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Chapter 1 Introduction 

1.1 Lithium ion batteries 

A chemical battery that converts the energy of chemical reactions into electrical energy 

is called a primary battery if its mission ends when the stored chemical energy is released, 

and a secondary battery if the released energy can be recovered and reused by recharging. 

Lithium ion battery (LIB) is a type of secondary battery. Since its commercialization in 

1991, LIBs have been widely used in portable electronic devices, such as laptop 

computers and mobile phones, due to their excellent energy and power densities. Since 

their commercialization in 1991, they have been widely used in portable electronic 

devices such as laptop computers and mobile phones, due to their superior energy density 

and power density. Currently, secondary batteries are largely used for resource and energy 

conservation.[1-3] 

A lithium ion battery consists of a positive electrode (active material, binder, 

conductive aid, current collecting foil), an anode (active material, binder, current 

collecting foil), electrolyte (solvent, supporting salt, additives), separator, and cell case. 

The typical lithium ion battery uses LiCoO2 as the positive electrode, graphite as the 

negative electrode, LiPF6 as the electrolyte, and a polyolefin separator.[2] 

Lithium ion secondary batteries have the following characteristics: 

(1) High energy density (compared to nickel / cadmium and nickel / hydrogen), small 

size, and light weight. 

(2) High electromotive force of 4 V or more. 

(3) High current discharge is possible. 

(4) Low self-discharge. 

(5) No harmful substances such as lead and cadmium. 
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(6) No memory effect (a decrease in discharge capacity when the battery is recharged 

without being used up).  

These features are the reasons why rechargeable batteries have been used more 

commonly than conventional batteries.[3] 

Figure 1.1 schematically shows the reaction during charging and discharging of a 

lithium secondary battery.[4] During charging, lithium ions are produced in the positive 

electrode, which move through the electrolyte and are inserted into the carbon interlayer 

of the negative electrode. 

During charging, the reaction at each electrode is represented as  

(Anode) C6 + xLi+ + xe- → LixC6 

(Cathode) LiCoO2 → Li1-xCoO2 + xLi+ + xe-. 

Here, graphite is denoted by C6 while the composition of the filled graphite interlayer 

is LiC6. Therefore, the total charging reaction is described as 

C6 + LiCoO2→ LixC6 + Li1-xCoO2. 

During discharge, lithium ion is released from the carbon interlayers of the anode and 

return to the lithium portion of the LiCoO2 cathode. In this process, the decrease in Gibbs 

free energy due to the redox reaction is taken out as electrical work. The properties and 

combinations of the cathode, anode, separator, and electrolyte are important to achieve 

high-performance in lithium ion batteries. The following sections 1.2 and 1.3 describe the 

details of the cathode and anode, which are particularly important in battery development. 
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Figure 1.1 Schematic diagram of lithium ion secondary battery. 
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1.2 Cathode 

High voltage and high capacity lithium ion secondary batteries are expected to be used 

not only as small scale power sources for electronic devices but also at larger scale such 

as automobiles. To realize this, it is important to develop cathode materials with higher 

output, more lithium ions storage, faster lithium insertion and extraction and have less 

capacity degradation over cycles. In other words, in addition to high electromotive force, 

high charge / discharge capacity, high rate characteristics, and good cycle retention, safety 

and economic efficiency are also required of electrode materials.[5-7] 

The cathode materials for lithium ion batteries currently available for practical use are 

layered LiCoO2 or compounds modified by doping with small amounts of foreign 

elements. However, the biggest problem with the commercialized LIBs so far is the use 

of cobalt, a scarce and expensive metal element, which accounts for about 30% of the 

total production cost. Small LIBs, such as those for cell phone, use only a small amount 

of cobalt per battery, so the cost effectiveness (cost / performance) difference between 

LIBs and other batteries can be negligible. The cost of Co becomes a more serious issue 

for larger and higher capacity LIBs such as those for HEVs (Hybrid Electric Vehicles). 

For PHEVs (Plug-in Hybrid Electric Vehicles) and electric vehicles, which require even 

larger capacities, the cost of may even lead to the depletion of resources as the use of Co 

increases. In order to cope with this problem, various non-cobalt cathode materials have 

been investigated as alternatives to LiCoO2. For example, LiNiO2, which has the same 

layered rock salt structure and contains less expensive and less toxic Ni, LiMn2O4, which 

has a spinel structure, and LiFePO4, which has an olivine structure. The comparison of 

these materials is summarized in Table 1.1.[8,9] 
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Table 1.1 Comparison of typical cathode materials. 

Electrode 

material 

Average 

voltage (V) 

Specific capacity 

(mAh·g-1) 
Advantages Disadvantages 

LiCoO2 3.8 274 performance 
expensive and 

toxic Co 

LiNiO2 3.8 275 
low cost and 

high capacity 

limited cycle life 

and poor safety 

LiMn2O4 4.1 148 low cost 
limited cycle life, 

low capacity 

LiFePO4 3.4 170 
low cost，good 

cycle life 

low voltage and 

capacity 
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1.2.1 LiCoO2 (LCO) 

The LiCoO2 was discovered by Goodenough et at., and has been mainly applied as a 

cathode material for lithium ion batteries, which are widely used in current mobile devices 

due to its easy synthesis and stable performance. The fractional coordinates of Li, Co, and 

O are shown in Table 1.2. The theoretical capacity of LiCoO2 is 273.8 mAh·g-1. But in 

practice, the extraction of more than 0.5 of lithium for the formula from the crystal 

structure causes a large structural change and therefore reduces the reversibility as well 

as degrades the battery performance. Then, only half of the theoretical capacity of 140 

mAh·g-1 is practical used for charge-discharge process in battery. In addition, it is difficult 

to use LiCoO2 as a power source for medium to large size devices, although it is useful 

in the field of small devices, due to the problem of Co reserves and uneven distribution 

as the main raw material, as well as its large environmental impact. Therefore, in recent 

years, research on LiNiO2-based materials using Ni has been actively conducted to avoid 

such problem.[2]  

 

Table 1.2 The fractional coordinates of LiCoO2. 

atom Wyckoff symbol x y z Site occupancy (g) 

Li 3a 0 0 1/2 1 

Co 3b 0 0 0 1 

O 6c 0 0 0.258 1 

 

 

 

 



 

7 

 

1.2.2 LiNiO2 (LNO) 

LiNiO2 is a cathode material that has been studied for a long time as an alternative to 

LiCoO2. LiNiO2 was first synthesized by Dyer et al. in 1954, and was later widely studied 

by Dahn et al. and Ohzuku et al. in the 1990s. LiNiO2 has the same layered rock salt type 

structure as LiCoO2, so it is expected to have the similar characteristics as LiCoO2. When 

nickel is used, although the potential is slightly lower than that of cobalt, the theoretical 

capacity is almost the same as that of LiCoO2. However, the available charge / discharge 

capacity is about 1.2 times larger (lithium ion desorption up to about 0.7 is possible). In 

addition, nickel is more abundant than cobalt and would make for a cheaper alternative, 

and it is also superior in terms of low toxicity.[3] 

From this point of view, LiNiO2 is considered to be the best alternative material, but 

there is a problem in terms of synthesis. Since nickel is more easily reduced to divalent 

in comparison with cobalt, lithium deficiency due to volatilization of the raw lithium salt 

tends to occur during high temperature sintering, resulting in the formation of Li1-xNi1+xO2 

with a non-stoichiometric composition. Almost identical ionic radius of Li+ (0.76 Å) and 

Ni2+ (0.69 Å) allows the mixing of nickel ions into the vacant site. When Ni2+ occupies 

the lithium 3a site, the region can be regarded as a local NiO irregularly arranged rock 

salt layer (𝐹𝑚3̅𝑚), which is called a rock salt domain. The rock salt domain is not only 

electrochemically inert, but also prevents the battery reaction in the rock salt layer which 

is inherently active, because the Ni2+ in the lithium sites inhibits the two-dimensional 

solid phase diffusion of the single lithium layer.[2]   

This non-stoichiometric composition causes problems such as a decrease in the 

diffusion rate of lithium ions and degradation of the cycle performance. In addition, when 

Li is desorbed from LiNiO2, Ni moves to the Li position, and when there is a large amount 
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of Li, the Ni position is occupied, which adversely affects the charge / discharge 

performance. A further major problem is thermal stability, where the decomposition 

reaction associated with oxygen occurs at temperatures about 50 ℃ lower than the 

LiCoO2 case. This is a major issue in view of the recent strong demand for safety.[10-13]  

Figure 1.2 shows the structural change of Li1-xNiO2 during charge / discharge, where 

H is hexagonal (space group: 𝑅3̅𝑚 ) and M is monoclinic (space group: 𝐶2/𝑚 ).[14-17] 

Figure 1.3 shows the hexagonal and monoclinic crystal structures. The crystal structure 

change of Li1-xNiO2 proceeds in the following manner: hexagonal (H1) → monoclinic 

(M) → hexagonal (H2) → hexagonal (H3), and such crystal structure change is a major 

cause of degradation of electrode materials. It has been reported that a phase 

transformation of H2-H3 occurs when it is charged up to 4.15V. In the H2-H3 phase 

transformation, the a-axis shows a slight contraction, but c-axis decreases sharply. The 

large change in the c-axis between the H2-H3 phases indicates that there will be a 

significant strain at the interface between the two phases, which affects mainly in the 

primary particle level, but also on the secondary particles. This strain is released by the 

formation of cracks during cycling. The cracks provide a pathway for the liquid 

electrolyte to infiltrate the particles inside. This can exacerbate side reactions such as 

electrolyte decomposition and dissolution of metal ions in the material. In addition, the 

rigidity of solid electrolyte interphase (SEI) formed by the side reaction can increase the 

charge transfer impedance, and phase transformation can occur on the exposed surface of 

the material. Such processes would result in reduced cycling and thermal stability. 
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Figure 1.2 Structural changes in Li1-xNiO2. 
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Figure 1.3 Crystal structure of space group 𝑅3̅𝑚 and space group 𝐶2/𝑚. 
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1.2.3 LiNiaCobAl1-a-bO2 (NCA) and LiNiaCobMn1-a-bO2 (NCM) 

Although LiNiO2 has been studied for a long time as an alternative material to LiCoO2, 

it has not been put to practical use due to the above problems, and the use of LiNiO2 alone 

seems to be difficult. In this study, a variety of solid solution compounds based on LiNiO2 

have been investigated. In particular, LiNi1-a-bCoaAlbO2 (NCA) in which the Ni in LiNiO2 

is partially replaced by Co and Al, has attracted considerable attention. NCA has the same 

crystal structure as LiNiO2, but has a higher specific capacity and improved structural, 

chemical, and thermal stability compared to LiNiO2. It is also advantageous in terms of 

cost because it reduces the amount of Co used.[18-22] However, it is known that NCA 

exhibits hexagonal two-phase (𝑅3̅𝑚) coexistence reaction as well as LiNiO2 in the high 

potential region.[20,23,24]  

Among the NCAs, LiNi0.8Co0.15Al0.05O2 has excellent performance and has been 

widely studied.[18-20] However, this composition of NCA also shows hexagonal two-phase 

(𝑅3̅𝑚) coexistence reaction in the high potential region.[18,25] On the other hand, due to 

the high cost and toxicity of Co, NCAs with less Co substitution are currently being 

investigated.[21] 

In recent years, it has been also reported that partial substitution of Ni by Co and Mn 

(LiNi1-a-bCoaMnbO2) would improve the electrochemical performance in LiNiO2-based 

electrode materials.[26-30] LiNi1-a-bCoaMnbO2 (NCM) are regarded as a promising cathode 

material due to their relatively low cost, high capacity and excellent cycle performance.[31-

33] In the NCM-based cathode material, the LiNi1/3Co1/3Al1/3O2 (NCM-333),[34] 

LiNi0.5Co0.2Al0.3O2 (NCM-523),[35] LiNi0.6Co0.2Al0.2O2 (NCM-622)[36] and 

LiNi0.8Co0.1Al0.1O2 (NCM-811)[37] were widely investigated. Even though Ni-lean NCM 

(Ni < 60%) provides the excellent cycle performance and thermal properties, it gave a 
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relatively low practical specific capacity (< 200 mAh·g-1) and thus could not meet the 

industrial demand for large scale energy storage devices. Therefore, Ni-rich cathode 

materials (Ni > 60%) are attractive alternative candidates that can provide a specific 

capacity of more than 200 mAh·g-1. In the Ni-rich NCM system, Co and Mn contribute 

to improvement of electric conductivity and structural stability, respectively. 

