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Chapter 1. General Introduction 

 

1-1. Lithium-ion battery 

  Since the commercialization of lithium-ion secondary batteries by Sony in 

1991, these batteries have been the leading field for Japanese manufacturers. There is an 

increasing trend observed in the total number of lithium secondary batteries produced 

worldwide (Figure 1), with the annual total production amount reaching 1 trillion yen 

(2008). Such energy-storage devices mounted on mobile phones, laptop computers, 

digital cameras, music players, electric-assisted bicycles, and electric tools support 

human lives. 

The history of lithium batteries started with lithium primary batteries. In 1973, 

batteries comprising lithium metal as the negative electrode and fluorinated graphite as 

the positive electrode were developed. Current mainstream includes batteries 

comprising manganese dioxide as the positive electrode material. As the energy density 

of a lithium primary battery is dramatically greater than that of other batteries, it has 

been produced in larger quantities. Next, the development of a lithium battery that could 

convert a primary battery into a secondary battery was attempted. However, lithium 

metal precipitates as dendrites (dendritic crystals) as a result of repeated charge–

discharge. With the growth of dendrites, the crystals can pierce the separator, causing an 

internal short circuit between the positive and negative electrodes. In case this 

phenomenon occurs, the self-discharge of the battery rapidly progresses, generating 

self-heat, eventually leading to the ignition of the battery. It difficult to use lithium 

metal as the negative electrode; hence the development of a lithium-metal secondary 
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battery has been discontinued. As a result, a secondary battery using a graphite-based 

material as the negative electrode without lithium metal and LiCoO2 as the positive 

electrode has been developed. 

Lithium-ion batteries use organic electrolytes comprising organic solvents 

(such as ethylene carbonate (EC) and dimethyl carbonate (DMC)) and lithium salts such 

as LiPF6, and the potential window of the organic electrolyte solution is wider than that 

of an aqueous electrolyte solution; hence, a lithium-ion battery exhibits high voltage. 

Therefore, lithium-ion batteries can be developed via the combination of materials with 

wider redox potentials than those of a lead storage battery; a nickel cadmium battery; 

and a nickel hydride battery. Owing to the high operating potential and energy density 

of the lithium-ion battery (Figure 2), as well as lightweight nature, lithium-ion batteries 

have considerably contributed to downsizing, weight reduction, and longevity of 

portable electronic equipment. 

Figure 3 shows the schematic diagram of the lithium-ion battery. Lithium-ion 

batteries function as secondary batteries via the insertion and desolating lithium ions in 

the positive and negative electrodes. Hence, lithium ions move in an electrolyte 

comprising a lithium salt and an organic solution, and electrons move in the external 

circuit. 

The reaction is expressed as follows. 

Positive: LiCoO2  ⇄  Li1−xCoO2 + x Li+ + x e− 

Negative: 6C + x Li+ + x e− ⇄  LixC6 

Total: LiCoO2 + 6C ⇄  Li1−xCoO2 + LixC6 

Since the topochemical reaction reversibly progresses as shown above, the 
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lithium-ion battery exhibits stable cycle performance. The required conditions for 

lithium-ion batteries are shown as follows: 

(1) High energy density and high capacity 

(2) High output 

(3) High cyclability 

(4) High safety 

(5) Wide operating temperature range 

(6) Cost-effectiveness 

On the other hand, the lithium-ion battery is well known to degrade during cycle 

and storage, caused by three main factors, (1) positive electrode degradation, (2) 

negative electrode degradation, and (3) solid electrolyte interface (SEI) formation, 

respectively. The degradation of the positive and negative electrodes is caused by the 

deactivation of active materials due to changes in the surface structure of particles and 

the electronic disconnection between the active materials and a conductive carbon 

network or a current collector. SEI formation probably occurs because side reactions 

such as the decomposition of the electrolyte solution or the deposition of lithium metal 

leads to an irreversible form of lithium ion. 

 

1-2. dV/dQ curve analysis 

 The voltage of the lithium-ion battery calculated from the potential difference 

between the positive and negative electrodes is shown in Equation 1. 

Voltagecell = Potentialpositive − Potentialnegative (1) 
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The potential of the positive or negative electrode is the energy reflecting the electronic 

state inherent to these materials. Under a constant electronic state, its potential is also 

constant. With the gradual change in the electronic state, its potential also gradually 

changes. In addition, with the rapid change in the electronic state of the electrode due to 

the structure changes by bonding with lithium, the potential also changes rapidly. The 

dV/dQ curve, which is obtained by the differentiation of a charge or discharge curve of 

a lithium-ion battery with respect to capacity, shows a peak and slope depending on the 

voltage change (potential change) (Figure 4). In 2005, I. Bloom et al. have reported the 

degradation mechanism of a battery by the comparative analysis of the dV/dQ curves 

before and after the cycle. Positive and negative electrode materials exhibit peculiar 

values for the peaks and slopes. The analysis of the dV/dQ curve can aid in the 

determination of the positive and negative electrode states via the evaluation of the 

change in peaks and the slopes in the cycle and storage. 

 

1-3. Single-particle measurement 

 The electrodes used in a lithium-ion battery comprise a mixture electrode 

comprising active material particles, an organic binder, and carbon-based conductive 

materials (Figure 5). It is typically necessary to analyze a mixture electrode for 
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estimating the electrochemical characteristics of active materials. However, the 

performance of the active materials strongly depends on the mixture composition, 

electrode thickness, and porosity. Furthermore, the current density, electrode potential 

distribution, and concentration polarization of Li+ inside the mixture electrode affect the 

performance of active materials (Figure 6). Therefore, it is difficult to strictly analyze 

the electrochemical characteristics inherent to the active material. 

 Therefore, as a method to evaluate the electrochemical characteristics inherent 

to the active material, a single-particle measurement, in which a thin Au wire used as a 

current collector probe is brought into direct contact with active material particles to 

investigate the electrochemical reaction of one particle, has been developed and 

employed to evaluate active materials. Figure 7 shows the configuration of the 

single-particle measurement system, comprising a manipulator for manipulating the 

microelectrodes, an optical microscope for observing the active material, and a 

potentio-galvanostat for performing various electrochemical measurements. As can be 

observed in the SEM image of the tip of the current collector probe (Figure 8), a 

thin-wire structure of Au is sealed in a glass capillary and polished at the tip. In this 

measurement method, as the current is extremely small (on the order of nanoamperes), 

it is possible to eliminate the effect of the IR drop originating from material-specific 
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resistance and cell resistance. In addition, the potential and current distributions become 

uniform on the particle surface, and the electrochemical characteristic inherent of the 

active material can be strictly analyzed. 

 

1-4. Research outline  

In this paper, I focused on the differential curve analysis (dV/dQ curve 

analysis) of the discharge curve for examining the effect of multiple degradation 

phenomena occurring in lithium-ion batteries. The degradation mechanism of 

lithium-ion batteries under storage and cycle was analyzed by dV/dQ curve analysis. In 

addition, the degradation mechanism of the positive electrode, which not only 

underwent degradation but also improved the battery life performance as suggested 

from the results obtained from the dV/dQ curve analysis, was analyzed in detail by 

using a single-particle measurement technique. 

In chapter 2, I conducted systematic storage life tests using commercial 

18650-type lithium-ion batteries with Li1−xMn2O4- and 

Li1−yNi0.5Co0.2Mn0.3O2-blended positive electrodes at four temperatures (0°C, 25°C, 

45°C, and 60°C, respectively) and six state of charges (SOCs) (i.e., 0%, 40%, 60%, 

70%, 80%, and 100%, respectively). I conducted a non-disassemble dV/dQ curve 
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analysis to understand the cell degradation mechanism. The positive electrode/negative 

electrode reaction region slipped mainly because of cell capacity fading, which was 

accelerated by the temperature and SOC.  

In Chapter 3, understanding the degradation factors (positive electrode and 

negative electrode degradation and solid electrolyte interface (SEI) formation) of 

lithium-ion batteries (LIBs) with a blended positive electrode is crucial to improve their 

durability because battery drive vehicles typically use LIBs with a blended positive 

electrode due to advantages of power and cost-effectiveness. I developed a dV/dQ curve 

analysis adapted for a thorough a dQ/dV curve analysis to elucidate the relationship 

between cycle test conditions and degradation factors. To compare the aforementioned 

factors, cycle tests were conducted under different conditions: one charge/discharge rate 

(C/3), two state-of-charge (SOC) ranges (100%–0% and 100%–70%, respectively), and 

three temperatures (0°C, 25°C, and 45°C, respectively). Clear differences in the degree 

of contribution from each degradation factor depending on conditions are observed. 

In chapter 4, the effects of structural changes on electrochemical performances 

of the positive electrode-active materials should be understood to improve the durability 

of lithium-ion batteries. Here, cycle tests were conducted on a commercial lithium-ion 

cell using the LiNi0.8Co0.15Al0.05O2 positive electrode. Uncycled cells and cells cycled 
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400 and 800 times were disassembled to obtain their positive electrodes, which were 

analyzed by scanning transmission electron microscopy and single-particle 

measurement. After completing 400 cycles, a NiO-like phase was formed on the 

outermost surface of the particle. Furthermore, after 800 cycles, a NiO-like structure 

was also formed inside the particle. The rate performance of each single positive 

electrode particle that was obtained from the composite positive electrode was 

investigated to evaluate its exchange current density (i0) and Li+ apparent diffusion 

coefficient (D). The decomposition phase at the outermost surface, which was formed 

during the initial 400 cycles, was clarified to cause the decrease in the exchange current 

density both electrochemically and quantitatively and the decomposition phase inside 

the particle, which was formed from 400 to 800 cycles, caused the decrease in the 

apparent diffusion coefficient of the particle. 
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Figure 1. Gross production of lithium-ion batteries. 
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Figure 2. Energy densities of various batteries. 
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Figure 3. Schematic of a lithium-ion battery using a liquid electrolyte. 
  

