4.4 Contour plots of the a and c lattice parameters obtained by fitting all regular cooled 

layered structures as hexagonal.  The solid red lines border the boundaries of the single phase 

layered region in the Li-Mn-Ni-Oxide pseudoternary phase diagram while red dashed lines are 

tie-lines at the outer edges of the 3-phase regions. S, R, M, N are the end members of the tie 

lines, representing the spinel, rocksalt, Mn-rich layered and Ni-rich layered phases, 

respectively. The solid black dots represent the actual composition of all the samples made. 

Only the samples in the layered region were used to generate the contour plots.  An extra series 

of y=0.33 were added for the generation of the contour plots. 
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electrochemical cycling as excess lithium is added.  Additionaly, a new peak at ~ 3.3 V 

arose as x was increased to 0.16 and higher, which could  be associated to the Mn4+/Mn3+ 

redox couple in the layered stacking after traversing the 4.5 V plateau.77�79  

Figure 4.7b shows dQ/dV plots for the series of samples with y = 0.7.  The peak at about 

4.3 V became prominent and a fairly small polarization was observed.  However, there 

were no peaks detected at ~ 3.3 V indicating that no manganese took part in the redox 

reaction.  The dQ/dV curves for the other compositions are shown in Figure A.9.  Figures 

4.7 and A.10 show that the composition of manganese and nickel can significantly affect 

the electrochemical performance of the materials.  

 Capacity Versus Cycle Number 

Figure 4.8 shows the capacity versus cycle number plots for samples of the composition 

series Li1+x(Ni0.4Mn0.6)1-xO2 (0 ̸ x ̸ 0.24).  Samples with x = 0 and 0.04, which exhibited 

a three-phase structure, showed an extremely low discharge capacity of ~ 23.4 and ~ 16.6 

mAh/g between 2.5 � 4.6 V after the charge to 4.8 V, respectively.  The sample with x = 

0.08, which had a two phase layered-layered structure, delivered a capacity of ~ 69.5 

mAh/g when cycled between 2.5 � 4.6 V.  The electrodes with x = 0.12, 0.16, 0.20 and 

0.24, which had single phase layered structures (with/without Li2CO3), showed stable 

capacities of about 182.5, 180.1, 171.5 and 163.6 mAh/g between 2.5 � 4.6 V, respectively.  

These results clearly show that phase separation into layered-layered and multiphase 

composites should be avoided in order to deliver the highest capcity and that single phase 

samples should be prepared, at least at this Ni:Mn ratio. 
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4.2.6 Summary of Reversible Capacity in Terms of Li and TM Composition 

 Reversible Capacity between 2.5 – 4.4 V 

Figure 4.10 shows a summary of the reversible capacities of the series Li1+x(NiyMn1-y)1-xO2 

with y = 0.2, 0.4, 0.5, 0.6 and 0.7 between 2.5 – 4.4 V.  The rectangular boxes indicate the 

single phase ranges (for samples without Li2CO3).  Figure 4.10 shows that the maximum 

discharge capacity to 4.4 V in each series was found in the sample that is closest to the top 

of the single phase boundary (smallest x) in the phase diagram when y� 0.5, and x is closet 

to 1 when y>0.5.   

 

Figure 4.9 Cycling performance of samples along the composition series Li1+x (Ni0.3 Mn0.7 )1-x 

O2  (0�  x � 0.08).  The cells were first tested between 2.5–4.4 V for four cycles, then charged to 

4.8 V for one cycle and followed by cycling between 2.5–4.6 V. 