LiNi0.8Co0.1Al0.1O2 (NCM-811), for its larger capacity, has been also investigated mainly 

focused on the application of EVs or power storage systems. However, it is difficult to 

commercialize due to several instability issues during the charge and discharge. For 

example, the possible reaction between highly oxidizing Ni4+ and electrolyte to form NiO-

like rock salt type layer in the high potential region. The NiO-like rock salt layer is 

thought to increase the charge transfer resistance leading capacity fade.[38,39] In addition, 

increasing the Ni content in Ni-rich systems has a negative impact on capacity 

degradation, which prevents large scale commercialization[40,41]. To solve these problems, 

many experimental methods have been explored, such as surface coating,[42] making 

single crystal particles,[43,44] and core shell / concentration gradient structures.[45,46] 

 

 

 

 

 

 

 

 

 



 

13 

 

1.3 Anode 

The anode of battery must have a low discharge potential and high energy extraction 

per unit weight and volume. From these perspectives, metallic lithium has the most 

favorable characteristics due to its low redox potential (-3.040 V compared to standard 

hydrogen electrode) and large specific capacities per weight and volume (3860 mAh·g-1 

and 2047 mAh·cm-3, respectively).[47-49] It has already been used as an anode material for 

primary batteries, but there have been practical problems with its use in secondary 

batteries. The lithium metal elutes as Li cation in the electrolyte during discharge, and 

precipitates as Li metal in the liquid during charging, forming dendrites or fine particles. 

In addition, isolated lithium is also formed by dropping out of the dendrite and losing 

conductivity at its interface through reaction with the solvent, resulting in poor current 

efficiency. For this reason, carbon materials are widely used as the anode in lithium ion 

batteries currently on the market.[3] 

Although the specific capacity of carbon materials is inferior to that of lithium metals, 

they exhibit excellent cycle performance because charging and discharging proceed at a 

low potential comparable to that of lithium metals. 

Carbon materials are mainly graphite, easily graphitizable carbon (soft carbon), and 

difficult to graphitize carbon (hard carbon). Of these, graphite is currently the most widely 

used LIB anode material. The theoretical capacity of graphite is 372 mAh·g-1.[49,50] When 

Li is inserted, at 0.6 V - 1.3 V vs. Li+ / Li, the graphite and electrolyte form a compound 

and a thin film called solid electrolyte interphase (SEI) is formed between the graphite 

and electrolyte. This SEI is ion conductive but non electronically conductive and, once 

formed, effectively prevents the irreversible reduction of the electrolyte. 

In general, graphite has the following characteristics.[2] 
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(1) High discharge capacity per volume 

(2) High initial charge / discharge efficiency (low irreversible component) 

(3) Flat discharge curve 

(4) High average discharge voltage 

In addition, propylene carbonate (PC) can be used as the electrolyte solvent for soft 

carbon and hard carbon in the case of the anode, but not for graphite because the 

decomposition reaction of PC precedes the doping of Li+. In general, ethylene carbonate 

(EC) is used instead of PC. 

In addition to carbon materials, there are other tin-based materials such as carbon 

silicon (Si) and tin (Sn). These materials have a capacity per volume comparable to that 

of lithium metal.[49,50] However, because tin-based materials can absorb a large amount 

of lithium, they undergo a fourfold change in volume upon lithium absorption, and 

collapses upon repeated lithium absorption and release. In order to solve this problem, 

tin-based oxide anode materials or tin-based amorphous anode materials are used. Among 

them, anode materials using multiple elements such as tin, cobalt, and carbon can achieve 

both high dose and improved cycle life characteristics.[2] 
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1.4 Relaxation analysis 

In general, it is known that the crystal structure of the electrode material of lithium ion 

batteries changes with the change in electrode potential during charge / discharge. 

Although there have been many reported on the crystal structure change during charging 

and discharging, there are very few reports on the crystal structure change during the 

pause time after charging and discharging. T. Yao et al. clarified that the change in state 

of materials from kinetic to thermodynamic processes by analyzing the materials over 

time in the open-circuit state after charge / discharge is stopped.[51]  

Relaxation analysis stands on that the kinetics dominates during charging and 

discharging, while the equilibrium dominates during quiescence. Our group have 

previously reported the results of relaxation analysis for γ-Fe2O3,
[51,52] LiFePO4,

[53] 

LiMn2O4,
[54,55] LiMn0.75Fe0.25PO4,

[56-58] LiCoO2,
[59] graphite,[60,61] LiNiO2 and 

LiNi0.933Co0.031Al0.036O2.
[62]  

In the case of γ-Fe2O3 and LiFePO4, the iron site shift was observed after the cessation 

of charging and discharging, indicating that the kinetic stability of Li is at 8a site, while 

the equilibrium stability is at 16c site.[52,53] It was also found that Li-rich and Li-lean 

phases coexist in LiFePO4, with the Li-lean phase favoring Li diffusion during charging 

and discharging, and the Li-rich phase favoring Li diffusion at the relaxation.[54] 

There is a great possibility that a similar relaxation decrease can be observed for other 

electrode materials, and our group are currently conducting relaxation analyses for 

various electrode materials. 
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1.5 Motivation and objective of thesis 

Lithium ion secondary batteries are currently used in many electronic devices due to 

their excellent performance. In the future, it would be necessary to develop even higher 

performance electrode materials for large scale applications such as PHEVs and electric 

vehicles that require high capacity. In lithium secondary batteries, upon charging, lithium 

ions break the chemical bonds at the cathode and leave the cathode, forming new chemical 

bonds at the anode, and vice versa. As described above, very intense chemical reactions 

are constantly occurring in electrode materials, and electrode materials must be able to 

withstand these harsh conditions. In order to develop superior electrode materials, it is 

important to analyze structural changes and ion diffusion behavior from the atomic level.  

Among the cathode materials NCAs, LiNi0.8Co0.15Al0.05O2 has excellent performance 

and has been widely studied. However, it shows two-phase coexistence reaction of 

hexagonal crystal in high potential region, which causes degradation. On the other hand, 

due to the expensive and toxic nature of Co, NCA with less Co substitution is also 

important and is currently being studied. In the previous study, relaxation analyses were 

performed for LiNiO2 and LiNi0.933Co0.031Al0.036O2 (Co-3.1 NCA) with a small amount 

of Co substitution in the high potential region. Figure 1.4 shows the relaxation behavior 

of the mole fraction of H3 phase in LixNiO2 and LixNi0.933Co0.031Al0.036O2 measured after 

lithium extraction up to x = 0.12, 0.09 and 0.06 at 0.01 C. The results shows that the mole 

fraction of H3 phase in all the samples decrease with a small amount of Co substitution.[63]  

In this thesis, in order to discuss the contribution of Co substitution in the high potential 

region, relaxation analyses were performed on LixNi0.874Co0.090Al0.036O2 (Co-9.0 NCA) 

and LixNi0.815Co0.149Al0.036O2 (Co-14.9 NCA) after the lithium extraction up to high 

voltage region (0.06 ≤ x ≤ 0.12). Furthermore, in order to clarify the contribution of Co 
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to NCM-based cathode materials, I also investigated the structural changes in the 

relaxation process after the LixNi0.8Co0.1Mn0.1O2 (NCM-811) and LixNi0.35Co0.35Mn0.30O2 

(NCM-353530) was charged to the high voltage region (0.06 ≤ x ≤ 0.12). 
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Chapter 2 Structural Relaxation of LixNi0.874Co0.090Al0.036O2 after 

lithium extraction up to high voltage region (0.06 ≤ x ≤ 0.12) at 0.01 C 

2.1 Introduction 

LiNiO2 is one of the promising cathode materials for batteries used in electric vehicles 

due to its high capacity and low cost.[1,2] It has been known that LiNiO2 undergo phase 

changes in the following order when lithium is extracted: hexagonal (H1), monoclinic 

(M), hexagonal (H2), hexagonal (H3).[3] Such a change in crystal structure can cause 

degradation of the electrode material. In particular, a two-phase coexistence (H2 + H3 

phases) region exists when charged to a high potential region, and the large difference in 

c-axis between the H2 and H3 phases restrict the reversible electrode reaction resulting 

in the degradation of cycle performance.[4] LiNi1-a-bCoaAlbO2 (NCA) (Co and Al co-

doped) are currently being used in electric vehicles due to the good cycle performance 

and high temperature stability, but it is also known that a two-phase coexistence region 

still occurs when lithium extracted from NCA up to a high potential region.[5,6] To use the 

batteries with the capacity beyond 200 mAh·g-1, it is necessary to investigate the charge-

discharge process and structural stability in this higher voltage region. In addition, 

difference in structure between charging / discharging and equilibrium states would be of 

importance for the battery performance to follow the phase transition. Our group have 

investigated the transient from kinetically favorable toward equilibrium structure by 

relaxation time dependent XRD analysis. 

In recent years, our group have investigated the structural change in electrode materials 

after the termination of lithium insertion or extraction by using X-ray diffraction 

accompanied by the Rietveld analysis. During the lithium insertion or extraction, 

electrode materials possess the kinetically preferred structure, which is sometimes 
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different from the thermodynamically stable structure. Yao et al. named this technique as 

“Relaxation analysis” and applied to various cathode or anode materials. 

In the previous study, Tamura et al. investigated the relaxation analyses on LixNiO2 and 

LixNi0.933Co0.031Al0.036O2 (Co-3.1 NCA) after lithium extraction up to high potential 

region (x = 0.12, 0.09 and 0.06). It was found that the appearance of the H3 phase could 

be suppressed by substitution a small amount of Co.[7] In order to further investigate the 

effect of increasing Co substitution, in the chapter 2, I have carried out the relaxation 

analysis on LiNi0.874Co0.090Al0.036O2 (Co-9.0 NCA) with increased Co substitution to 

compare with the previous study on LiNiO2 and Co-3.1 NCA. 
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2.2 Experiment 

2.2.1 Electrochemical lithium extraction  

I used the LiNi0.874Co0.090Al0.036O2 (Co-9.0 NCA) with the typical particle size of 5.7 

μm (Sumitomo Metal Mining Co., Ltd.) as a cathode material. Mixing the active materials 

(Co-9.0 NCA) with Acetylene Black (AB) and PVdF power with the ratio of 80:10:10 in 

weight and spreading on Al foil with a small amount of NMP, the test electrode was 

prepared. Lithium metal was used for counter electrode and the electrolyte employed was 

1 mol·dm-3 LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) 

solution (2:1 v / v, Kishida chemical Co., Ltd). A two-electrode type metal cell (Figure 

2.1, Hohsen Co.,) was assembled in an Ar-filled glove box. I have extracted lithium ion 

from the sample at a constant current of 0.01 C up to x = 0.12, 0.09 and 0.06 of 

LixNi0.874Co0.090Al0.036O2 at 25 °C. After the termination of lithium extraction, I 

immediately took the working electrode out of the cell in Ar-filled glove box to avoid the 

local cell reaction between the electrode material and the current via the electrolyte. 

Thereafter I washed the working electrode in DMC (Kishida Chemical Co., Ltd.) and then 

dried in Ar atmosphere. 
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2.2.2 X-ray diffraction measurement  

The working electrode was set in a sealed holder (Rigaku Co., Ltd.,) with beryllium 

window in an Ar-filled glove box, which was then mounted on an X-ray diffractometer 

(Ultima-IV, Rigaku Co., Ltd.) for XRD measurement. The XRD measurement conditions 

was shown in Table 2.1. The diffracted X-ray was measured for 2θ values from 15 ° to 

75 ° at a rate of 2 ° min-1 with 0.04 ° step width by using CuKα radiation. The X-ray tube 

voltage and current were set to 40 kV and 40 mA, respectively.  

I analyzed the XRD profiles by the Rietveld method using RIEVEC code. The Rietveld 

analysis has been carried out assuming co-existence of two phases (H2 + H3 phases), both 

of which belong to 𝑅3̅𝑚 symmetry. Nickel (cobalt and aluminum) ions were placed at 

the 3b site and oxide ion at the 6c site in hexagonal axis, and the contribution of lithium 

has been ignored. The mole fractions of H2 and H3 phase were calculated from the scale 

factors and equation 2.1. 
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             (Equation 2.1) 

M: mole fraction 

S: scale factor 

Z: number of formulae in unit cell 

V: cell volume 
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Figure 2.1 Schematic diagram of two electrode type metal cell. 
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Table 2.1 XRD measurement conditions. 