        

Device

Charge

Discharge

Li+

Cathode

Electrolyte

Anode



 

16 
 

 

Figure 4. dV/dQ curve of a lithium ion battery and those of the positive and negative 
electrodes. 
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Figure 5. Schematic of a composite electrode. 
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Figure 6. Schematic of the electrochemical processes occurring in a porous electrode. 
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Figure 7. Configuration of a single-particle measurement system. 
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Figure 8. SEM image of the tip of a current collector probe. 
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Chapter 2. 

Calendar Degradation Mechanism of Lithium-Ion Batteries with a 

LiMn2O4 and LiNi0.5Co0.2Mn0.3O2 Blended Positive Electrode 

 

2-1. Introduction 

Electric vehicles which do not produce polluted gases during driving are coming 

into wider use due to increasing awareness of environmental problems. Among these 

vehicles, electric cars equipped with lithium ion batteries are a leading contender, but 

one issue for broader dissemination is the decrease in driving range due to degradation 

of lithium ion batteries. The performance of lithium ion batteries (capacity, power) is 

subject to cycle degradation [1] which occurs due to repeated charging-discharging, and 

calendar degradation [2] which occurs even if the battery is not used. Vehicles generally 

spend a longer time parked than driving, and a key issue is improving service life by 

suppressing the decline in battery performance during parking (calendar degradation). 

One known mechanism of calendar degradation of lithium ion batteries is the 

deactivation of electrochemically active lithium ion which can participate in charging 

discharging due to side reactions such as decomposition of electrolyte.[3] This 

mechanism progresses particularly when the battery is stored at a high temperature and 
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a high state-of-charge (SOC). In addition, when spinel-type lithium manganese oxide 

(Li1-xMn2O4) is used as the positive electrode-active material, degradation occurs by 

eluting manganese ion into the electrolyte.[4, 5, 6] This degradation progresses 

particularly when the battery is stored at a high temperature (approx. 45°C or higher) 

and low SOC (x = 0.1–0.4). Precise understanding of the two degradation factors, which 

have different SOC susceptibility to degradation, is crucial to improve battery 

durability. 

In recent years, due to advantages of power and cost, practical lithium ion 

batteries have been realized which use a blended positive electrode of spinel-type 

lithium manganese oxide and layered rock salt oxide. However, there are few reports on 

storage life of lithium ion batteries with blended positive electrodes, and almost no 

cases discussing decomposition of electrolyte at the same time as manganese elution 

from the positive electrode. This is likely because it is difficult to ascertain the Li 

composition of each active material based on the cell voltage and SOC in the case of a 

lithium ion battery with a blended positive electrode. 

In this research, the authors conducted storage life test of lithium ion batteries 

with blended positive electrodes of spinel-type lithium manganese oxide and layered 

rock salt oxide. The effects of test temperature and SOC on electrolyte decomposition 
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and elution of manganese from the positive electrode were investigated through analysis 

of the dV/dQ curve [7, 8] obtained by differentiating the charge-discharge curve, which 

enables evaluation of degradation in capacity of the positive electrode and negative 

electrode, and the positive electrode/negative electrode reaction region slips, without 

disassembling the battery. Here, analysis was conducted regarding the relationship 

between degradation speed and Li composition of each active material in the blended 

positive electrode during storage which was calculated from the shape of the dV/dQ 

curve. 

 

2-2. Experimental 

2-2-1. Test battery 

The storage life test was carried out using a commercial 18650-type lithium ion 

battery (positive electrode: blended positive electrode of spinel-type lithium manganese 

oxide and layered rock salt-oxide type (0.25 Li1-xMn2O4, and 0.75 

Li1-yNi0.5Co0.2Mn0.3O2), negative electrode: graphite). 

 

2-2-2. Storage life test conditions 

Storage life testing was done under a total of 24 conditions, four conditions for 
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test temperature (0°C, 25°C, 45°C, 60°C), and six conditions for storage SOC (0%, 40%, 

60%, 70%, 80%, 100%). Testing was done with 3 samples (N = 3) for a single condition. 

For the SOC setting, a battery discharged at a constant current (1C) up to the lower limit 

voltage (2.50 V) was taken to be 0%, and for 40–100%, charging was done at a constant 

current (1C) up to each SOC definition voltage indicated in Table 1, and then constant 

voltage charging was done for 30 minutes or until the current value C/50 was attained. 

This method is generally called constant current, constant voltage (CCCV) charging. 

The SOC definition voltages were taken to be the stationary state voltages after first 

discharging to the lower limit voltage, then charging at 1C until the time when each 

specified SOC was attained, followed by resting for 6 hours. These SOC adjustments 

were all carried out at 25°C. 

 

2-2-3. Periodic performance evaluation 

In order to compare changes in capacity and internal resistance under each test 

condition, capacity measurement and DC internal resistance measurement were carried 

out to evaluate performance at each period shown in Table 2. In capacity measurement, 

cells were charged to 4.2 V at 25°C with a current value of C/20, then held for 30 

minutes or until a current value of C/50 was attained, and finally discharged to 2.75 V 
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with a current value of C/20. In DC internal resistance measurement, first the SOC was 

adjusted to 50% (SOC definition voltage: 3.755 V) at 25°C using the method described 

in the preceding section. Next, charging currents of C/2, 1C, 2C and 3C were applied 

for 10 seconds each, and resistance was calculated using Ohm's law based on the 

voltage after 10 seconds. Storage life testing was carried out for a total of approximately 

18 months, and as part of that, capacity measurement and DC internal resistance 

measurement were carried out 8 times, including the initial measurements. 

 

2-3. Results and discussion 

2-3-1. Changes in performance due to storage life testing 

Figures 1 and 2 show the results of capacity measurement and internal resistance 

measurement, respectively. First, in terms to temperature dependence, the higher the 

temperature, the greater the degradation of both capacity and resistance proceeded. Next, 

in terms of SOC dependence, in storage at 0°C and 25°C, capacity decreased and 

internal resistance increased with higher SOC. In testing results for 45°C, on the other 

hand, degradation was accelerated compared to 25°C, and in storage conditions with 

SOC of 60–70%, there was a marked decrease in capacity and increase in internal 

resistance. In test results at the highest temperature of 60°C, sudden degradation was 
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evident at SOCs of 60% and 70% in the initial stage of storage, but as the test period 

increased, degradation speed slowed down for SOC 70%, and greatest degradation 

occurred with SOC 60%. The capacity retention rate with SOC 100% decreased at an 

almost constant rate, and after about 18 months when the test was finished, the capacity 

retention rate had reached to that of SOC 70% which degraded suddenly at the initial 

phase of the test. However, the rate of increase in internal resistance for SOC 100% was 

smaller than SOC 70%. Trends in variation of the rate of increase of internal resistance 

and variation in the capacity retention rate were the same at 0°C and 25°C, but at 45°C 

and higher, the degree differed depending on the SOC. In particular, for degradation 

with an SOC of 60–70%, the rate of increase in internal resistance was high, and the 

degradation was idiosyncratic. 

 

2-3-2. Differential curve analysis 

Analysis of the dV/dQ curve, obtained by differentiating voltage (V) with 

respect to capacity (Q) in the charge-discharge curve, is known as one technique for 

evaluating the internal state of a battery[7, 8] Here, the cause of degradation was 

investigated by applying dV/dQ curve analysis. Figure 3 shows the discharge curve and 

dV/dQ curve for a battery, prior to the storage life test, obtained via capacity 
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measurement. Roughly speaking, four peaks were evident in the dV/dQ curve. Based on 

evaluation of a half-cell with a counter electrode of metallic lithium, using a positive 

electrode and negative electrode removed by disassembling a battery, the peaks P1 and 

P2 derive from the positive electrode, and peaks N1 and N2 derive from the negative 

electrode. By following changes in the interval between peaks derived from the positive 

electrode, and the interval between peaks derived from the negative electrode, it is 

possible to ascertain the degree of degradation of each electrode (Figure 4). In addition, 

it is possible to estimate the amount of active lithium, due to factors such as 

decomposition of electrolyte, based on positive electrode/negative electrode reaction 

region slips. However, with this technique it is not possible to distinguish the active 

materials in blended positive electrode. 

Figures 5–8 show changes in the dV/dQ curve when stored at each temperature. 

With storage at 0°C (Figure 5), there was no dependence on SOC, and no change was 

seen in the positive electrode peak interval or negative electrode peak interval, which 

indicates that no degradation of the electrode-active material was confirmed. As for the 

peak positions, there were no change in the positive electrode, and the negative 

electrode peak positions shifted by just the amount of reduction in battery capacity. 

Hence, the main cause for degradation during storage at 0°C is likely deactivation of 
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active lithium due to such as decomposition of electrolyte. Just as in storage at 0°C, a 

shift in the negative electrode peaks was also observed in storage at 25°C (Figure 6), 

45°C (Figure 7) and 60°C (Figure 8). On the other hand, with SOC 60% and SOC 70% 

in storage at 25°C, and with SOC 60%, 70% and 80% in storage at 45°C and 60°C, it 

was confirmed that peak P2 derived from the positive electrode shifts to the left, and 

that there is a narrowing in the interval between peaks P1 and P2 derived from the 

positive electrode. Thus degradation of the positive electrode was confirmed. 

Degradation of the positive electrode was greater at higher storage temperatures. For 

this reason, it was found that the idiosyncratic decrease in battery capacity during 

storage at these SOC was due to degradation of the positive electrode. 