X-ray diffractometer Ultima IV (RIGAKU) 

Source radiation CuKα 

Tube voltage / current 40 kV / 40 mA 

method 2θ / θ 

step width 0.04 ° 

speed 2 ° / min 

Angle range 15 ° ≦ 2θ ≦ 75 ° 
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2.3 Results and Discussion  

Lithium ions were electrochemically extracted from Co-9.0 NCA to achieve the 

amount of lithium as x = 0.12, 0.09 and 0.06 for LixNi0.874Co0.090Al0.036O2 at a constant 

current rate of 0.01 C. The charge curve of Co-9.0 NCA appears to show a little gradient 

at the higher potential region as given in Figure 2.2, which is distinct from LiNiO2 without 

cobalt doping in terms of potential plateau. Figures 2.3, 2.5 and 2.7 show the X-ray 

diffraction patterns for x = 0.12, 0.09 and 0.06 of Co-9.0 NCA at various relaxation times 

after the termination of lithium extraction, respectively. The 003 peaks for x = 0.12, 0.09 

and 0.06 of Co-9.0 NAC are shown in Figures 2.4, 2.6 and 2.8. For x = 0.12, the 003 

peaks shifts toward higher 2θ direction with relaxation time, while it does toward lower 

2θ for x = 0.06 and peaks shift seems not occur for x = 0.09. The measured and the 

Rietveld fitted diffraction profiles of x = 0.12, 0.09 and 0.06 with 0 hour and 100 hours 

of relaxation are exemplified in Figures 2.9, 2.10 and 2.11, showing fairly good agreement 

to the yield with a sufficiently low Rwp value. I examined the refinements assuming two 

types of models: the two-phase coexistence (H2 and H3 phases), and single H2 phase 

model. The value of Rwp at 0 hour and 100 hours after the end of charging for single H2 

phase model and the two-phase coexistence model obtained from the Rietveld analysis 

are shown in Table 2.2. It can be known that the lower Rwp value was achieved assuming 

single H2 phase only for x = 0.12. On the other hand, two phases model provided lower 

Rwp value for x = 0.09 and 0.06. Therefore, I think that single H2 phase is remained after 

the lithium extraction up to x = 0.12, and H3 phase appears at x = 0.09 and 0.06. The 

selected structural parameters of x = 0.12, 0.09 and 0.06 after refinements are listed in 

Tables 2.3, 2.4 and 2.5, respectively for the 0 hour and 100 hours of relaxed data.  

Figures 2.12 and 2.13 represent the relaxation time dependence of a-lattice and c-lattice 
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parameters for H2 and H3 phases of Co-9.0 NCA, respectively. For all the composition 

of lithium ions, the variation of a-length is rather small in the present range of x, while 

the c-length varies with the lithium content x. Assuming that c-length is essentially 

attributed by the lithium concentration, lithium amount of H2 phase for x = 0.12 is a little 

smaller than that for x = 0.09, which might be due to the formation of H3 phase with 

smaller lithium concentration for x = 0.09. Nevertheless, H2 phase of x = 0.06 possesses 

smaller c-length as compared with those for x = 0.12 or 0.09. As for H3 phase, highly 

lithium extracted sample (x = 0.06) shows the smaller c-axis. Comparing with the 

previous study of LiNiO2 and Co-3.1 NCA, c-axis in the small lithium region is relatively 

what for Co-9.0 NCA, which would help the lithium diffusion in the lithium layer, 

resulting in the smaller relaxation time.  

Figure 2.14 shows the mole fraction of H3 phase including previous study LiNiO2 and 

Co-3.1 NCA, and the present study Co-9.0 NCA. In Co-9.0 NCA, even for x = 0.06, H2 

phase is still predominant and the molar ratio of H2 phase slightly increases with the 

relaxation time up to 100 hours. This indicates that small amount of H3 phase turns into 

H2 during the relaxation. Phase change from H3 to H2 during the relaxation is very small 

in the present system (Co-9.0 NCA) as almost constant mole fraction. Namely larger 

amount of Co substitution into LiNiO2 enable the rapid phase change presumably due to 

the larger c-length in H3 phase, allowing the phase ratio of H2 / H3 nearly equilibrium 

during charging. This also improves the cycle performance in higher potential region.  
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Figure 2.2 Charge curve of LixNi0.874Co0.090Al0.036O2 after lithium extraction up to x = 

0.12, 0.09 and 0.06. 
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Figure 2.3 XRD pattern of Li0.12Ni0.874Co0.090Al0.036O2. 
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Figure 2.4 003 peaks of Li0.12Ni0.874Co0.090Al0.036O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 2.5 XRD patterns of Li0.09Ni0.874Co0.090Al0.036O2. 
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Figure 2.6 003 peaks of Li0.09Ni0.874Co0.090Al0.036O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 2.7 XRD patterns of Li0.06Ni0.874Co0.090Al0.036O2. 
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Figure 2.8 003 peaks of Li0.06Ni0.874Co0.090Al0.036O2 (2θ ＝ 18 ° ～ 20 °). 
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Table 2.2 Summary of Rwp for single phase and two-phase coexistence (H2+H3 phase) 

for each sample (LixNi0.874Co0.090Al0.036O2). 

x 0.12 0.09 0.06 

Relaxation time / h 0 100 0 100 0 100 

Rwp 
Single phase 3.703 3.495 3.822 3.337 5.689 8.425 

H2 + H3 phase 4.228 4.032 3.550 2.708 5.223 2.981 

 

 

 

 

Table 2.3 Refined structure parameters of Li0.12Ni0.874Co0.090Al0.036O2 for initial state and 

after 100 h of relaxation. 
   

0 h 100 h 

H2 phase Lattice constant a (Å) 2.8345(1) 2.8427(1) 
  

c (Å) 14.3738(2) 14.3621(4) 
 

z 

 

0.235(1) 0.236(4) 

Confidence factor RF (%) 2.68 4.459 
  

RB (%) 3.012 5.004 

Overall confidence factor Rwp (%) 3.703 3.495 
  

GOF 1.206 1.448 
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Table 2.4 Refined structure parameters of Li0.09Ni0.874Co0.090Al0.036O2 for initial state and 

after 100 h of relaxation. 
   

0 h 100 h 

H2 phase Lattice constant a (Å) 2.8172 (1) 2.8204(5) 
  

c (Å) 14.4315(1) 14.4300(0) 

 z  0.232(1) 0.227(1) 
 

Mole fraction 

 

0.82(9) 0.86(6) 
 

Confidence factor RF (%) 2.282 2.103 
  

RB (%) 2.185 1.504 

H3 phase Lattice constant a (Å) 2.8136(1) 2.8180(4) 
  

c (Å) 14.3312(1) 13.3115(1) 

 z  0.256(2) 0.246(3) 
 

Mole fraction 

 

0.17(1) 0.13(4) 
 

Confidence factor RF (%) 3.944 2.933 
  

RB (%) 5.750 3.610 

Overall confidence factor Rwp (%) 3.550 2.708 
  

GOF 1.321 1.537 
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Table 2.5 Refined structure parameters of Li0.06Ni0.874Co0.090Al0.036O2 for initial state and 

after 100 h of relaxation. 
   

0 h 100 h 

H2 phase Lattice constant a (Å) 2.8234(1) 2.8268(4) 
  

c (Å) 14.2609(1) 14.3261(3) 
 

Mole fraction 

 

0.79(3) 0.86(2) 

 z  0.230(4) 0.235(2) 
 

Confidence factor RF (%) 6.097 1.622 
  

RB (%) 3.794 1.157 

H3 phase Lattice constant a (Å) 2.8253(2) 2.8255(3) 
  

c (Å) 14.1475(1) 14.2098(1) 

 z  0.242(1) 0.219(5) 
 

Mole fraction 

 

0.20(7) 0.13(8) 
 

Confidence factor RF (%) 4.350 2.781 
  

RB (%) 6.855 3.207 

Overall confidence factor Rwp (%) 5.223 2.981 
  

GOF 1.831 1.609 
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Figure 2.9 Observed and Rietveld fitted diffraction pattern of LixNi0.874Co0.090Al0.036O2 (x 

= 0.12) after (a) 0 h and (b) 100 h of relaxation. 
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Figure 2.10 Observed and Rietveld fitted diffraction pattern of LixNi0.874Co0.090Al0.036O2 

(x = 0.09) after (a) 0 h and (b) 100 h of relaxation. 
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Figure 2.10 Observed and Rietveld fitted diffraction pattern of LixNi0.874Co0.090Al0.036O2 

(x = 0.06) after (a) 0 h and (b) 100 h of relaxation. 
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Figure 2.12 Change in lattice parameters of the a-axis of LixNi0.874Co0.090Al0.036O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 2.13 Change in lattice parameters of the c-axis of LixNi0.874Co0.090Al0.036O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 2.14 Calculated mole fraction changes of H3 phase for LixNiO2 (LNO), 

LixNi0.933Co0.031Al0.036O2 (Co-3.1 NCA) and LixNi0.874Co0.090Al0.036O2 (Co-9.0 NCA) (x = 

0.12, 0.06 and 0.06). 
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2.4 Conclusion  

In chapter 2, I have carried out the relaxation analysis on Co-9.0 NCA to study the 

structural variability at the deeply lithium extracted region for 0.06 ≤ x ≤ 0.12, and 

compared with the previous study LiNiO2 and Co-3.1 NCA. Single H2 phase is remained 

after the lithium extraction up to x = 0.12, although H3 phase appears after the extraction 

to x = 0.09. Nevertheless, H2 phase is predominant for x = 0.09 and 0.06, and even small 

amount of H3 phase turns into the H2 during relaxation. Comparing with the LiNiO2 and 

Co-3.1 NCA, it is found that larger amount of Co substitution reduce the mole fraction of 

H3 phase and allow the phase ratio of H2 / H3 nearly equilibrium during charging to make 

a better cycle performance. 
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Chapter 3 Structural Relaxation of LixNi0.815Co0.149Al0.036O2 after 

lithium extraction up to high voltage region (0.06 ≤ x ≤ 0.12) at 0.01 C 

3.1 Introduction 

It has been reported that LiNi1-a-bCoaAlbO2 (NCA) show a better cycle performance 

and good temperature stability, which is extensively used in electric vehicles.[1-3] However, 

the transition of H2-H3 phases still occurs in the high voltage regions as LNO.[4-7] While 

a-axis decreases with lithium extraction in NCA, c-axis increase slightly at H2 phase 

followed by decreasing at H3.[6] In the high voltage region, large differences in the c-

length between H2 and H3 phases restrict the reversible reactions to degrade the capacity 

and cycle performance. Sun et al. have reported that the Ni-rich cathodes is considered to 

have the most severe H2-H3 phase transition, leading to the generation of an extensive 

crack network in the entire secondary particles.[8] Some papers have reported that the 

magnitude of the H2-H3 transformation increase when the Ni content exceeds 80%, and 

form a wide crack network along the grain boundaries which provide channels for 

electrolyte penetration into the particle interior. Consequently, the permeated electrolyte 

reacts with the exposed reactive Ni4+ to form an insulating NiO-like rock-salt layer and 

other electrolyte oxidation products, accelerating the loss of capacity and the increase of 

impedance.[8,9] 

It is important to investigate the mechanism of the phase transformation in the high 

potential regions to use the LIBs with a capacity of more than 200 mAh·g-1. As well as 

the phase transition phenomena, structural difference between the kinetic and equilibrium 

states should be argued for the degeneration process of electrode. Our group have thus 

focused on the transient state from kinetically favorable toward equilibrium structures 

during relaxation time, and investigated the structural variation by using X-ray diffraction 
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accompanied by the Rietveld analysis. Our group named this technique as “Relaxation 

Analysis” and applied to various electrode materials. 

In recent years, the structural relaxation analyses were carried out on 

LiNi0.933Co0.031Al0.036O2 (Co-3.1 NCA)[10] and LiNi0.874Co0.090Al0.036O2 (Co-9.0 

NCA).[11,12] It was found that change in c-axis becomes small during the relaxation time 

and the formation of H3 phase is restricted with increasing cobalt content. In the present 

study, to clarify the contribution of cobalt substitution, we carried out the relaxation 

analysis on LiNi0.815Co0.149Al0.036O2 (Co-14.9 NCA). The results are compared with the 

previous Co-3.1 NCA and Co-9.0 NCA.  
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3.2 Experiment 

3.2.1 Electrochemical lithium extraction  

Cathode materials of LiNi0.815Co0.149Al0.036O2 (Co-14.9 NCA) have been supplied from 

Sumitomo Metal Mining Co., Ltd. The working electrode was prepared by mixing the 

cathode materials (Co-14.9 NCA) with Acetylene Black (AB) and PVdF power with the 

weight ratio of 80:10:10, and spreading the mixture on Al foil with a small amount of 

NMP. After drying the working electrode at 60 °C for 4 hours and 120 °C for 24 hours, a 

two-electrode metal cell (Hohsen Co.) was assembled in an Ar-filled glove box. I 

employed lithium metal and 1 mol·dm-3 LiPF6 in a mixture of ethylene carbonate (EC) 

and dimethyl carbonate (DMC) solution (2:1 v / v, Kishida chemical Co., Ltd) as a counter 

electrode and electrolyte, respectively. Lithium ion was extracted from the Co-14.9 NCA 

at a constant current of 0.01 C to x = 0.12, 0.09 and 0.06 for LixNi0.815Co0.149Al0.036O2 at 

25 °C. To avoid the local cell reaction between the electrode material and the current 

collector via the electrolyte, I immediately took the working electrode out of the cell in 

an Ar-filled glove box after the termination of lithium extraction. The working electrode 

was then washed in in DMC (Kishida Chemical Co., Ltd.) and then dried in Ar 

atmosphere. 
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3.2.2 X-ray diffraction measurement  

I set the working electrode in a sealed holder (Rigaku Co., Ltd) with beryllium window 

in an Ar-filled glove box and installed in an XRD diffractometer (Ultima-IV, Rigaku 

Corp., Ltd.) for XRD experiments. The XRD measurements were carried out from 15° to 

75° in 2θ at rate of 2° min-1 with 0.04 step width by using CuKα radiation. The X-ray 

tube voltage and current were set to 40 kV and 40 mA, respectively. 

The XRD data were analyzed by the Rietveld method using RIEVEC code. The 

Rietveld analysis were made assuming single H2 phase and the two phases (H2 and H3 

phases) co-existing, both of which belong to 𝑅3𝑚  symmetry. For the structure 

refinement, nickel (cobalt and aluminum) and oxide ions were placed at the 3b and 6c 

sites, respectively in hexagonal axis, and the contribution of lithium has been ignored. 
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3.3 Result and Discussion 

To achieve the amount of lithium as x = 0.12, 0.09 and 0.06 for 

LixNi0.815Co0.149Al0.036O2 (Co-14.9 NCA), lithium ions were electrochemically extracted 

from Co-14.9 NCA at a constant current rate of 0.01 C. Figure 3.1 shows the charge curve 

of Co-14.9 NCA, where in remains a little gradient even at high potential region compared 

to previous LiNiO2. Figures 3.2, 3.4 and 3.6 show X-ray diffraction patterns for x = 0.12, 

0.09 and 0.06 of Co-14.9 NCA at various relaxation time after the termination of lithium 

extraction, respectively. The 003 peaks for x = 0.12, 0.09 and 0.06 was shown in Figures 

3.3, 3.5 and 3.7, respectively. In comparison with x = 0.12 or 0.09, 003 peaks of x = 0.06 

appears at higher diffraction angle as observed in the inset, and the amount of peak shift 

during the relaxation is larger. Figures 3.8, 3.9 and 3.10 exemplified the measured and the 

Rietveld fitted diffraction profiled of x = 0.12, 0.09 and 0.06 with 0 hour and 100 hours 

of relaxation, and providing fairly good agreement to yield a sufficiently low Rwp value. 

To compare the phases of the samples, a preliminary refinement was made assuming a 

single H2 phase model and two-phase coexisting model (H2+H3 phases) to compare the 

reliability factors. And table 3.1 shows the value of Rwp at 0 hour and 100 hours after the 

end of charging for single H2 phase model and the two-phase coexistence model obtained 

from the Rietveld analysis. For all the Co-14.9 NCA sample, the H2 single phase model 

was adopted because the Rwp was smaller when refined based on the H2 single phase 

model. The selected structural parameters after refinements are listed in Tables 3.2, 3.3 

and 3.4, respectively for the 0 hour and 100 hours of relaxed data.  

The relaxation time dependence of a-lattice and c-lattice parameters for single H2 

phase of Co-14.9 NCA are shown in Figures 3.11 and 3.12, respectively. For all the 

samples, the a-length remains almost constant in the present range of x. On the other hand, 
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the c-length increase within 40 hours after the termination of lithium extraction to saturate 

up to 100 hours of relaxation, although the data for x = 0.09 does not represent such a 

tendency. Figure 3.13 shows the variation of lithium (dLi) and nickel (dNi) interlayer 

distance, respectively with the relaxation time by using the refined oxide ion position. In 

x = 0.06, due to the smaller lithium content as well as higher valence of transition metal 

ions, and the ionic radius of transition metal ions decreased. As a result, both dLi and dNi 

values are smaller than those of x = 0.09 or 0.12, which allows the smaller c-axis as shown 

in Figure 3.12. As for the relaxation behavior, lithium migration would enhance the 

lithium interlayer distance during charging, resulting in the shrinkage of dLi during the 

relaxation toward the equilibrium values. On the other hand, increase in dNi at the 

relaxation time might be due to the contribution of dLi or redistribution of charges in Co 

and Ni ions. The relaxation behavior of these two interlayer distance would give rise to 

the variation of c-length in Figure 3.12.   

Figure 3.14 summarizes the observed phases in our relaxation study including previous 

data of LNO, Co-3.1 NCA and Co-9.0 NCA. It is clearly seen that cobalt substitution 

restricts the formation of H3 phase, e.g. H3 phase does not appear even at x = 0.06 for 

Co-14.9 NCA. In addition, cobalt substitution also appears to reduce the change in mole 

fraction during the relaxation. Figure 3.15 (a) exhibits the mole fraction of H3 phase for 

x = 0.06 of NCAs at 0 hour and 100 hours of relaxation, which is plotted versus cobalt 

content. For smaller cobalt concentration as LNO or Co-3.1 NCA, mole fraction of H3 

phase apparently decrease from the initial one during 100 hours of relaxation, while mole 

fraction varies small for highly cobalt substituted samples. The difference in mole fraction 

of H3 phase between 0 hour and 100 hours of relaxation are plotted in Figure 3.15 (b). 

For all the lithium concentration x, the difference in mole fraction (M0h – M100h) decrease 
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with the cobalt content in NCAs, although H3 phase does not appear for Co-14.9 NCA, 

i.e. M0h – M100h retains zero at a = 14.9.  

Therefore, larger cobalt substitution or smaller nickel content in the Ni-rich NCA 

would restrict the formation of insulating rock salt layers such as NiO allowing the faster 

structural change into the equilibrium state during charging to stabilize H2 phase rather 

than H3. This would result in the improvement of long term cycle performance.  
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Figure 3.1 Charge curve of LixNi0.815Co0.149Al0.036O2 after lithium extraction up to x = 

0.12, 0.09 and 0.06.  
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Figure 3.2 XRD parten of Li0.12Ni0.815Co0.149Al0.036O2. 
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Figure 3.3 003 peaks of Li0.12Ni0.815Co0.149Al0.036O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 3.4 XRD parten of Li0.09Ni0.815Co0.149Al0.036O2. 
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Figure 3.5 003 peaks of Li0.09Ni0.815Co0.149Al0.036O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 3.6 XRD parten of Li0.06Ni0.815Co0.149Al0.036O2. 
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Figure 3.7 003 peaks of Li0.06Ni0.815Co0.149Al0.036O2 (2θ ＝ 18 ° ～ 20 °). 
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Table 3.1 Summary of Rwp for single phase and two phase coexistence for each sample 

(LixNi0.815Co0.149Al0.036O2). 

x 0.12 0.09 0.06 

Relaxation time / h 0 100 0 100 0 100 

Rwp 
Single phase 4.320 2.771 4.032 2.887 4.220 3.064 

H2 + H3 phase 4.684 3.583 4.034 3.192 5.014 3.177 

 

 

 

 

Table 3.2 Refined structure parameters of Li0.12Ni0.815Co0.149Al0.036O2 for initial state and 

after 100 h of relaxation. 
   

0 h 100 h 

H2 phase Lattice constant a (Å) 2.8158(3) 2.8198(1) 
  

c (Å) 14.3145(2) 14.4120(4) 
 

z 

 

0.238(4) 0.236(4) 

Confidence factor RF (%)  4.371  3.599 
  

RB (%) 4.940 3.809 

Overall confidence factor Rwp (%) 4.320 2.771 
  

GOF 1.608 1.343 
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Table 3.3 Refined structure parameters of Li0.09Ni0.815Co0.149Al0.036O2 for initial state and 

after 100 h of relaxation. 
   

0 h 100 h 

H2 phase Lattice constant a (Å) 2.8137 (2) 2.8144(1) 
  

c (Å) 14.4063(2) 14.3836(4) 

 z  0.231(6) 0.233(1) 

Confidence factor RF (%) 3.675 2.958 
  

RB (%) 3.419 2.734 

Overall confidence factor Rwp (%) 4.032 2.887 
  

GOF 1.309 1.209 

 

 

 

Table 3.4 Refined structure parameters of Li0.06Ni0.815Co0.149Al0.036O2 for initial state and 

after 100 h of relaxation. 
   

0 h 100 h 

H2 phase Lattice constant a (Å) 2.8117(2) 2.8176(1) 
  

c (Å) 13.9447(2) 14.0701 (4) 

 z  0.235(3) 0.232(5) 

Confidence factor RF (%) 4.011 2.562 
  

RB (%) 3.776 2.044 

Overall confidence factor Rwp (%) 4.220 3.064 
  

GOF 1.307 1.244 
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Figure 3.8 Observed and Rietveld fitted diffraction pattern of LixNi0.815Co0.149Al0.036O2 (x 

= 0.12) after (a) 0 h and (b) 100 h of relaxation. 
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Figure 3.9 Observed and Rietveld fitted diffraction pattern of LixNi0.815Co0.149Al0.036O2 (x 

= 0.09) after (a) 0 h and (b) 100 h of relaxation. 
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Figure 3.10 Observed and Rietveld fitted diffraction pattern of LixNi0.815Co0.149Al0.036O2 

(x = 0.06) after (a) 0 h and (b) 100 h of relaxation. 
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Figure 3.11 Change in lattice parameters of the a-axis of LixNi0.815Co0.149Al0.036O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 3.12 Change in lattice parameters of the c-axis of LixNi0.815Co0.149Al0.036O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 3.13 (a) Lithium and (b) nickel interlayer distance of LixNi0.815Co0.149Al0.036O2 

plotted versus relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 3.14 Observed phase during the relaxation analysis at various lithium extraction 

amount for LNO and NCAs. 
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Figure 3.15 (a) Mole fraction of H3 phase for x = 0.06 of LNO and NCAs after 0 h and 

100 h of relaxation. (b) The difference in mole fraction between 0 h and 100 h of 

relaxation plotted versus cobalt content. 
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3.4 Conclusion 

In chapter 3, I have carried out the relaxation analysis on Co-14.9 NCA to study the 

structural variation at the deeply lithium extracted region for 0.06 ≤ x ≤ 0.12, which were 

then compared with previous LiNiO2, Co-3.1 NCA and Co-9.0 NCA system. In the 

present chapter, single H2 phase is remained at all the lithium concentration. It was found 

that c-length increases with relaxation time especially for highly lithium extracted Co-

14.9 NCA. Concerning with the previous relaxation studies, larger amount of Co 

substitution reduces the mole fraction of H3 phase and allow the H2 / H3 phase ratio 

nearly the equilibrium during charging. Elucidating the structural relaxation properties of 

NCAs after lithium extraction up to highly potential region would enable the design of 

practical LIBs effective for the actual applications as electric vehicles.  
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Chapter 4 Structural Relaxation of LixNi0.8Co0.1Mn0.1O2 after lithium 

extraction up to high voltage region (0.06 ≤ x ≤ 0.12) at 0.01 C 

4.1 Introduction 

To improve the electrochemical performance of LiNiO2-based electrode materials, a 

lots of research have been carried out by substituting Ni with various types or transition 

metal (Co, Mn, Al, Fe, Mg).[1-3] Among them, LiNi1-a-bCoaMnbO2 (NCM) are promising 

cathode materials for the application to EVs due to its high specific capacity and high 

energy density.[4-6] LiNi1/3Co1/3Mn1/3O2 (NCM 333) was synthesized to successfully 

commercialize for LIBs due to high specific capacity, structural stability and excellent 

cycle life.[7] In recent years, Ni-rich NCMs such as LiNi0.5Co0.2Mn0.3O2 (NCM-523) 

attract great interest for excellent electrode performance and a high capacity for long time 

use. In this system, Co and Mn contribute to the improvement of electric conductivity and 

structural stability, respectively.[8] LiNi0.8Co0.1Mn0.1O2 (NCM-811) has been also 

investigated for its larger capacity mainly focused on the application of EVs or power 

storage systems.[9] However, it is difficult to commercialize due to the possible reaction 

between highly oxidizing Ni4+ and electrolyte to form NiO-like rock salt type layer. The 

rock salt layer is thought to increase the charge transfer resistance leading capacity fade. 