The initial battery and batteries stored after 176 days at 60°C were each 

disassembled, and studied the cause of positive electrode degradations. Figure 9 shows 

the powder X-ray diffraction patterns of the positive electrode at the atmospheric 

condition. There was a broadening in the peak near 36.3° at SOC 60% and SOC 70% 

which is assigned to lithium manganese oxide, suggesting that degradation of lithium 

manganese oxide of the positive electrode is the cause of decreased capacity. The 

amount of manganese for the removed negative electrode was measured using 

inductively coupled plasma mass spectrometry. In the initial battery the amount was 
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below the detection lower limit, but a large increase of 0.28 μg/mg was seen with SOC 

60% and SOC 70%. The reason why internal resistance idiosyncratically increased with 

these SOC is likely an effect due to positive electrode degradation caused by manganese 

elution from the lithium manganese oxide, and by SEI covering of the negative 

electrode surface containing eluted manganese. 

 

2-3-3. Variation in degradation speed 

Next, the authors discussed the reasons why the degradation speed suddenly 

slowed in storage at 60°C and SOC 70%, and why the greatest degradation occurred 

with SOC 60%. The dV/dQ curve of SOC 70% in Figure 8 (d) shows almost no change 

in the position of peak P2 for the positive electrode from 58 days (1st diagnosis) on, and 

thus it is likely that there was a slowing in manganese elution from lithium manganese 

oxide. 

The ease of manganese elution from lithium manganese oxide (Li1-xMn2O4) 

depends on the Li composition (x value) (6) and thus the x value was investigated 

during storage life testing with each SOC. As shown in Figure 10, the x value for 

Li1-xMn2O4 during storage was estimated from the charge capacity (SOC adjusted 

capacity) of CCCV charging to each SOC definition voltage after periodic performance 
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evaluation, and the dV/dQ curve obtained in the preceding capacity measurement. 

Taking the fully charged state on the dV/dQ curve to be x = 1, and letting peak P1 be x = 

0.5 and peak P2 be x = 0, the x value for the SOC adjusted capacity was calculated. Here, 

in the interval from x = 1 to x = 0, the reaction of Li1-yNi0.5Co0.2Mn0.3O2 is small in 

quantity and almost constant (9), and thus it was assumed that Li1-xMn2O4 reacts 

uniformly. Figure 11 shows the variation in x value at each temperature. For the initial 

SOC adjustment, the x values of both SOC 60% and 70% are 0.16 and 0.35, respectively, 

such that manganese elution occurs easily. In case of SOC 70%, the x value exceeds 0.4 

in storage at 60°C on the second and subsequent times, and it is difficult for manganese 

elution to occur. The reason why the x value rises may be because there was a positive 

electrode/negative electrode reaction region slip due to decomposition of the electrolyte 

and degradation of the positive electrode-active material, resulting in a rise in charging 

potential of the negative electrode and positive electrode. On the other hand, the reason 

why the x value decreased in SOC adjustment on the fourth and subsequent times in 

SOC 60% storage may be because of the inability to 60% charge due to the increase in 

internal resistance. The same changes as at 60°C also occurred slowly at 45°C, at test 

temperatures of 0°C and 25°C the degree of degradation was small, and there was 

almost no change in the x value. 
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Regarding the reason why the degradation speed does not slow even from the 

5th and subsequent time in SOC 100% storage shown in Figure 1 (d), this is likely 

because the positive electrode and negative electrode use regions shifted due to 

decomposition of the electrolyte, thus resulting in increased charging potential of the 

negative electrode, and a commensurate increase in charging potential of the positive 

electrode. 

 

2-4. Conclusion 

Storage life testing was carried out with temperature and SOC as parameters for 

lithium ion batteries with a blended positive electrode of spinel-type lithium manganese 

oxide and layered rock-salt type oxide, and the mechanisms of decreased performance 

were investigated by analyzing the dV/dQ curve. The results showed that at low 

temperatures (0°C and 25°C) there was an increase in effective lithium consumption by 

such as decomposition of electrolyte when SOC was high. At high temperatures (45°C 

and 60°C) there was an acceleration in degradation with respect to temperature, and 

there was an idiosyncratic increase in degradation accompanying positive electrode 

degradation at SOC 60% and SOC 70%. At these SOCs, Li compositions were such that 

manganese elution occurs easily from lithium manganese oxide in the blended electrode. 
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Moreover, an increase in the amount of manganese from the negative electrode also 

supports the idea of manganese elution from the positive electrode. In addition, the 

slowdown of the degradation at 60°C and SOC 70% suggested that the Li composition 

of the electrode-active material varies by degradation even if the SOC definition voltage 

was fixed. 

Based on the above results, this research confirmed that there are idiosyncrasies 

according to the storage conditions, and changes in reactivity due to storage time, in the 

calendar degradation mechanism of the blended positive electrode lithium ion battery 

which is affected by manganese elution from the positive electrode dependent on Li 

composition.  
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Table 1.  SOC definition voltage.  

SOC 40% 60% 70% 80% 100% 

Voltage 3.676 V 3.849 V 3.937 V 4.009 V 4.200 V 
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Table 2.  Test period between diagnoses. 
Number of 

diagnoses 
Initial 1st 2nd 3rd 4th 5th 6th 7th 

Test period 

(days) 
0 58 110 165 228 331 430 529 
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Figure 1. Capacity retentions in storage life tests at (a) 0°C, (b) 25°C, (c) 45°C, and (d) 60°C 

measured at 25°C with C/20 current rate between 2.75 V and 4.2 V. 
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Figure 2. Internal resistance changes in storage life tests at (a) 0°C, (b) 25°C, (c) 45°C, and (d) 

60°C measured at 25°C, SOC 50%. 
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Figure 3. Voltage curves (upper) and dV/dQ curves (lower) of initial state during discharge at C/20. 

Black, red and blue lines represent cell, positive electrode and negative electrode, respectively. 
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Figure 4. Schematic diagram of capacity decrease factor of lithium ion batteries by dV/dQ curve 

analysis. 
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Figure 5. Changes of dV/dQ curve shapes during the storage life tests at 0°C. 
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Figure 6. Changes of dV/dQ curve shapes during the storage life tests at 25°C. 
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Figure 7. Changes of dV/dQ curve shapes during the storage life tests at 45°C. 
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Figure 8. Changes of dV/dQ curve shapes during the storage life tests at 60°C. 
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Figure 9. Powder x-ray diffraction patterns of positive electrode of fresh cell and after storage tests 

at 60°C for 176 days.  
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Figure 10. Estimate method of x value in Li1-xMn2O4. 
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Figure 11. Changes of x value in Li1-xMn2O4 during the storage life tests at (a) 0°C, (b) 25°C, (c) 

45°C, and (d) 60°C. 
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Chapter 3. 

Degradation Diagnosis of Lithium-Ion Batteries with a 

LiNi0.5Co0.2Mn0.3O2 and LiMn2O4 Blended Positive Electrode 

Using dV/dQ Curve Analysis 

 

3-1. Introduction 

 The widespread use of electric drive vehicles (xEVs) with low environmental 

impacts is crucial for the development of sustainable societies. Among the various types 

of xEVs, the use of battery electric vehicles (BEVs) with lithium-ion batteries is 

expected to significantly increase in the upcoming years. However, the limited cruising 

range (capacity of batteries), battery safety, and performance degradation (battery life) 

hamper the normalization of BEVs. Since BEVs are subjected to various environments 

which cause batteries degradation, such as acceleration and deceleration, quick charge, 

and wide temperature range (from −40°C to 80°C), an improvement in batteries 

durability is needed. 

 A thorough understanding of the degradation factors of lithium-ion batteries 

would allow enhancing their durability. These factors are divided into three main 

categories: (1) positive electrode degradation, (2) negative electrode degradation, and 
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(3) solid electrolyte interface (SEI) formation. Causes of positive electrode and negative 

electrode degradation include deactivation of active materials due to changes in the 

surface structure of particles [1,2] and the electronic disconnection between the active 

materials and a conductive carbon network or a current collector [3–7]. SEI formation 

probably occurs because side reactions such as decomposition of electrolyte solution [8] 

or lithium-metal deposition [9,10] result in an irreversible lithium-ion form. To date, 

there are few reports concerning the understanding of the influence of these degrading 

factors from a quantitative perspective, even though this is a fundamental issue. An 

example of quantitative analytical methods to assess the negative electrode and positive 

electrode degradation is the dV/dQ curve analysis, which is obtained from the 

differentiation of the charge/discharge curve (voltage–capacity curve). The analysis of 

battery degradation using dV/dQ curves has been reported for 

LiNi1-x-yCoxAlyO2/graphite [11], LiNi1-x-yCoxMnyO2/hard carbon [12], and 

LiCoO2/graphite batteries [13]. On the other hand, the half-cell technique of the positive 

electrode and negative electrode of the disassembled battery can also be used for 

degradation analysis [14]. Contrary to the battery disassembling method, the dV/dQ 

curve analysis is nondestructive. Moreover, the dV/dQ curve analysis has the average 

information of the degradation over a whole battery, while the half-cell estimates have 
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the local information due to the electrode sampling. 

 Lithium-ion batteries for BEVs and plug-in hybrid electric vehicles often use a 

blended positive electrode (layered-materials and spinel-material) [15,16]. However, 

investigation on the degradation using dV/dQ curves is scarce for lithium-ion batteries 

with blended positive electrodes because conventional dV/dQ analysis is difficult to 

separate the positive electrode materials simultaneously reacting in the blend. In a 

previous report, I studied the specific storage degradation at middle state-of-charge 

(SOC) and the causes of the degradation rate changes via dV/dQ analysis of lithium-ion 

batteries with a blended positive electrode and a graphite negative electrode [17]. In this 

study, I developed a dV/dQ curve analysis for lithium-ion batteries with blended 

positive electrodes employing a separation technique for the materials of the positive 

electrode. Using the dV/dQ analysis, I were able to quantitatively and nondestructively 

analyze the positive electrode and negative electrode degradation and the SEI formation. 