Further severe is for exceeding 80% of Ni content.[10] 

Our group have investigated the structural variation after the termination of charging / 

discharging for a lot of cathode or anode materials of LIBs by means of X-ray diffraction 

coupled with the Rietveld analysis. The information of structural change toward the 

equilibrium state would provide valuable information of structural stability at the 

charging or discharging process. Since the structural variation from kinetically favorable 

state toward thermodynamically equilibrium state is investigated, we refer this 
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methodology as Relaxation analysis. 

In recent years, our group have carried out the structural relaxation analysis on LiNiO2 

and NCAs.[11-14] It was found that the larger amount of Co substitution in NCA reduces 

the mole fraction of H3 phase and allow the H2-H3 phase ration nearly the equilibrium 

bring relaxation time. In the present study, to clarify the contribution of cobalt substitution 

in NCM system, I carried out relaxation analysis on LiNi0.8Co0.1Mn0.1O2 after the lithium 

extraction up to high voltage region. The present study results are also compared with the 

previous study LiNiO2. 
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4.2 Experiment 

4.2.1 Electrochemical lithium extraction  

The working electrode was prepared by mixing the cathode active material (LiNiO2, 

Sumitomo), acetylene black (AB) and PVdF with the weight ratio of 80:10:10 to spread 

on Al foil with a small amount of NMP. A two-electrode type metal cell (Hohsen Co.,) 

was assembled in an Ar-filled glove box after drying the working electrode at 60 °C for 

4 hours and 120 °C for 24 hours. Lithium metal and 1 mol·dm-3 LiPF6 in a mixture of 

ethylene carbonate (EC) and dimethyl carbonate (DMC) solution (2:1 v / v, Kishida 

Chemical Co., Ltd) was used for counter electrode and electrolyte, respectively. I have 

extracted lithium ion from the NCM-811 at a constant current rate of 0.01 C up to x = 

0.12, 0.09 and 0.06 for LixNi0.8Co0.1Mn0.1O2 at 25 °C. In the present study, the lithium 

content (x = 0.12, 0.09 and 0.06) was determined from the charged capacity. Just after 

terminating the lithium extraction, I separated the working electrode out of the half cell 

in Ar-filled glove box to prevent the local cell reaction between electrode and current 

collector. Then, I washed the working electrode in DMC (Kishida Chemical Co., Ltd.) 

followed by drying in Ar atmosphere.  
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4.2.2 X-ray diffraction measurement  

The obtained working electrode was set in a sealed holder (Rigaku Co., Ltd.) with 

beryllium in an Ar-filled glove box to mount in an XRD diffractometer ((Ultima-IV, 

Rigaku Co., Ltd.) for XRD experiments. The XRD experiments were performed from 

15 ° to 75 ° in 2θ at rate of 2 ° min-1 with 0.04 ° step width by using CuKα radiation. The 

X-ray tube voltage and current were operated at 40 kV and 40 mA, respectively. The data 

collection has been made every 10 hours step to evaluate the structural variation during 

the relaxation time. 

I analyzed the XRD data by the Rietveld refinement using RIEVEC code. I carried out 

the Rietveld analysis assuming the two phase co-existing (H2 and H3), both of which 

belong to 𝑅3𝑚 symmetry. For the structure refinement, Nickel (Cobalt and Manganese) 

and oxide ions were placed at 3b and 6c sites, respectively in hexagonal axis ignoring the 

contribution of lithium. 
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4.3 Result and Discussion  

Figure 4.1 represents the charge curve of NCM-811, showing higher charging potential 

compared to the previously reported LiNiO2 of Co-3.1 NCA. After charging to x = 0.12, 

0.09 and 0.06 for LixNi0.8Co0.1Mn0.1O2 as depicted by arrows, relaxation analyses have 

been carried out. The obtained X-ray diffraction patterns for x = 0.12, 0.09 and 0.06 for 

NCM-811 after various relaxation time are plotted in Figures 4.2, 4.4 and 4.6, respectively. 

The 003 peaks (2θ = 18° to 20°) for x = 0.12, 0.09 and 0.06 for NCM-811are shown in 

Figures 4.3, 4.5 and 4.7. The peaks observed around 18.5° and 19.5° are ascribed to 003 

reflections of H2 and H3 phases, respectively. While 003 peaks of H3 phase appear to 

shift toward lower 2θ direction with relaxation time for all the samples, those of H2 phase 

dose not. It is also found that, with extracting lithium ions or decreasing x, relative 

intensity of 003H2 diffraction peak diminishes. In addition, peak shifts of 003H3 become 

gentle with reducing x or deeply lithium extraction. Just after the termination of lithium 

extraction to x = 0.12, slight shoulder is observed at the lower angle side of 003H3 peak. 

This would be due to the intermediate structure between H2 and H3, which rapidly 

transforms into H2 and H3 phases. For highly extracted compositions up to x = 0.09 or 

0.06, such a shoulder did not appear, since H3 phase is supposed to be favorable even just 

after the termination of charging. For all the diffraction patterns, the Rietveld refinements 

have been carried out assuming coexistence of H2 and H3 phase. Figure 4.8, 4.9 and 4.10 

shows the Rietveld refinement for x = 0.12, 0.09 and 0.06 after 0 hour and 50 hours of 

relaxation, resulting in good agreement of the measured and refined patterns with 

sufficiently Rwp value. 

Mole fraction of H3 phase, lattice parameters and fractional coordinates (0 0 z) of oxide 

ion site are listed in Tables 4.1, 4.2 and 4.3 for x = 0.12, 0.09 and 0.06 for 0 hour and 50 
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hours. Figure 4.11 exhibits the relaxation time dependence of mole fraction of H3 phase, 

the remains from the unity being that of H2. As the general trend, it is observed that the 

lower lithium concentration possesses the higher H3 mole fraction. Moreover, the molar 

ratio of H3 phase gradually decrease with the relaxation time for x = 0.09 and 0.06, while 

it does not for x = 0.12. Namely, it is supposed that the H3 phase is excessively created 

during the deeper lithium extraction, then it turns back into H2 at the relaxation. Such a 

transformation behavior during the relaxation has also been observed for previously 

studied LNO or Ni-rich NCA (Co-3.1 NCA) system as plotted in Figure 4.12. However, 

the mole fraction of H3 phase in LNO or Co-3.1 NCA are lower than that of NCM. 

Moreover, deeply lithium extracted samples in Co-3.1 NCA or LNO exhibit apparent 

transition from H3 to H2 phases. 

Figures 4.13 and 4.14 shows the relaxation time dependence of a-lattice and c-lattice 

parameters, respectively for H2 and H3 phases. All the samples exhibit the similar a-

length regardless of the lithium concentration even for H2 and H3 phase, which slightly 

increase with the relaxation time. On the other hand, H3 phase possesses distinctly smaller 

c-length compared to H2 phase, although the data of H2 phase are a little scattered 

presumably due to the much smaller peak intensity. As for the relaxation behavior of H3 

phase, the c-length gradually increases during the relaxation. Assuming that a part of H3 

phase transformed into H2 as described above, the remaining H3 phase should include 

fewer lithium ions to decrease the c-length, which is not consistent to the result in Figure 

4.14. To clarify this phenomenon, we focused on the variation of interlayer distances 

consisting of the c-axis. 

Figure 4.15 plots the relaxation time dependence of lithium and nickel interlayer 

distances (dLi and dNi,) of H3 phase calculated using the refined oxide ion positions. It is 
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observed that the lithium interlayer distance increases while the nickel interlayer slightly 

shrinks during the relaxation. Assuming that the excessively formed H3 phase transforms 

into H2 during the relaxations as described above, the remained H3 phase would include 

the smaller amount of lithium ions and the average valence of nickel ions in H3 phase 

should increase. Accordingly, the increase in repulsive force between the oxide ions in 

lithium interlayer and the decrease in size of nickel ions qualitatively explain the increases 

in dLi accompanied by decrease in dNi during the relaxation. In such a highly lithium 

extracted region with smaller lithium concentration as 6 to 12% of lithium ion occupancy, 

smaller variation in concentration of lithium ions, which shield the repulsive force 

between oxide ions, would attribute largely to dLi rather than dNi. Consequently, c-length 

consisting of dLi and dNi should slightly increase during the relaxation.  

The relaxation variation of c-parameter for LNO and Co-3.1 NCA are comparatively 

plotted in Figure 4.16. In LNO, the difference in c-length between H2 and H3 phases keep 

approximately 0.8 Å during the relaxation, while the difference is much smaller in Co-

3.1 NCA. I have assumed that the large difference in c-length between H2 and H3 phases 

suppress the phase change between H2 and H3, resulting in the larger change in mole 

fraction at the relaxation. In the case of NCM, the relaxation behavior of c-length is rather 

similar to LNO in comparison with Co-3.1 NCA. In terms of the result of change in mole 

fraction during the relaxation in Figure 4.12, NCM is thought to rapidly achieve the 

equilibrium structure in comparison with Co-3.1 NCA or LNO. Accordingly, rapid phase 

change would contribute to the improvement of cycle performance in NCM, while Co-

3.1 NCA improves by means of the closer lattice parameters between H2 and H3 phases. 

In summary, NCM forms larger amount of H3 phase at the highly lithium extracted 

region in comparison with LNO or Co-3.1 NCA. Nevertheless, rapid phase change 
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facilitates the achievement of equilibrium structure for NCM, allowing smaller amount 

of structural change during the relaxation. Further discussion should be made based on 

the first principal calculation for the improved phase change properties of NCM. 
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Figure 4.1 Charge curve of LixNi0.8Co0.1Mn0.1O2 after lithium extraction up to x = 0.12, 

0.09 and 0.06.  
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Figure 4.2 XRD pattern of Li0.12Ni0.8Co0.1Mn0.1O2. 
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Figure 4.3 003 peaks of Li0.12Ni0.8Co0.1Mn0.1O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 4.4 XRD pattern of Li0.09Ni0.8Co0.1Mn0.1O2.
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Figure 4.5 003 peaks of Li0.09Ni0.8Co0.1Mn0.1O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 4.6 XRD pattern of Li0.06Ni0.8Co0.1Mn0.1O2.
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Figure 4.7 003 peaks of Li0.06Ni0.8Co0.1Mn0.1O2 (2θ ＝ 18 ° ～ 20 °). 
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Table 4.1 Refined structure parameters of Li0.12Ni0.8Co0.1Mn0.1O2 for initial state and 

after 50 h of relaxation. 

    

  

0 h 50 h 

H2 phase Lattice constant a (Å) 2.8129(5) 2.8242(3) 
  

c (Å) 14.423(1) 14.459(1) 

 z  0.233(6) 0.236(3) 
 

Mole fraction 

 

0.24(9) 0.23(6) 
 

Confidence factor RF (%) 4.476 1.673 
  

RB (%) 4.681 2.262 

H3 phase Lattice constant a (Å) 2.8136(1) 2.8180(4) 
  

c (Å) 14.3312(1) 13.3115(1) 

 z  0.256(2) 0.246(3) 
 

Mole fraction 

 

0.17(1) 0.13(4) 
 

Confidence factor RF (%) 5.813 2.754 
  

RB (%) 4.970 2.744 

Overall confidence factor Rwp (%) 8.132 4.861 
  

GOF 3.387 2.326 
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Table 4.2 Refined structure parameters of Li0.09Ni0.8Co0.1Mn0.1O2 for initial state and 

after 50 h of relaxation. 
   

0 h 50 h 

H2 phase Lattice constant a (Å) 2.8172 (1) 2.8204(5) 
  

c (Å) 14.4315(1) 14.4300(0) 

 z  0.232(1) 0.227(1) 
 

Mole fraction 

 

0.82(9) 0.86(6) 
 

Confidence factor RF (%) 3.373 2.174 
  

RB (%) 4.804 3.354 

H3 phase Lattice constant a (Å) 2.8136(1) 2.8180(4) 
  

c (Å) 14.3312(1) 13.3115(1) 

 z  0.256(2) 0.246(3) 
 

Mole fraction 

 

0.17(1) 0.13(4) 
 

Confidence factor RF (%) 5.135 4.538 
  

RB (%) 5.572 3.660 

Overall confidence factor Rwp (%) 8.775 7.250 
  

GOF 2.554 2.452 
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Table 4.3 Refined structure parameters of Li0.06Ni0.8Co0.1Mn0.1O2 for initial state and 

after 50 h of relaxation. 
   

0 h 50 h 

H2 phase Lattice constant a (Å) 2.8234(1) 2.8268(4) 
  

c (Å) 14.2609(1) 14.3261(3) 
 

Mole fraction 

 

0.79(3) 0.86(2) 

 z  0.230(4) 0.235(2) 
 

Confidence factor RF (%) 2.225 0.486 
  

RB (%) 3.688 0.868 

H3 phase Lattice constant a (Å) 2.8253(2) 2.8255(3) 
  

c (Å) 14.1475(1) 14.2098(1) 

 z  0.242(1) 0.219(5) 
 

Mole fraction 

 

0.20(7) 0.13(8) 
 

Confidence factor RF (%) 6.171 3.275 
  

RB (%) 7.181 4.276 

Overall confidence factor Rwp (%) 7.630 6.582 
  

GOF 2.314 2.291 

 

 

 

 

 

 

 



 

79 

 

20 30 40 50 60 70
0

5000

10000

15000

20000

25000

-2000

0

2000

(a) 3.3878.132% GOF=R
WP

=

 

 

In
te

n
si

ty

2q / 
o
 (CuKa)

 observed

 calculated

 D
Y

4.970%

5.813%

4.681%

4.476%

 

RB=

RF=

RB=

H3 phase

 

H2 phase

RF=

 

 

20 30 40 50 60 70
0

10000

20000

30000

40000

-2000

0

2000

(b) 2.3264.861% GOF=R
WP

=

 

 

In
te

n
si

ty

2q / 
o
 (CuKa)

 observed

 calculated

 D
Y

2.744%

2.754%

2.262%

1.673%

R
B
=

RF=

RB=

H3 phase

H2 phase

RF=

 

 

Figure 4.8 Observed and Rietveld fitted diffraction pattern of LixNi0.8Co0.1Mn0.1O2 (x = 

0.12) after (a) 0 h and (b) 50 h of relaxation. 
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Figure 4.9 Observed and Rietveld fitted diffraction pattern of LixNi0.8Co0.1Mn0.1O2 (x = 

0.09) after (a) 0 h and (b) 50 h of relaxation. 
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Figure 4.10 Observed and Rietveld fitted diffraction pattern of LixNi0.8Co0.1Mn0.1O2 (x = 

0.06) after (a) 0 h and (b) 50 h of relaxation. 
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Figure 4.11 Calculated mole fraction changes of H3 phase for LixNi0.8Co0.1Mn0.1O2 (x = 

0.12, 0.09 and 0.06). 
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Figure 4.12 Calculated mole fraction changes of H3 phase for LixNiO2, 

LixNi0.933Co0.031Al0.036O2 and LixNi0.8Co0.1Mn0.1O2. 
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Figure 4.13 Change in lattice parameters of the a-axis of LixNi0.8Co0.1Mn0.1O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 4.14 Change in lattice parameters of the c-axis of LixNi0.8Co0.1Mn0.1O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 4.15 Lithium and nickel interlayer distance of LixNi0.8Co0.1Mn0.1O2 plotted versus 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 4.16 Change in c-axis of H2 and H3 phase of LixNiO2, LixNi0.933Co0.031Al0.036O2 

and LixNi0.8Co0.1Mn0.1O2 with relaxation time (x = 0.12, 0.09 and 0.06). 
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4. 4 Conclusion  

I have carried out the relaxation analysis on NCM-811 to study the structural variation 

at the deeply lithium extracted region for 0.06 ≤ x ≤ 0.12, the results of which were then 

compared with previous LiNiO2 and Co-3.1 NCA. Just after the termination of lithium 

extraction, the coexistence of H2 and H3 phases was detected for all the lithium 

concentrations, and it is also found that excessively formed H3 phase partly transforms 

into H2 during the relaxation as the LiNiO2 and Co-3.1 NCA. The variation of mole 

fraction from H3 to H2 phases during the relaxation is smaller than that of LiNiO2 or Co-

3.1 NCA. This indicates that NCM-811 easily follows the equilibrium state during the 

charging, despite of relatively large change in c-length between H2 and H3 phases. 

It is reported that the surface deterioration as well as particle cracking degrade the cycle 

performance. Even though, after resolving these problems by surface modification or 

development of electrolytes, relatively higher potential region would be utilized to exploit 

energy density. I believe the present structural relaxation study would provide valuable 

information for the use of higher potential region. 
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Chapter 5 Structural Relaxation of LixNi0.8Co0.1Mn0.1O2 and 

LixNi0.35Co0.35Mn0.30O2 after lithium extraction up to high voltage region 

(0.06 ≤ x ≤ 0.12) at 0.1 C 

5.1 Introduction 

LiNi1-a-bCoaMnbO2 (NCM) are regarded as a promising cathode material due to their 

relatively low cost, high capacity and excellent cycle performance.[1-4] In NCM systems, 

nickel contribute to a high capacity and increase energy density of batteries, while cobalt 

and manganese provide electrical conductivity and structural stability, respectively.[5] 

Among NCM based cathode materials, nickel-rich NCM have been attracted a great deal 

of attention because their capacity increases with Ni content.[6] However, increasing the 

Ni content in Ni-rich systems has a negative impact on capacity degradation, which 

prevent large scale commercialization.[6-7] To solve these problems, many experimental 

methods have been explored, such as surface coating,[8] making singly crystal 

particles,[9,10] and core shell / concentration gradient structures.[11,12]  

In the present study, to clarify the contribution of cobalt substitution in NCM system, 

I carried out relaxation analysis on LiNi0.8Co0.1Mn0.1O2 and LiNi0.35Co0.35Mn0.30O2 after 

the lithium extraction up to high voltage region at 0.1 C. To clarify the relationship 

between the structural change in the relaxation time and the current density, we also 

compared the results of the NCM-811 charged to the high potential region at 0.1 C and 

0.01 C.[13] 
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5.2 Experiment 

5.2.1 Electrochemical lithium extraction  

LiNi0.8Co0.1Mn0.1O2 (NCM-811) and LiNi0.35Co0.35Mn0.30O2 (NCM-353530) from 

Sumitomo Metal Mining Co., Ltd. Were used as cathode materials. To make the electrode 

slurries, we mixed the 80 wt% cathode active materials (NCM-811 and NCM-353530), 

10 wt% Acetylene Black (AB) and 10 wt% poly-vinylidene fluoride (PVdF). The slurries 

were spread on Al foil with a small amount of NMP and dried at 60 °C for 4 hours and 

120 °C for 24 hours. To perform the electrochemical tests, a two-electrode metal cell 

(Hohsen Co.,) was assembled using lithium metal as a counter electrode and 1 mol·dm-3 

LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) solution 

(2:1 v / v, Kishida Chemical Corp., Ltd.) as electrolyte in an Ar-filled glove box. Lithium 

ion was electrochemically extracted from the LixNi0.8Co0.1Mn0.1O2 and 

LixNi0.35Co0.35Mn0.30O2 at a constant current of 0.1 C to achieve the compositions of x = 

0.12, 0.09 and 0.06 at 25 °C. To avoid the local cell reaction between electrode and current 

collector, I separated the working electrode out of the half cell in Ar-filled glove box after 

the termination of lithium extraction. The working electrode was washed in DMC 

(Kishida Chemical Co., Ltd) and then dried in glove box. 
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5.2.2 X-ray diffraction measurement  

The working electrode was set in a sealed holder (Rigaku Co., Ltd) with beryllium 

window in an Ar-filled glove box to avoid the reaction between the electrode and the air. 

Then the sealed holder was mounted on a XRD diffractometer (Ultima-IV, Rigaku Corp., 

Ltd.) for XRD measurement by using CuKα radiation (40 kv and 40 mA) with a scanning 

speed of 2 ° min-1 with 0.04 ° step from 15 ° to 75 ° in 2θ. The data collection was 

performed every 10 hours from 0 hour to 50 hours after the termination of lithium 

extraction to measure the structural variation during the relaxation time. 

The Rietveld refinement of XRD profiles was carried our using RIEVEC program, 

which assuming the single phase and two phase co-existing (H2 and H3), both of which 

belong to 𝑅3𝑚 symmetry. Nickel (cobalt and manganese) and oxide ions were placed 

at the 3b and 6c sites, respectively in hexagonal axis, and the contribution of lithium was 

ignored. 
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5.3 Result and Discussion  

Figure 5.1 represents the charge curve of NCM-811 and NCM-353530. In the 

intermediate region, NCM-353530 showed a higher voltage than NCM-811, but at the 

end of charging, NCM-353530 showed a similar voltage with NCM-811. I carried out the 

relaxation time analyses after charging to x = 0.12, 0.09 and 0.06 for LixNi0.8Co0.1Mn0.1O2 

and LixNi0.35Co0.35Mn0.30O2. Figures 5.2, 5.4 and 5.6 show the X-ray diffraction patterns 

for x = 0.12, 0.09 and 0.06 of NCM-811 after various relaxation time. The 003 peaks (2θ 

= 18° to 20°) for x = 0.12, 0.09 and 0.06 for NCM-811are shown in Figures 5.3, 5.5 and 

5.7. Two peaks were observed in NCN-811, which are considered to have appeared as 

two-phase coexistence of the H2 and H3 phases during the relaxation process. The peaks 

observed around 18.5 ° and 19.5 ° are attributed to 003 reflections of the H2 and H3 phase, 

respectively. In all samples, the 003 peaks of H3 phase appear to shift toward the lower 

2θ direction with relaxation time, while that of the H2 phase dose not. It was also found 

that the relative intensity of the diffraction peak of 003H2 was reduced when the lithium 

ion was extracted, or x was reduced. 

The obtained X-ray diffraction patterns for x = 0.12, 0.09 and 0.06 for NCM-353530 

after various relaxation time are plotted in Figures 5.8, 5.10 and 5.12, respectively. And 

the Figures 5.9, 5.11 and 5.13 shows the 003 peaks (2θ = 18° to 20°) for x = 0.12, 0.09 

and 0.06 for NCM-353530. In NCM-353530, the 003 peaks were observed as only one, 

and it suggests that only a single phase appeared in the relaxation times. Rietveld 

refinement was performed on all the diffraction patterns of NCM-811 and NCM-353530 

assuming two-phase coexistence (H2 and H3 phases) and single phase, respectively. 

Figures 5.14, 5.15 and 5.16 show the result of the Rietveld refinement for x = 0.12, 0.09 

and 0.06 for NCM-811 after 0 hour and 50 hours, with a sufficiently low Rwp value that 
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the measured and refined patterns are in good agreement. The result of the Rietveld 

refinement for x = 0.12, 0.09 and 0.06 for NCM-353530 after 0 hour and 50 hours were 

showed in Figures 5.17, 5.18 and 5.19, respectively. Tables 5.1, 5.2 and 5.3 show the mole 

fraction of the H2 phase and H3 phase, lattice parameters and fractional coordinates of 

oxide ion sites (0 0 z) for the initial data (0 h) and final data (after 50 h of relaxation) of 

NCM-811. And the refined structure parameters for NCM-353530 were listed in Tables 

5.4, 5.5 and 5.6. 