Furthermore, by comparing the degradation of lithium-ion batteries under different 

cycle test conditions, the relation between the conditions and degradation factors was 

elucidated. 

 

3-2. Experimental 
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3-2-1. Battery 

A commercially available lithium-ion cell with a blended positive electrode 

(18650-type, 1.4 Ah) was used for the cycle tests. The cell was opened, and the 

electrode and electrolyte solution were analyzed. The cross section of the positive 

electrode, manipulated with an ion-milling system E-3500 (Hitachi High-Technologies), 

was observed using a field emission scanning electron microscope (FE-SEM, S8020 

model, Hitachi High-Technologies) with energy-dispersive X-ray spectroscopy (EDX, 

X-Max 80 model Horiba). The mixed state maps and compositions of the two active 

materials in the positive electrode were analyzed by EDX. The crystal structures of the 

positive electrode and negative electrode were analyzed using an X-ray diffractometer 

(XRD, SmartLab, Rigaku) with Cu-Kα radiation at 40 kV and 30 mA. The XRD pattern 

was recorded at a scan rate of 5°/min in the 2θ range of 10°–120°. The ratio of the 

compounds in the positive electrode was quantitatively estimated by Rietveld analysis 

using the RIETAN-FP software [18]. The electrolyte solution, which was collected from 

centrifugation, was analyzed by gas chromatography-mass spectrometry (GC/MS, 

HP6890 and HP5973, Agilent Technologies) and nuclear magnetic resonance (NMR, 

JNM-LA400 model, JEOL). 

Electrochemical properties were investigated using coin cells. A fresh cell was 
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opened, and the positive electrode and negative electrode were removed from the inside 

and washed with dimethyl carbonate. Then, a coin cell was assembled using the 

removed negative electrode or positive electrode as the working electrode, lithium foil 

as the counter electrode and 1 mol dm−3 lithium hexafluorophosphate (LiPF6) in diethyl 

carbonate (DEC) and ethylene carbonate (EC) (1:1 in vol.) as an electrolytic solution. 

The charge/ discharge tests of the positive electrode and negative electrode half-cells 

were respectively performed in a potential range of 4.4–3.25 V vs. Li/Li+ and 0.001–

0.15 V vs. Li/Li+ at a C/20 rate. 

 

3-2-2. Cycle tests 

The conditions of the cycle tests are shown in Table 1. They include one 

charge/discharge rate (C/3), two SOC ranges (100%–0% and 100%–70%), and three 

temperatures (0°C, 25°C, and 45°C). I used a total of 18 cells which 3 cells for each 

cycle condition in the cycle tests to confirm the reproducibly. SOC 100% and 0% were 

respectively 4.2 V constant current and constant voltage (CC-CV) charge and 2.5 V CC 

discharge. Voltages of SOC 70% at various temperatures were determined by 

discharging for 54 min at C/3 after fully charged (SOC 100%) at each temperature. 

There were 30 min rest steps after each charge and discharge step. The low current 
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charge/discharge test at C/20 at 25°C were performed every 40 cycles for the 100%–0% 

SOC range, and every 80 cycles for the 100%–70% SOC range. The low current 

charge/discharge test was evaluated every half month. The number of cycles was 

changed for the SOC ranges because the time for one cycle was different. 

 

3-2-3. dV/dQ curve analysis for the blended positive electrode system 

The dV/dQ curve analysis flow chart that was developed for the blended 

positive electrode is shown in Figure 1 (a). The initial data input were the dq/dV of the 

active materials of positive electrode (lithium nickel cobalt manganese oxide (NCM) 

and lithium manganese oxide (LMO)) and the active material of negative electrode 

(graphite). Each dq/dV was prepared from the half-cell charge/discharge test results of 

Section 2.1. The dq/dV of the blended positive electrode was separated according to the 

previous report [19], and the dq/dVs of NCM and LMO were obtained. 

For the positive electrode, a (dQ/dV)P was obtained from Equation (1), which 

represents the addition of (dq/dV)NCM and (dq/dV)LMO each multiplied by the 

corresponding fitting parameters mNCM and mLMO. The (dV/dQ)P was the inverse of the 

(dQ/dV)P. For the negative electrode, the (dQ/dV)N was similarly obtained: multiplying 

the (dq/dV)Gr. by the fitting parameter mGr. (Equation (2)). Then, after inversing the 
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(dQ/dV)N, the (dV/dQ)N was obtained. 

�dQ

dV
�

P
 [A h V−1] = mNCM [g] × �dq

dV
�

NCM
 [A h g−1 V−1] + mLMO [g] × �dq

dV
�

LMO
 [A h g−1 V−1]  (1) 

�dQ

dV
�

N
 [A h V−1] = mGr. [g] × �dq

dV
�

Gr.
 [A h g−1 V−1]    (2) 

Here, qNCM, qLMO, and qGr. are the unit discharge capacity ([A h g−1]) of each 

active material, and mNCM, mLMO, and mGr. are the usable active material masses ([g]). 

δP ([A h]) and δN ([A h]) are the fitting parameters to adjust the reaction region 

as shown in Figure 1 (b). (dV/dQ)Cell sim. is then obtained from the difference between 

(dV/dQ)P and (dV/dQ)N according to Equation (3): 

�dV

dQ
�

Cell sim.
[V A−1 h−1 ] = �dV

dQ
�

P
[V A−1 h−1 ] − �dV

dQ
�

N
 [V A−1 h−1 ]      (3) 

 By comparing the simulated results, (dV/dQ)Cell sim. with the experimental 

results, (dV/dQ)Cell exp. obtained from the low current charge/discharge tests, the five 

parameters (mNCM, mLMO, mGr., δN, and δP) were optimized. For this, the initial values 

of mNCM and mLMO were estimated by fitting from the peak width and shape of the 

(dV/dQ)P, and for mGr., the initial value was also estimated by fitting from the peak 

width and shape of the (dV/dQ)N. Then, the initial values of δP and δN were estimated 

from the respective peak positions. Afterward, the five parameters were fitted to the 

least squares method so as to minimize the error from the experimental data. 
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3-3. Results and discussion 

3-3-1. Chemical analysis of the battery 

The SEM image and EDX mapping of the positive electrode cross section are 

shown in Figure 2. Two kinds of particles with different shapes are observed. The EDX 

analysis results show that one particle comprises nickel, cobalt, and manganese as the 

transition metals, with a ratio of 5:2:3 (Ni:Co:Mn), whereas the other particle has only 

manganese as the transition metal. The XRD of the positive electrode and the Rietveld 

analysis to examine the ratio of the two active materials are shown in Figure 3. The 

XRD shows two patterns, which correspond to the R3m and Fd3m space groups, and the 

resulting Rietveld analysis suggests that the content is approximately 78:22 wt%. Both 

the XRD and SEM-EDX results indicate that the active materials of the positive 

electrode are LiNi0.5Co0.2Mn0.3O2 (NCM) and LiMn2O4 (LMO) in approximately 

78:22 wt%. The XRD of the negative electrode implies that it contains graphite as the 

active material. The GC/MS and 1H-/19F NMR spectra of the electrolyte solution 

suggest that it consisted of dimethyl carbonate (DMC), ethyl methyl carbonate, and EC 

as solvents, fluoroethylene carbonate (FEC) as the additive, and approximately 1 mol 

dm−3 LiPF6 as the electrolyte. 

Figure 4 shows the dq/dV curves of the positive electrode and negative electrode 
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obtained from the discharge curves of the half-cells and the dq/dV curves of NCM and 

LMO obtained by separating the dq/dV curve of positive electrode (Figure 4 (c)). Three 

peaks are observed in the dq/dV curve of the positive electrode: the peak around 3.75 V 

vs. Li/Li+ corresponds to the reaction of NCM [20],  and the two peaks at 

approximately 4.0 and 4.15 V vs. Li/Li+ correspond to the step reactions of LMO during 

phase change [21]. Three peaks are also observed in the dq/dV curve of the negative 

electrode, which show the stage structure changes of graphite (0.10 V: stage I→stage II, 

0.14 V: stage II→stage III & IV, and 0.23 V: stage III & IV→Graphite) [22]. Using 

these dq/dV data, the dV/dQ curve analysis was performed as indicated in Section 2.3. 

 

3-3-2. Cycle tests 

The capacity retention of the representative cell in 3 cells for each cycle 

condition during cycle tests is shown in Figure 5, as it is confirmed that the capacity 

retentions of 3 cells for each cycle condition are almost same. To compare the 6 test 

conditions which were differences the discharge capacity per cycle, the equivalent cycle 

number is indicated in the x axis; it was calculated by the integration of the discharge 

capacity divided by the typical capacity (1.402 A h). When looking at the 200 equivalent 

cycles point, the capacity retention at 45°C is 87% and 91% for the SOC ranges of 
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100%–70% and 100%–0%, respectively. Then, at 25°C, it was 93% and 94%, 

respectively, for 100%–70% and 100%–0%. Finally, at 0°C, it was 94% for both SOC 

ranges. At high temperatures, the decrease in the capacity retention was faster than at 

low temperatures. Considering the same temperature, the capacity for the 100%–70% 

SOC range decreased faster than that for the 100%–0% SOC range. However, this 

difference was less pronounced as the temperature decreased. The degradation rates at 

0°C were very similar, regardless of the SOC range. 