Figure 5.20 shows the relaxation time dependence of the mole fraction of the H3 phase 

for NCM-811 and NCM-353530. It was found that NCM-811 has a two phase coexistence 

of the H2 and H3 phases with a mole fraction pf about 1 : 9, while NCM-353530 has a 

single phase. Assuming that the single phase of NCM-353530 is the H2 phase, the H3 

phase will be 0. In NCM-811, the sample with lithium extraction up to x = 0.06 showed 

a slight decrease in the mole fraction of the H3 phase with relaxation time and a tendency 

to change from the H3 to the H2 phase, but the majority of the sample remained in the 

H3 phase and there was no significant change in the mole fraction. The comparison of the 

change in mole fractions of NCM-811 and NCM-353530 during the relaxation process 

suggests that the appearance of the H3 phase is suppressed with increasing cobalt 

substitution in the NCM system. Such the contribution of cobalt was also observed in 

previous LNO and NCAs studies.  

Figures 5.21 and 5.22 shows the relaxation time dependence of a-lattice and c-lattice 

parameters for NCM-811, respectively. The relaxation time dependence of a-axis and c-

axis for NCM-353530 was plotted in Figure 5.23 and 5.24. NCM-811 and NCM-353530 

showed no significant change in a-axis during the relaxation time. On the other hand, the 

H2 phase showed a shorter c-axis for the composition with lower lithium content or x in 
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NCM-811, but the c-axis of the H3 phase was relatively close for all composition. As for 

the relaxation behavior of the lattice parameter, a decrease in the c-axis of the H2 phase 

was observed in the early stage of relaxation in the sample desorbed to x = 0.06 in NCM-

811, but the c-axis of the H3 phase was relatively close for all composition. As for the 

relaxation behavior of the lattice parameter, a decrease in the c-axis of the H2 phase was 

observed in the early stage of relaxation in the sample desorbed to x = 0.06 in NCM-811, 

but no significant change was observed in the other samples. This is because the 

composition dependence of the c-axis of the H2 phase is large than that of the H3 phase, 

it is considered to be susceptible to changes in lithium concentration. Nevertheless, the 

overall trend was that the c-axis decreased with relaxation time in the H2 phase and 

slightly increased in the H3 phase, especially at x = 0.06. From this, especially when 

lithium was extracted up to high potential, deviation from equilibrium mole fraction 

occurred, and structural change from the H3 phase to the H2 phase, which could not be 

followed during charging, occurred during relaxation process, and change in lattice 

parameter accompanying change in lithium concentration in each phase was observed. 

For NCM-353530, which consists only for the H2 phase, a significant increase in the 

c-axis is observed for the x = 0.06 during the relaxation time, as shown in Figure 5.24. In 

this case, since no phase transition occurs, there is no delay in following the equilibrium 

mole fraction, but rather the excess extraction sample near the surface pushes down the 

overall c-axis and changes in toward a stable c-axis during relaxation time. Figure 5.25 

plots the relaxation time dependence of the lithium and nickel interlayer distance (dLi and 

dNi) of H3 phase for NCM-811 obtained by using the refined oxide ion positions. The 

lithium and nickel interlayers of H3 phase show no significant compositional dependence 

or relaxation time variation. The lithium and nickel interlayer distance of H2 phase for 
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NCM-353530 was plotted at Figure 5.26. The dLi and dNi of x = 0.12 and 0.09 show no 

significant change during the relaxation time. On the other hand, that of x = 0.06 vary 

largely with the relaxation. 

In order to clarify the relationship between the structural change in the relaxation time 

and current density, I compared the results of the NCM-811 changed to the high potential 

region at 0.1 C in this study with the result of NCM-811 charged at 0.01 C in the past. 

The charge curve of NCM-811 with lithium extracted at 0.1 C and 0.01 C are shown in 

Figure 5.27. The charge curve of 0.1 C initially showed a larger overvoltage than that of 

0.01 C, but there was no significant difference at the end of charge.  

Figure 5.28 shows the variation in the mole fraction of the H3 phase during the 

relaxation time of NCM-811 charged to the high potential region at 0.1 C and 0.01 C. The 

sample extracted at 0.1 C shows a larger mole fraction of H3 phase than the sample 

extracted at 0.01 C. The samples charged at 0.1 C and 0.01 C do not show a significant 

difference in the change of the H3 phase mole fraction with relaxation time. Figure 5.29 

shows the change in c-axis of the H3 phase at 0.1 C and 0.01 C during the relaxation time. 

The sample with lithium extracted at 0.1 C shows a larger c-axis than the sample at 0.01 

C, but the change during the relaxation process is quite close. The relaxation time 

dependence of lithium and nickel interlayer distances of H3 phase was plotted in Figure 

5.30, which calculated using the refined oxide ion positions and c-axis. It can be seen that 

the sample extracted at 0.01 C shows large Li interlayer distance and small Ni interlayer 

distance in the relaxation time. In the sample charged at 0.1 C, the H3 phase with low 

concentration is formed first because the lithium ion extracted from the part of the particle 

that is easy to be removed first. And the low Li concentration in the H3 phase results in a 

small Li interlayer distance and a large Ni interlayer distance because the Ni valence is 
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small, and the average ionic radius is large. Comparing the relaxation time change, the Li 

concentration in the H3 phase of the sample charged at 0.1 C is low, but the lithium moved 

slowly from the H2 phase to the H3 phase toward the equilibrium state during the 

relaxation time. This behavior is more pronounced that at 0.01 C, suggesting that the Li 

interlayer distance increases and the Ni interlayer distance decrease rapidly. 
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Figure 5.1 Charge curve of LixNi0.8Co0.1Mn0.1O2 and LixNi0.35Co0.35Mn0.30O2 after lithium 

extraction up to x = 0.12, 0.09 and 0.06.  
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Figure 5.2 XRD parten of Li0.12Ni0.8Co0.1Mn0.1O2. 
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Figure 5.3 003 peaks of Li0.12Ni0.8Co0.1Mn0.1O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 5.4 XRD parten of Li0.09Ni0.8Co0.1Mn0.1O2. 
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Figure 5.5 003 peaks of Li0.09Ni0.8Co0.1Mn0.1O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 5.6 XRD parten of Li0.06Ni0.8Co0.1Mn0.1O2. 
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Figure 5.7 003 peaks of Li0.06Ni0.8Co0.1Mn0.1O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 5.8 XRD parten of Li0.12Ni0.35Co0.35Mn0.30O2. 
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Figure 5.9 003 peaks of Li012Ni0.35Co0.35Mn0.30O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 5.10 XRD parten of Li0.09Ni0.35Co0.35Mn0.30O2. 
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Figure 5.11 003 peaks of Li0.09Ni0.35Co0.35Mn0.30O2 (2θ ＝ 18 ° ～ 20 °). 
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Figure 5.12 XRD parten of Li0.06Ni0.35Co0.35Mn0.30O2. 
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Figure 5.13 003 peaks of Li0.06Ni0.35Co0.35Mn0.30O2 (2θ ＝ 18 ° ～ 20 °). 

 

 



 

103 

 

20 30 40 50 60 70
0

5000

10000

15000

-2000

0

2000

2.4526.797% GOF=R
WP

=

 

 

In
te

n
si

ty

2q / 
o
 (CuKa)

 observed

 calculated

 R
B
=

RF=

RB=

H3 phase

 

 H2 phase

RF=

 

(a)

4.398%

4.638%

4.419%

4.249%

R
B
=

RF=

RB=

H3 phase

 H2 phase

RF=

 D
Y

 

20 30 40 50 60 70
0

10000

20000

-2000

0

2000

(b) 1.9105.014% GOF=R
WP

=  

In
te

n
si

ty

2q / 
o
 (CuKa)

 observed

 calculated

 

2.875%

2.908%

3.263%

2.641%

 

R
B
=

RF=

RB=

H3 phase

 

H2 phase

RF=

 D
Y

 

Figure 5.14 Observed and Rietveld fitted diffraction pattern of LixNi0.8Co0.1Mn0.1O2 (x = 

0.12) after (a) 0 h and (b) 50 h of relaxation. 
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Figure 5.15 Observed and Rietveld fitted diffraction pattern of LixNi0.8Co0.1Mn0.1O2 (x = 

0.09) after (a) 0 h and (b) 50 h of relaxation. 
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Figure 5.16 Observed and Rietveld fitted diffraction pattern of LixNi0.8Co0.1Mn0.1O2 (x = 

0.06) after (a) 0 h and (b) 50 h of relaxation. 
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Figure 5.17 Observed and Rietveld fitted diffraction pattern of LixNi0.35Co0.35Mn0.30O2 (x 

= 0.12) after (a) 0 h and (b) 50 h of relaxation. 



 

107 

 

20 30 40 50 60 70
0

5000

10000

15000

-2000

0

2000

2.2757.236% GOF=R
WP

=

 

 

In
te

n
si

ty

2q / 
o
 (CuKa)

 observed

 calculated

6.103%

4.661%

RB=

H2 phase

RF=

(a)

 D
Y

 

20 30 40 50 60 70
0

10000

20000

-2000

0

2000

3.1747.661% GOF=R
WP

=
 

 

In
te

n
si

ty

2q / 
o
 (CuKa)

 observed

 calculated

4.030%

2.301%

 

RB=

 

H2 phase

RF=

(b)
 D

Y

 

Figure 5.18 Observed and Rietveld fitted diffraction pattern of LixNi0.35Co0.35Mn0.30O2 (x 

= 0.09) after (a) 0 h and (b) 50 h of relaxation. 
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Figure 5.19 Observed and Rietveld fitted diffraction pattern of LixNi0.35Co0.35Mn0.30O2 (x 

= 0.06) after (a) 0 h and (b) 50 h of relaxation. 
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Table 5.1 Refined structure parameters of Li0.12Ni0.8Co0.1Mn0.1O2 for initial state and 

after 50 h of relaxation. 

    

  

0 h 50 h 

H2 phase Lattice constant a (Å) 2.8172 (1) 2.8204(5) 
  

c (Å) 14.4315(1) 14.4300(0) 

 z  0.232(1) 0.227(1) 
 

Mole fraction 

 

0.82(9) 0.86(6) 
 

Confidence factor RF (%) 4.249 2.641 
  

RB (%) 4.419 3.263 

H3 phase Lattice constant a (Å) 2.8136(1) 2.8180(4) 
  

c (Å) 14.3312(1) 13.3115(1) 

 z  0.256(2) 0.246(3) 
 

Mole fraction 

 

0.17(1) 0.13(4) 
 

Confidence factor RF (%) 4.638 2.908 
  

RB (%) 4.398 2.875 

Overall confidence factor Rwp (%) 6.797 5.014 
  

GOF 2.452 1.910 
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Table 5.2 Refined structure parameters of Li0.09Ni0.8Co0.1Mn0.1O2 for initial state and 

after 50 h of relaxation. 
   

0 h 50 h 

H2 phase Lattice constant a (Å) 2.8172 (1) 2.8201(1) 
  

c (Å) 14.4315(1) 14.4377(1) 

 z  0.232(1) 0.226(0) 
 

Mole fraction 

 

0.82(9) 0.85(1) 
 

Confidence factor RF (%) 6.019 2.481 
  

RB (%) 8.345 3.940 

H3 phase Lattice constant a (Å) 2.8136(1) 2.8155(3) 
  

c (Å) 14.3312(1) 13.3142(1) 

 z  0.256(2) 0.244(6) 
 

Mole fraction 

 

0.17(1) 0.14(9) 
 

Confidence factor RF (%) 7.669 6.812 
  

RB (%) 9.011 7.719 

Overall confidence factor Rwp (%) 10.074 8.126 
  

GOF 3.710 2.986 
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Table 5.3 Refined structure parameters of Li0.06Ni0.8Co0.1Mn0.1O2 for initial state and 

after 50 h of relaxation. 
   

0 h 50 h 

H2 phase Lattice constant a (Å) 2.8234(1) 2.8237(3) 
  

c (Å) 14.2609(1) 14.3206(3) 
 

Mole fraction 

 

0.79(3) 0.83(1) 

 z  0.230(4) 0.238(3) 
 

Confidence factor RF (%) 12.826 4.764 
  

RB (%) 21.81 7.280 

H3 phase Lattice constant a (Å) 2.8253(2) 2.8256(4) 
  

c (Å) 14.1475(1) 14.2116(1) 

 z  0.242(1) 0.230(2) 
 

Mole fraction 

 

0.20(7) 0.16(9) 
 

Confidence factor RF (%) 13.091 4.730 
  

RB (%) 15.858 5.359 

Overall confidence factor Rwp (%) 9.704 7.771 
  

GOF 3.379 3.685 
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Table 5.4 Refined structure parameters of Li0.12Ni0.35Co0.35Mn0.30O2 for initial state and 

after 50 h of relaxation. 
   

0 h 50 h 

H2 phase Lattice constant a (Å) 2.8234(1) 2.8237(3) 
  

c (Å) 14.2609(1) 14.3206(3) 
 

Mole fraction 

 

0.79(3) 0.83(1) 

 z  0.230(4) 0.238(3) 
 

Confidence factor RF (%) 3.169 3.354 
  

RB (%) 3.812 3.536 

Overall confidence factor Rwp (%) 7.788 6.284 
  

GOF 2.484 2.083 

 

 

Table 5.5 Refined structure parameters of Li0.09Ni0.35Co0.35Mn0.30O2 for initial state and 

after 50 h of relaxation. 
   

0 h 50 h 

H2 phase Lattice constant a (Å) 2.8234(1) 2.8237(3) 
  

c (Å) 14.2609(1) 14.3206(3) 
 

Mole fraction 

 

0.79(3) 0.83(1) 

 z  0.230(4) 0.238(3) 
 

Confidence factor RF (%) 4.661 2.301 
  

RB (%) 6.103 4.030 

Overall confidence factor Rwp (%) 7.236 7.661 
  

GOF 2.275 3.174 
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Table 5.6 Refined structure parameters of Li0.06Ni0.35Co0.35Mn0.30O2 for initial state and 

after 50 h of relaxation. 
   

0 h 50 h 

H2 phase Lattice constant a (Å) 2.8234(1) 2.8237(3) 
  

c (Å) 14.2609(1) 14.3206(3) 
 

Mole fraction 

 

0.79(3) 0.83(1) 

 z  0.230(4) 0.238(3) 
 

Confidence factor RF (%) 6.881 7.100 
  

RB (%) 7.388 9.248 

Overall confidence factor Rwp (%) 9.150 8.205 
  

GOF 2.663 3.068 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

114 

 

0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

 NCM-811 x = 0.12

 NCM-811 x = 0.09

 NCM-811 x = 0.06

 NCM-353530 x = 0.12

 NCM-353530 x = 0.09

 NCM-353530 x = 0.06

M
o
le

 f
ra

ct
io

n
 o

f 
H

3
 p

h
as

e

Relaxation time, t / h

 

Figure 5.20 Calculated mole fraction changes of H3 phase for LixNi0.8Co0.1Mn0.1O2 and 

LixNi0.35Co0.35Mn0.30O2 (x = 0.12, 0.09 and 0.06). 
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Figure 5.21 Change in lattice parameters of the a-axis of LixNi0.8Co0.1Mn0.1O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 5.22 Change in lattice parameters of the c-axis of LixNi0.8Co0.1Mn0.1O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 5.23 Change in lattice parameters of the a-axis of LixNi0.35Co0.35Mn0.30O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 5.24 Change in lattice parameters of the a-axis of LixNi0.35Co0.35Mn0.30O2 with 

relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 5.25 (a) Lithium and (b) nickel interlayer distance of LixNi0.8Co0.1Mn0.1O2 plotted 

versus relaxation time (x = 0.12, 0.09 and 0.06). 
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Figure 5.26 (a) Lithium and (b) nickel interlayer distance of LixNi0.35Co0.35Mn0.30O2 

plotted versus relaxation time (x = 0.12, 0.09 and 0.06). 

 

 

 

 



 

119 

 

 

Figure 5.27 Charge curve of LixNi0.8Co0.1Mn0.1O2 after lithium extraction up to x = 0.12, 

0.09 and 0.06 at 0.01 C and 0.1 C.  
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Figure 5.28 Calculated mole fraction changes of H3 phase for LixNi0.8Co0.1Mn0.1O2 (x = 

0.12, 0.09 and 0.06). 
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Figure 5.29 Change in lattice parameters of the c-axis of LixNi0.8Co0.1Mn0.1O2 with 

relaxation time at 0.01 C and 0.1 C (x = 0.12, 0.09 and 0.06). 
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Figure 5.30 (a) Lithium and (b) nickel interlayer distance of LixNi0.8Co0.1Mn0.1O2 plotted 

versus relaxation time at 0.01 C and 0.1 C (x = 0.12, 0.09 and 0.06). 
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5. 4 Conclusion  

The relaxation analyses were carried out on NCM-811 and NCM-353530 to study the 

structural variation at the deeply lithium extracted region for 0.06 ≤ x ≤ 0.12 at 0.1 C. In 

NCM-811, 90 % of the H3 phase was observed immediately after lithium extraction, and 

no significant change during the relaxation time. On the other hand, NCM-353530 was 

observed as only single H2 phase. It is thought that appearance of H3 phase is suppressed 

when the substitution amount of Co is increased in the NCM cathode materials, which is 

the same as the NCA cathode materials. To investigate the effect of current density, the 

results of NCM-811 with lithium extraction at 0.01 C and 0.1 C were compared. Lithium 

extraction at 0.1 C showed a larger H3 phase and c-axis than that of the 0.1 C. And the 

change in the mole fraction and c-axis of H3 phase during the relaxation process was 

small for both 0.01 C and 0.1 C. The sample extraction with 0.01 C shows a larger Li 

interlayer distance and a smaller Ni interlayer distance during the relaxation. In the 

sample charged at 0.1 C, the H3 phase with low concentration is formed first because the 

lithium ion extracted from the part of the particle that is easy to be removed first. And the 

low Li concentration in the H3 phase results in a small Li interlayer distance and a large 

Ni interlayer distance because the Ni valence is small, and the average ionic radius is 

large. Comparing the relaxation time change, the Li concentration in the H3 phase of the 

sample charged at 0.1 C is low, but the lithium moved slowly from the H2 phase to the 

H3 phase toward the equilibrium state during the relaxation time. This behavior is more 

pronounced that at 0.01 C, suggesting that the Li interlayer distance increase and the Ni 

interlayer distance decrease rapidly. 

Ni-rich NCM cathode materials are used in electric vehicles, but it is still difficult to 

use in the high potential region. It has been reported that surface deterioration and particle 
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cracking during the cycling in the high potential region can degrade the cycle performance. 

Even though, after resolving these problems by surface modification or development of 

electrolytes, relatively higher potential region would be utilized to exploit energy density. 

I believe the present structural relaxation study would provide valuable information for 

the use of higher potential region.  
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Chapter 6 General Summary 

In the present study, the relaxation analysis was carried out on Co-9.0 NCA, Co-14.9 

NCA, NCM-811 and NCM-353530 after lithium extraction up to high potential region (x 

= 0.12, 0.09 and 0.06). 

In the chapter 2, I have carried out the relaxation analysis on LixNi0.874Co0.090Al0.036O2 

(Co-9.0 NCA) after lithium extraction up to high voltage region (x = 0.12, 0.09 and 0.06). 

In the Co-9.0 NCA, single H2 phase is remained after the lithium extraction up to x = 

0.12, although H3 phase appears after the extraction to x = 0.09 and 0.06. Nevertheless, 

H2 phase is predominant for x = 0.09 and 0.06 and the change in mole fraction was smaller 

during the relaxation process. On the other hand, in the previous study of LiNiO2 and Co-

3.1 NCA, all samples showed a larger H3 phase immediately after the end of charging, 

and mole fraction of H3 phase became smaller with relaxation time. Comparing with 

LiNiO2 and Co-3.1 NCA, it is found that larger amount of Co substitution reduces the 

mole fraction of H3 phase and allow the phase ration of H2 / H3 nearly equilibrium during 

charging.  

In the chapter 3, relaxation analysis was carried out on LixNi0.815Co0.149Al0.036O2 (Co-

14.9 NCA) to study the structural variation at the high potential region (x = 0.12, 0.09 and 

0.06). In the present study, H3 phase was not observed in all the lithium extraction 

amounts, and only H2 phase appeared. It can be thought that the H3 phase disappeared 

completely when the Co substitution was increased to 14.9 in NCA. Summarizing the 

result of previous LiNiO2, Co-3.1 NCA, and Co-9.0 NCA, the formation of H3 phase is 

suppressed by Co substitution in NCA-based cathode materials. In addition, Co 

substitution reduces the change in the mole fractions of H2 and H3 phases during the 

relaxation process. In other words, increasing the amount of Co substitution in Ni-rich 
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NCAs accelerate the structural change to the equilibrium state during charging, and the 

H2 phase becomes more stable than the H3 phase.  

In the chapter 4, structural variation was investigated during relaxation process after 

the lithium extraction from LixNi0.8Co0.1Mn0.1O2 (NCM-811) to high voltage region (x = 

0.12, 0.09 and 0.06). When the lithium ions are extracted to the deeply lithium extraction 

region for NCM-811, H3 phase is mainly observed in addition to small amount of H2 

phase. For x = 0.12, the mole fraction of H3 phase did not change significantly during 

relaxation time. On the other hand, excess amount of H3 phase is created at the charging 

for highly lithium extraction up to x = 0.09 or 0.06, and it turns into H2 phase with 

relaxation. For all the samples of NCM-811, Ni interlayer distance of H3 phase decrease 

with relaxation time, which is presumably due to the increase in valence of Ni for 

diminishment of lithium concentration in the remaining H3 phase. In comparison with 

LiNiO2 and Co-3.1 NCA, less amount of transformation from H3 to H2 occurs during the 

relaxation for NCM-811. This suggests that the equilibrium structure is achieved more 

quickly in NCM-811 than in LiNiO2 and Co-3.1 NCA.  

In the chapter 5, I have carried out the relaxation analysis on LixNi0.8Co0.1Mn0.1O2 

(NCM-811) and LixNi0.35Co0.35Mn0.30O2 (NCM-353530) after lithium extraction up to 

deeply lithium extraction region (x = 0.12, 0.09 and 0.06). In NCM-811 system, all the 

samples were observed at two-phase coexistence of H2 and H3 phases. 90% of the H3 

phase was observed immediately after lithium extraction, and no significant change 

during the relaxation time. On the other hand, NCM-353530 was observed as only single 

H2 phase. It is thought that appearance of H3 phase is suppressed when the substitution 

amount of Co is increased in the NCM cathode materials, which is the same as the NCA 

cathode materials. Furthermore, to investigate the effect of current density, I compared 
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the results of NCM-811 with lithium extraction at 0.01 C and 0.1 C. Lithium extraction 

at 0.1 C showed a larger H3 phase and c-axis than that of the 0.1 C. And the change in 

the mole fraction and c-axis of H3 phase during the relaxation process was small for both 

0.01 C and 0.1 C. I also compared the Li and Ni interlayer distances. The sample 

extraction with 0.01 C shows a larger Li interlayer distance and a smaller Ni interlayer 

distance during the relaxation. In the sample charged at 0.1 C, the H3 phase with low 

concentration is formed first because the lithium ion extracted from the part of the particle 

that is easy to be removed first. And the low Li concentration in the H3 phase results in a 

small Li interlayer distance and a large Ni interlayer distance because the Ni valence is 

small, and the average ionic radius is large. Comparing the relaxation time change, the Li 

concentration in the H3 phase of the sample charged at 0.1 C is low, but the lithium moved 

slowly from the H2 phase to the H3 phase toward the equilibrium state during the 

relaxation time. This behavior is more pronounced that at 0.01 C, suggesting that the Li 

interlayer distance increase and the Ni interlayer distance decrease rapidly. 

LiNiO2-based cathode materials are used in electric vehicles, while it is still difficult 

to use in the high potential region. It has been reported that not only large structural gaps 

in the H2 and H3 phase, but also surface deterioration and particle cracking during the 

cycling in the high potential region can degrade the cycle performance. Even though, after 

resolving these problems by surface modification or development of electrolytes, 

relatively higher potential region would be utilized to exploit energy density. I believe the 

present structural relaxation study on NCA and NCM cathode materials would provide 

valuable information for the use of higher potential region. 
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