 

3-3-3. dV/dQ curve analysis 

The dV/dQ curve analyses were conducted to quantitatively evaluate the 

influence of temperature and SOC range on the cycle test results. The dV/dQ curve 

analysis of the initial cell is shown in Figure 6. The simulated curve adequately fitted 

the experimental results, thus confirming that the fitting method was suitable for the 

process. As seen in the initial dV/dQ curve analysis, there are two peaks for both the 

positive electrode and negative electrode. For the positive electrode, one of the peaks 

(P1) shows a phase change of LiMn2O4 while the other peak (P2) indicates a change in 

main reactive species from LMO to NCM [12]. The peaks N1 and N2 for the negative 

electrode correspond to the graphite stage structures [22]. The dV/dQ curve analysis 
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from the finished cycle tests under various conditions are shown in Figure 7. As can be 

seen in the figure, the peak intensity is deviated from the experimental data, particularly 

N1, which becomes sharp. However, the remaining peaks and their positions are well 

fitted. Changes of each five fitting parameters are shown in Figure 8. It is confirmed by 

Figure 7 and Figure 8 that δN increase at all conditions, and masses of NCM decrease at 

the 100%–0% SOC range. 

Capacity retention of the negative electrode and positive electrode which were 

calculated using evolution mGr. ×  qGr. and mNCM ×  qNCM + mLMO ×  qLMO, 

respectively, are shown in Figure 9. The negative electrode capacities decreased about 

2% in the early cycles and kept slowly decreasing afterward under all conditions. 

Capacity maintenance rates of the negative electrode did not generally depend on any 

condition tested. The positive electrode capacities decreased for the 100%–0% SOC 

range; however, they hardly decreased for the 100%–70% SOC range. Capacity 

retention rates of the positive electrode depended only on the SOC range but not on the 

temperature. The results of the separation of the positive electrode capacity into NCM 

and LMO are shown in Figure 10. The drop in the positive electrode capacity at the 

100%–0% SOC range was caused by the degradation of the NCM. 

To compare the dV/dQ curve analysis results with the half-cell technique [14], 
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the cells that were evaluated in the cycle test at the 100%–0% SOC range were 

disassembled and the capacity of the removed positive electrode were measured using 

the half-cells. They degraded to about 90%–93% compared with initial. This result 

supports the dV/dQ curve analysis results. The positive electrode cross section SEM 

images are shown in Figure 11. After the cycle test, particularly for the 100%–0% SOC 

range (Figure 11 (b)), several cracks were found inside the NCM particles. For the LMO 

particles, there was no significant difference before and after the cycle tests. This is 

considered to be due to the spinel compounds such as LMO has stable host structure at 

room temperature [23], and due to the staying time at specific SOC that LMO can be 

degraded easily [17] has been short in the cycle test. Further, I discuss the differences in 

the degree of contribution of degradation factors. The degradation factors were 

quantitatively divided into (1) positive electrode degradation, (2) negative electrode 

degradation, and (3) SEI formation. I considered that the capacity of lithium-ion 

batteries is nearly the same as the amount of active Li+ ions in the system (Fig. 8 

(upper)). Consequently, the capacity decrease of the battery (ΔcapacityCell) is expressed 

as follows using the loss of active Li+ ions (ΔLiCell) (Equation (4)). 

ΔcapacityCell [Ah]  =  
𝐹𝐹 [s A mol−1] × ΔLiCell[g]

3600 [s h−1] × 𝑀𝑀𝐿𝐿𝐿𝐿[g mol−1]
         (4) 

Where F is the Faraday constant and MLi is the atomic mass of lithium. The loss of 
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active Li+ ions is expressed as summation of the deactivated positive electrode material 

(ΔLiP) and deactivated negative electrode material (ΔLiN) and by the SEI formed from 

side reactions (ΔLiSEI) (Equation (5)). 

ΔLiCell[g] = ΔLiP[g] + ΔLiN[g] + ΔLiSEI[g]     (5) 

 I consider that ΔLiP and the capacity decrease of the positive electrode are 

correlated and that ΔLiN and the capacity decrease of the negative electrode are 

correlated. Accordingly, I propose that ΔLiP (or ΔLiN) is calculated from the decreased 

capacity of the positive electrode (or negative electrode) multiplied by the average Li+ 

ion percentage in the positive electrode (negative electrode) active materials during 

cycle tests as follows Equations (6) and (7). 

ΔLiP[g]  =   
3600 [s h−1]  × 𝑀𝑀𝐿𝐿𝐿𝐿[g mol−1]

𝐹𝐹 [s A mol−1] �(Li content rate)NCM × ΔCapacityNCM
[Ah]  + (Li content rate)LMO ×  ΔCapacityLMO

[Ah]�   (6) 

ΔLiN[g] =  
3600 [s h−1] × 𝑀𝑀𝐿𝐿𝐿𝐿[g mol−1]

𝐹𝐹 [s A mol−1] �(Li content rate)Gr. × ΔCapacityGr.[Ah]�                 (7) 

 The average Li+ ion content was calculated at the mid values of each SOC 

range (corresponding to a 50% and 85% for the 100%–0% and 100%–70% SOC ranges, 

respectively) in the positive electrode (or the negative electrode) utilization region, 

which was obtained from the dV/dQ curve analysis. 

The ΔLiSEI is calculated from Equation (5) using ΔLiCell, ΔLiP and ΔLiN 

obtained from Equations (4), (6) and (7). The results obtained when changing the ratios 
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of the active Li+ ion loss in the deactivated positive electrode and negative electrode and 

the formed SEI are shown in Figure 12 (lower). 

A comparison within the 100%–0% SOC range (0°C, 25°C, and 45°C) indicates 

that equal degradation of the positive electrode and negative electrode occurred, 

regardless of the temperature; however, the degree of SEI increased when temperature 

increased. For the 100%–70% SOC range, the battery capacity decreases almost 

because of SEI formation. At higher temperatures, the capacity decrease was faster than 

at lower temperatures. Comparing the results at the same temperature, the amount of 

SEI was larger for the 100%–70% than for the 100%–0% SOC range. As seen in Figure 

5, the rate of capacity decrease at 0°C was the same for both SOC ranges. However, 

according to the results mentioned above, the degradation mechanisms were not same. 

For the 100%–0% SOC range, both positive electrode capacity decrease and SEI 

formation due to side reactions mainly occurred and negative electrode capacity also 

decreased. Meanwhile, for the 100%–70% SOC range, positive electrode capacity 

decrease was hardly observed and the SEI formation and negative electrode capacity 

decrease were occurred. 

 

3-3-4. Analysis of usage conditions and the degradation mechanisms 
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Unlike previous storage tests in which the degradation of the positive electrode 

depended on both the SOC and temperature [17], in the present study, the degradation of 

the positive electrode depends on the SOC range, regardless of temperature. For the 

100%–0% SOC range, the degradation is due to NCM, and I concluded that the 

electronic isolation and/or deactivation occurred because of the micro cracks inside the 

NCM, as seen via SEM; cracks may be the result of repeated expansion and contraction 

[14]. The expansion and contraction coefficient in one cycle is larger in the 100%–0% 

than in the 100%–70% SOC range [24]; therefore, the positive electrode capacity 

decrease in the former is accelerated. This coefficient hardly depends on temperature. 

The degradation of the negative electrode does not depend on the cycle 

conditions, and its influence is relatively small compared to the other two degradation 

factors. Honkura et al. confirmed that changes in the peak shapes of the graphite dV/dQ 

curve occurred due to repeated charge and discharge [13] and not due to degradation. 

The degradation mechanismof the graphite negative electrode has been reported as the 

destruction of the layer structure due to the penetration of solvent molecules between 

graphite layers or the isolation from the reaction system after SEI growth or the 

breakdown of the electrode structure due to expansion and contraction of graphite by 

charging and discharging [25,26]. I consider that the degradation of the negative 
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electrode arose from these phenomena. 

SEI formation is faster when the test temperature is higher. This is believed to be 

due to the decomposition of the electrolyte solution, which results in SEI formation, as 

it is known that the reductive decomposition reaction is accelerated at high temperature 

[17]. Furthermore, this SEI formation is more noticeable in the 100%–70% SOC range. 

This may be due to the longer retention time at higher SOC, which proceeds with the 

reduction decomposition reaction on the negative electrode surface [17]. 

 

3-4. Conclusion 

In this study, a dV/dQ curve analysis was developed for a blended positive electrode. By 

adapting the analysis for lithium-ion batteries with blended positive electrodes, I 

quantitatively evaluated the degradation factors under different cycle test conditions. I 

confirmed that there are clear differences in the degree of contribution of the different 

degradation factors depending on the conditions. For instance, at 0°C, although the 

capacity reduction rate was almost same regardless of the SOC range, the degradation 

mechanisms were different. For the 100%–0% SOC range, the positive electrode and 

negative electrode degradation and the SEI formation occurred at the same time, 

resulting in the reduced capacity. Meanwhile, for the 100%–70% SOC range, capacity 
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reduction was mainly due to SEI formation. The nondestructive quantitative evaluation 

of the degradation factors of batteries is useful to determine the relation between usage 

conditions and degradation factors. I expect to achieve accurate accelerated tests and 

lifetime prediction methods based on this study. 
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Table 1. Cycle test conditions.  

C rate C/3  

Charge / discharge CCCV (C/20 or 30 min cut off)/CC 

SoC range 100%–0%, 100%–70% 

Temperature 0°C, 25°C, and 45°C 
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Figure 1. dV/dQ curve analysis flow chart adapted for the blended positive electrode (a) 

and an example of fitting results of the discharge curve (b). 
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Figure 2. SEM image and the corresponding energy-dispersive X-ray spectroscopy 

(EDX) mapping of cobalt (orange), nickel (orange), manganese (yellow), carbon (green), 

and aluminum (red) in the cross section of the positive electrode. 
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Figure 3. Rietveld refinement of blended positive electrode data; (red dots) experimental 

pattern, (black solid line) calculated pattern, (blue solid line) difference curve. Vertical 

bars represent the position of Bragg reflections at λ ≈ 1.5560 Å; (upper) 

LiNi0.5Co0.2Mn0.3O2 with space group R-3 m, (lower) LiMn2O4 with space group Fd-3 

m. 
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Figure 4. dq/dV curvess of (a) the positive electrode and (b) the negative electrode, and 

(c) dq/dV curves of the NCM and LMO obtained by separation of the positive electrode 

according to reference [10]. 
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Figure 5. Capacity retention measured at various conditions. 
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Figure 6. The results of the dV/dQ curve analysis of cells measured before tests. 
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Figure 7. Results of the dV/dQ curve analysis of cells measured (a) after 359 equivalent 

cycles at 0 °C and 100%–0%, (b) after 449 equivalent cycles at 25 °C and 100%–0%, 

(c) after 443 equivalent cycles at 45 °C and 100%–0%, (d) after 224 equivalent cycles at 

0 °C and 100%–0%, (e) after 355 equivalent cycles at 25 °C and 100%–70%, and (f) 

after 256 equivalent cycles at 45 °C and 100%–70%. 
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Figure 8. Change of five fitting parameters (mNCM, mLMO, mGr., δP, and δN) in the 

cycling at (a) 0ºC and 100%–0%, (b) 25ºC and 100%–0%, (c) 45ºC and 100%–0%, (d) 

0ºC and 100%–70%, (e) 25ºC and 100%–70%, and (f) 45ºC and 100%–70% estimated 

by dV/dQ curve analysis. 

 

(a) 0ºC, 100%–0% (b) 25ºC, 100%–0% (c) 45ºC, 100%–0%

(d) 0ºC, 100%–70% (e) 25ºC, 100%–70% (f) 45ºC, 100%–70%

0

1

2

3

4

5

0

2

4

6

8

10

0 100 200 300 400 500

C
ap

ac
ity

/ A
 h

M
as

s /
 g

Equivalent cycle number

0

1

2

3

4

5

0

2

4

6

8

10

0 100 200 300 400 500

C
ap

ac
ity

/ A
 h

M
as

s /
 g

Equivalent cycle number

0

1

2

3

4

5

0

2

4

6

8

10

0 100 200 300 400 500

C
ap

ac
ity

/ A
 h

M
as

s /
 g

Equivalent cycle number

0

1

2

3

4

5

0

2

4

6

8

10

0 100 200 300 400 500

C
ap

ac
ity

/ A
 h

M
as

s /
 g

Equivalent cycle number

0

1

2

3

4

5

0

2

4

6

8

10

0 100 200 300 400 500

C
ap

ac
ity

/ A
 h

M
as

s /
 g

Equivalent cycle number

0

1

2

3

4

5

0

2

4

6

8

10

0 100 200 300 400 500

C
ap

ac
ity

/ A
 h

M
as

s /
 g

Equivalent cycle number

δP

δN

mNCM

mLMO

mGr.

δP

δN

mNCM

mLMO

mGr.

δP

δN

mNCM

mLMO

mGr.

δP

δN

mNCM

mLMO

mGr.
δP

δN

mNCM

mLMO

mGr.
δP

δN

mNCM

mLMO

mGr.



 

80 
 

 

Figure 9. Capacity retention of the (a) positive electrode and (b) negative electrode at 

various conditions estimated from the dV/dQ curve analysis. 
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Figure 10. Capacity change of LiNi0.5Co0.2Mn0.3O2 and LiMn2O4 in the positive 

electrode at (a) 0 °C and 100%–0%, (b) 25 °C and 100%–0%, (c) 45 °C and 100%–0%, 

(d) 0 °C and 100%–70%, (e) 25 °C and 100%–70%, and (f) 45 °C and 100%–70% 

estimated from the dV/dQ curve analysis. 
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Figure 11. SEM images of the cross section of the positive electrode. (a) Initial cell and 

tested cells, (b) after 480 cycles at 45 °C and 100%–0%, and (c) after 960 cycles at 

45 °C and 100%–70%. 
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Figure 12. Degradation of lithium-ion batteries based on the estimation of active lithium 

ions (a), and changes in the degradation factors of the cells at (b) 0 °C and 100%–0%, 

(c) 25 °C and 100%–0%, (d) 45 °C and 100%–0%, (e) 0 °C and 100%–70%, (f) 25 °C 

and 100%–70%, and (g) 45 °C and 100%–70% estimated from the dV/dQ curve 

analysis. 
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Chapter 4. 

Degradation Analysis of LiNi0.8Co0.15Al0.05O2 for Positive 

electrode Material of Lithium-Ion Battery Using Single-Particle 

Measurement 

 

4-1. Introduction 

Lithium-ion batteries (LIBs) have been extensively used in small electronic 

equipment such as mobile phones and laptops. Recently, they have also been used in 

electrically driven vehicles (xEVs) such as battery electric vehicles (BEVs) and plug-in 

hybrid electric vehicles (PHEVs). It is well-known that the degradation of LIBs, i.e., 

reduction in capacity and power, occurs after repeated charge/discharge and storage.[1, 

2] I performed cycle life and storage life tests on LIBs under various conditions and 

reported that the degradation factors are mainly related to solid electrolyte interphase 

(SEI) formation and positive electrode degradation.[3, 4] It is known that the electrolyte 

solution is reduced at the negative electrode. The reduction products are deposited on 

the negative electrode to form the SEI.[5, 6] In this process, electricity is mainly 

consumed during charging by the extraction of Li+ ions from the positive electrode. It is 

also consumed by both the SEI formation and the Li+ ion-intercalation in the negative 
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electrode. This causes differences between the state-of-charge (SOC) of the negative 

electrode and that of the positive electrode.[7, 8] 

Positive electrode degradation has been explained by the degradation of both the 

active materials as well as the electrode structures. An irreversible structural change 

from the layered structure of the parent phase to the rock-salt structure has been 

reported in the outermost surface of the particle for layered compounds such as LiCoO2, 

LiNi1−x−yCoxMnyO2, and LiNi1−x−yCoxAlyO2 based on both transmission electron 

microscopy and X-ray absorption spectroscopy analyses methods.[9–11] Additionally, 

microcracks occurring in the secondary particles of the active materials have also been 

observed using the scanning electron microscopy (SEM) images.[10–12] In the case of 

Mn-based spinel compounds (LiMn2−xMxO4), it has been reported that Mn3+ in the 

crystal structure dissolves in the electrolyte solution at a high temperature, which causes 

the degradation of LiMn2−xMxO4 (M = Mg, Al, etc.).[13, 14] The degradation of 

electrode structures, involving electronic disconnection between the active materials and 

loss of conductive carbon networks or current collectors, has been considered.[15–19] 

Typically, when the electrochemical characteristics of an active material are measured, 

cells are assembled with a composite electrode that contains binder, conducting 

materials, and active material. The binder and the conducting materials in the composite 
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electrode strongly influence the electrochemical characteristics of the active material. 

These are also influenced by the electrode structure, including its thickness and 

porosity.[20–23] Therefore, even when positive electrode degradation is detected in the 

coin-type half-cells, it is difficult to distinguish between the degradation of the active 

material and electrochemical degradation of the electrode structure. 

A single particle measurement technique has been developed by Dokko et al. as 

a new technology for evaluating the electrochemical performance of one particle (5–40 

μm in diameter) of the active material.[24] In the single particle measurement technique, 

electrochemical measurement of active materials can be achieved without using binder 

and conducting materials. Using this technique, the electrochemical reaction occurs 

according to the following three steps: (I) Diffusion of Li+ between the particle surface 

and a bulk electrolyte solution, (II) transfer of Li+ at the particle/electrolyte solution 

interface, and (III) Li+ diffusion in the particle.[25] Generally, beause diffusion in the 

bulk electrolyte solution is faster than that caused in the particle due to the small current, 

the single particle electrochemical reaction rate is observed to be dependent on steps (II) 

or (III). The total process can be simplified by comparing with the case of the composite 

electrode. 

Kanamura et al. performed single particle measurements on LiCoO2, LiFePO4, 
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LiNi0.5Mn1.5O4, graphite, and SiCN and reported the electrochemical parameters (i.e., 

exchange current density, charge transfer reaction resistance, and solid phase diffusion 

coefficient) of these materials.[25–29] However, all these reports are initial performance 

evaluations, and there are no reports on the evaluation of degraded materials. 

In this study, scanning transmission electron microscopy (STEM) observations 

and single particle measurements were conducted on LiNi0.8Co0.15Al0.05O2 before and 

after cycle testing to clarify the relations between structural changes in the active 

materials and capacity and power reduction. 

 

4-2. Experimental 

4-2-1. Cycle tests 

A commercially available lithium-ion cell (3.25 Ah) with a 

LiNi0.8Co0.15Al0.05O2 positive electrode was used for the charge/discharge cycle test. 

The cell was charged at a C/3 rate to 4.2 V in constant current and was further charged 

in constant voltage (CC-CV) mode. Further, it was discharged at a C/3 rate to reach 2.5 

V in constant current (CC) mode at 45°C in the atmosphere. There were 10 min 

intervals after each charge and discharge step. A low current charge/discharge test at a 

C/20 rate of 25°C in the atmosphere was performed after every 50 cycles. Furthermore, 
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electrochemical impedance spectroscopy was performed at an SOC of 50% at 25°C in 

the atmosphere, with an alternating current excitation of ±5 mV over the frequency 

range of 10 mHz–20 kHz after every 100 cycles. 

 

4-2-2. Analysis of electrode 

The three cells (uncycled, cycled 400 times, and cycled 800 times) were opened, 

and both the positive electrode and negative electrode were eliminated and washed 

using dimethyl carbonate (DMC). The electrodes were analyzed as follows. 

The metal contents in the positive electrode were measured using inductively 

coupled plasma atomic emission spectrometer (ICP-AES, SPECTRO CIROS CCD, 

Spectro). 

The electrochemical properties of the disassembled composite electrodes were 

investigated using 2032 coin-type cells. The coin cells were assembled using the 

disassembled negative electrode or positive electrode as the working electrode, lithium 

foil (Honjo Metal) as the counter electrode, and a mixed solvent of ethylene carbonate 

(EC) and diethyl carbonate (DEC) (1:1 in volume) containing 1 mol dm−3 lithium 

hexafluorophosphate (LiPF6) (Kishida Chemical) as an electrolyte solution. 

Charge/discharge tests on the negative electrode and positive electrode half cells were 
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performed in the potential ranges of 0.005–0.15 V vs. Li/Li+ at a C/20 rate and 4.3–2.5 

V vs. Li/Li+ at a C/50 rate at 25°C in the atmosphere. 

The cross sections of the positive electrodes, prepared using an ion-milling 

system (IM4000 model, Hitachi High-Technologies), were observed using a field 

emission-scanning electron microscope (FE-SEM, S8020 model, Hitachi 

High-Technologies). Further, the particles of positive electrode-active material, which 

were obtained by washing the composite positive electrode with 

N-methyl-2-pyrrolidone (NMP, Kanto chemical) to eliminate the additives, i.e., 

polyvinylidene difluoride and conducting carbon, were also observed. 

STEM was performed using a Cs-corrected STEM (JEM-ARM200F model, 

JEOL) that was operated at 200 kV. Uniform thin samples for STEM were prepared 

using a focused ion beam (FIB-SEM, SMF2000 model, Hitachi High-Technologies). 

 

4-2-3. Single particle measurement 

 The particles of positive electrode-active material were also investigated by 

single particle measurement. A microprobe current collector, comprising an Au wire 

with a diameter of 10 μm surrounded by a borosilicate glass capillary, was used in the 

single particle measurement cell. The detailed fabrication method for the microprobe 
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current collector has been reported elsewhere.[30] The particles were spread on a glass 

filter paper. Further, the microprobe current collector was placed in contact with the 

target particle under an optical microscope using a micromanipulator. A piece of lithium 

metal foil (Honjo Metal) was the counter electrode, and a mixed solvent of EC and 

propylene carbonate (PC) (1:1 in volume) containing 1 mol dm−3 of lithium perchlorate 

(LiClO4) (Kishida Chemical) was the electrolytic solution. Charge/discharge tests on 

the single particle were performed using an electrochemical analyzer (IviumStat model, 

Ivium) in the potential range of 4.3–2.5 V vs. Li/Li+. Initially, the particle was charged 

and discharged at 7 nA in CC mode for three cycles. The charging current was 

maintained at 5 nA to ensure complete charging. However, the discharge current was 

increased from 5 to 40 nA during subsequent cycles. All the single particle 

measurements were performed in a glovebox filled with Ar gas at room temperature 

(around 25°C). 

 

4-3. Results and discussion 

4-3-1. Cycle life tests 

Figure 1 (a) illustrates the capacity retention measured at 25°C during cycle life 

testing. The capacity decreased almost linearly up to 800 cycles. The capacity retention 
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was approximately 76% at 400 cycles and approximately 54% at 800 cycles. Figure 1 

(b) depicts the AC impedance spectra that were measured after every 100 cycles. The 

impedance spectra revealed two distinct semicircles. The semicircle in the lower 

frequency region considerably increased with the number of cycles. Figure 1 (c) depicts 

the change in each resistance estimated by fitting impedance data using the equivalent 

circuit that is illustrated in Figure 1 (b). In general, R0 represents the ohmic resistance, 

including the Li+ diffusion in the electrolyte, whereas R1 in the higher frequency region 

represents the charge transfer resistance of the negative electrode, and R2 in the lower 

frequency region represents the charge transfer resistance of the positive electrode.[31, 

32] R0 increased during the initial 400 cycles, whereas R1 hardly increased. It is 

considered that R0 increased due to a decrease the amount of the electrolyte and/or the 

growth of SEI, which is caused by the decomposition of organic solutions and LiPF6 

during the cycle test. However, R2 increased slightly during the initial 400 cycles and 

increased drastically during 400–800 cycles. These results indicate that the degradation 

mode altered at approximately 400 cycles; therefore, the three cells were disassembled, 

uncycled, cycled 400 times, and cycled 800 times. Further, the collected electrodes were 

analyzed. 
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4-3-2. Analysis of electrode 

The ICP-AES analysis result shows that the positive electrode comprises nickel, 

cobalt, and aluminum as the basic metals, with a ratio of 80:15:5 (Ni:Co:Al). 

The charge/discharge curves of half cells using the electrodes (negative 

electrode and positive electrode) that were obtained by disassembling the cells 

(uncycled, cycled 400 times, and cycled 800 times) are depicted in Figure 2. The solid 

and dotted lines represent the first and second cycles, respectively. The negative 

electrode half cells were initiated from the discharge process (insertion of Li+), and the 

positive electrode half cells were initiated from the charge process (desorption of Li+). 

The shapes of the charge/discharge curves of the negative electrode before and after the 

cycle test and the capacity of the negative electrode remained constant, indicating that 

the negative electrode did not degrade. However, the shapes of the charge/discharge 

curves of the positive electrodes altered significantly. In the uncycled positive electrode, 

the initial charge capacity was smaller than the discharge capacity, which indicated that 

the positive electrode was not completely discharged in the 18650 full cell.[7] This 

phenomenon suggests that the reaction regions of the positive electrode and negative 

electrode were different, and the positive electrode and negative electrode had been 

operated in different SOC regions in the 18650 full cell. For the positive electrode that 
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was cycled 400 times, the capacity difference between the first charge and discharge 

capacities became larger than that of the uncycled positive electrode, which caused 

larger different SOC regions for the positive electrode and negative electrode. The 

discharge capacity of the positive electrode decreased to 86% as compared with that of 

the uncycled positive electrode during the initial 400 cycles. Furthermore, the discharge 

capacity of the positive electrode decreased nonlinearly to 45% as compared with that 

of the uncycled positive electrode during 800 cycles. The difference between the charge 

and discharge capacities for the positive electrode that was cycled 800 times 

disappeared. These phenomena may be caused due to the consumption of Li+ ions by 

SEI-formation during initial 400 cycles and the rapid degradation of the positive 

electrode from 400 to 800 cycles. The degradation of the positive electrode-active 

materials was investigated using SEM, STEM, and single particle measurement. 

SEM images of the positive electrode cross sections and a particle of positive 

electrode-active material, which was collected by washing with NMP and DMC to 

eliminate the binder and the conductive material, are depicted in Figure 3. The SEM 

images indicated that the particle of the positive electrode-active material was a 

secondary particle depicting a diameter of approximately 20 μm, which was formed by 

the agglomeration of primary submicron particles. In this study, this secondary particle 
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was defined as a "single particle". No significant differences were confirmed between 

the uncycled particle and the particle that was cycled 400 times. For the particle that 

was cycled 800 times, microcracks were observed inside the secondary particles (the 

grain boundaries between primary particles). 

STEM was used to observe four locations at the surface and inside the exterior 

primary particle and at the surface and inside the interior primary particle. Figure 4 

depicts the representative STEM images (high-angle annular dark field (HAADF) 

images) of the surfaces of the exterior primary particles. HAADF-STEM images were 

captured along the [100] or [110] zone axes in LiNi0.8Co0.15Al0.05O2 to depict the 𝑅𝑅3�𝑚𝑚 

layered structure. The influence for active materials by electron beam was not observed. 

In the uncycled particle that is depicted in Figure 4 (a), the layered structure was 

observed except the uppermost surface layer. Figures 4 (A) and (B) depict fast Fourier 

transform (FFT) patterns of the regions A and B that are surrounded by red frames in 

Figure 4 (a). These regions were potentially identified as the (100) face of 𝑅𝑅3�𝑚𝑚. 

In the particles that were cycled 400 times, as depicted in Figure 4 (b), a layered 

structure was confirmed inside the primary particle. Additionally, high contrast spots 

were confirmed in the Li layer around the surface, corresponding to the structural 

changes (formation of decomposition phase). Figures 4 (C) and (D) depict the FFT 
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patterns of regions C and D that were surrounded by red frames in Figure 4 (b). Region 

D was potentially indexed to the (110) face of 𝑅𝑅3�𝑚𝑚. However, in Region C, some spots 

were different from those that were observed in Region D. This phenomenon suggested 

that the structure altered to a cubic crystal, corresponding to the rock salt-type NiO-like 

structure (𝐹𝐹𝐹𝐹3�𝑚𝑚).[11] This behavior is consistent with the literature[33]. The surface 

decomposition phase was approximately 8 nm thick. Subsequently, in the particle. 800 

times as depicted in Figure 4 (c), a decomposition phase similar to that of the particles 

that were cycled 400 times was confirmed on the outermost surface. The electron 

energy loss spectroscopy (EELS) spectra of the exterior primary particle were shown in 

Figure 5. At around 8 nm on the surface of the particles that were cycled 400 and 800 

times, the shifts of Ni L3 peak for low energy were observed. This suggests that 

LiNiO2-like structure changed to NiO-like structure. 

Figure 6 depicts the representative STEM images (HAADF images) of the 

surfaces of interior primary particles. The uncycled particle depicted in Figure 6 (a) had 

a uniform layer structure similar to that depicted in Figure 4 (a). The particle cycled 400 

times that was illustrated in Figure 6 (b) had a uniform layer structure except near the 

surface (~3 nm) where a migration of transition metal ions (Ni or Co) to the Li layer 

was confirmed, and it was suggested that there was a slight formation of the cubic 
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rock-salttype NiO-like structure. Even in the particle cycled 800 times that is depicted in 

Figure 6 (c), surface alteration was confirmed, and the thickness was the same or 

slightly thicker than one of the particles cycled 400 times. Interestingly, inside the 

internal primary particles that were cycled 800 times, a high contrast image was 

observed in the Li layer framed by a broken line in Figure 6 (c), as depicted by the 

single-headed arrows. This region exhibited an island morphology. Namely, a 

degradation phase was also formed inside the primary particle. This suggests that the 

transition metal ions (Ni or Co) migrate to the Li layer due to long-term 

charge/discharge, even inside the particles that are not directly in contact with the 

electrolyte solution, and the structure changes to rock salt-type. 

The relations between the location and structure confirmed by STEM are 

summarized in Table 1. The uncycled particle had a uniform layered structure. However, 

structural changes were confirmed on the outermost surface of the particle that was 

cycled 400 times. In the particle that was cycled 800 times, a structural change was 

confirmed inside the primary particle at the outermost surface. The influence of the 

structural changes in the active material particles on the electrochemical properties were 

investigated using single particle measurement. 
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4-3-3. Single particle measurement 

 Figure 7 depicts the discharge curves of each collected single particle measured 

at various discharge currents from 0.5 to 40 nA. From the optical microscopy 

observations, the particle diameters of each measured single particle were both observed 

to be approximately 18 μm. The theoretical capacity of the single particle was estimated 

to be 1.47 nA h using 160 mA h g−1 as the actual capacity and 3 g cm−3 as the 

consolidated density. In the uncycled single particle, 0.5 nA corresponds to a rate of 

about 0.3 C (discharge time 10324 s), and 40 nA corresponds to a rate of about 28 C 

(discharge time 96 s). The capacity retention at 40 nA against 0.5 nA is 76%. For the 

single particle cycled 400 times, the capacity retention at 40 nA against 0.5 nA is 72%, 

which is almost the same as that of the uncycled particle. The overpotential of the 

particle cycled 400 times was larger than that of the uncycled one. For the particle 

cycled 800 times, the capacity retention at 40 nA against 0.5 nA was 25%. Compared 

with the particle cycled 400 times, the capacity retention decreased and the polarization 

increased. 

 To estimate the exchange current density and apparent diffusion coefficient of 

Li+ in the secondary particle, I drew quasi Tafel plots from each discharge curve at a 

depth of discharge (DOD) of 10%, which is depicted by the dotted lines in Figure 7 
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From the quasi Tafel plot of the uncycled particle in Figure 8 (a), three regions were 

confirmed. Region I depicted a current between 2 and 5 nA. The overpotentials were 

sufficiently large, and this behaved according to the Tafel equation (equation (1)).[34] 

The measured points formed a straight line with a slope of −αF/2.3RT (= Tafel line). 

log 𝑖𝑖 = log 𝑖𝑖0 −
𝛼𝛼𝛼𝛼

2.303𝑅𝑅𝑅𝑅
(𝐸𝐸 − 𝐸𝐸eq)  (1) 

 Here, i is the applied current density normalized by a surface area of the single 

particle which is assumed to be a sphere, i0 is the exchange current density, α is the 

transfer coefficient (typically assumed to be 0.5[35, 36]), F is the Faraday constant, R is 

the gas constant, T is the temperature, Eeq is the equilibrium potential, and E is the 

measured potential. The Eeq for a DOD of 10% was calculated by taking the 

midpotential between the potential at an SOC of 90% during charging at 0.5 nA and the 

potential at a DOD of 10% during discharging at 0.5 nA.[37] The i0 of the uncycled 

particle was estimated to be 1.5 × 10−1 mA cm−2 by fitting the straight line of Region I 

using the Tafel equation and extrapolating it to an Eeq of 4.16 V vs. Li/Li+. α in the Tafel 

equation was determined 0.5 from the symmetry of reactions between the discharge 

process and the charge process of the positive electrode (Figure 9). The charge transfer 

resistance (Rct) was calculated to be 0.2 × 103 Ω cm2 using equation (2) and i0.[34] 

𝑅𝑅ct = 𝑅𝑅𝑅𝑅
𝐹𝐹𝑖𝑖0

  (2) 
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Region II depicts a current of 10 nA or more. The measurement point deviates from the 

Tafel 

line since the rate-determining step of the reaction processes has changed from step (II) 

to step (III). The apparent diffusion coefficient in the particle can be estimated as 2.0 × 

10−10 cm2 s−1 according to equation (3)[38] with the particle radius and discharge time at 

the minimum current value in region II. 

𝐷𝐷 = 𝐿𝐿2

6𝑡𝑡
  (3) 

Here, D is the diffusion coefficient, L is the diffusion length of Li+ in the secondary 

particle, which is considered to be the same as the secondary particle radius, and t is the 

diffusion time that is required to almost completely discharge the secondary particle. 

Region III depicts a current of 2 nA or less. Further, the plots deviate sharply from 

linear behavior as the potential approaches Eeq because the back reaction can no longer 

be considered to be negligible.[34] 

This calculation method may be have an error due to taking a logarithmic scale in quasi 

Tafel plots. However, this method is probably accurate to calculate the exchange current 

density and the apparent diffusion coefficient, because those values of the uncycled 

LiNi0.8Co0.15Al0.05O2 particle are almost same with the values calculated by EIS 

measurements[35] and simulations[36]. 
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The exchange current density and apparent diffusion coefficient in the particle cycled 

400 times and the particle cycled 800 times were determined using the same procedure 

and are presented in Table 2. However, for the particle cycled 800 times, the Tafel line 

was not observed within the measured current range. In this study, the exchange current 

density and the apparent diffusion coefficient of the particle cycled 800 times were 

estimated using the following approaches. The exchange current density was considered 

to be 0.01 × 10−1 to 0.05 × 10−1 mA cm−2, which was estimated by drawing the Tafel 

line through the point at 0.5 nA and extrapolating it to Eeq (point a in Figure 8 (c)) and 

by fitting a straight line of region II and extrapolating it to Eeq (point b in Figure 8 (c)), 

respectively. The apparent diffusion coefficient in the particle was estimated to be 0.2 

× 10−10 cm2 s−1 or less that estimated from the discharge time at 0.5 nA.  

 Using the alteration in the exchange current density and the apparent diffusion 

coefficient in the particle, it is concluded that the exchange current density dramatically 

decreases during the initial 400 cycles and that the apparent diffusion coefficient is 

considerably reduced from 400 to 800 cycles. It can be assumed that these phenomena 

are caused due to the structural changes observed by STEM. A schematic of the 

degradation of a LiNi0.8Co0.15Al0.05O2 particle during cycling is depicted in Figure 10. 

As observed in the particle cycled 400 times, the decomposition phase was formed at 
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the outermost surface of the secondary particle during the initial 400 cycles. This 

decomposition phase hinders the insertion/desorption of Li+ at the active 

material/electrolyte solution interface, which causes a decrease in exchange current 

density (increase in charge transfer resistance). As observed in the particle cycled 800 

times, the decomposition phase inside the particle was formed from 400 to 800 cycles. 

This decomposition phase hinders the diffusion of Li+ inside the particle, which causes a 

decrease in the apparent diffusion coefficient of the particle. 

 

4-4. Conclusion 

 In this study, to understand the influences of structural changes in positive 

electrode-active materials on electrochemical performance, cycle tests of commercial 

lithium-ion cells with LiNi0.8Co0.15Al0.05O2 positive electrodes were performed. 

Positive electrodes obtained from uncycled cells and the cells that were cycled 400 and 

800 times were analyzed using STEM and single particle measurement. Before cycle 

testing, the uniform layered structure of the positive electrode material was confirmed. 

After 400 cycles, a NiO-like layer with an 𝐹𝐹𝐹𝐹3�𝑚𝑚  structure was formed on the 

outermost surface of the particle. After 800 cycles, the NiO-like structure had formed 

not only on the outermost surface but also inside the particle. The rate capability of each 
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single positive electrode particle, which was obtained by washing the composite 

positive electrode to eliminate the additives, were measured to evaluate the exchange 

current density (i0) and the apparent diffusion coefficient of Li+ in the particle (D) using 

quasi Tafel plots. These phenomena are caused due to the structural changes observed 

by STEM. The decomposition phase was formed at the outermost surface of the 

secondary particles during the initial 400 cycles. This decomposition phase may hinder 

the insertion/desorption of Li+ at the active material/electrolyte solution interface, which 

causes a decrease in the exchange current density (increase in the charge transfer 

resistance). The decomposition phase inside the particle was formed from 400 to 800 

cycles. This decomposition phase also hinders the diffusion of Li+ inside the particle, 

which causes a decrease in the apparent diffusion coefficient of the particle. 

These results clarify both electrochemically and quantitatively that the structural 

changes in the outermost surface hinder the insertion/desorption of Li+ ions at the active 

material/electrolyte interface and that the structural changes inside the particle also 

hinder the diffusion of Li+ ions in the particle. Because the change in crystal structure 

leads to an increase in the internal resistance, to realize long-life layered positive 

electrode materials, it was clearly revealed that it is important to suppress the cation 

mixing of the transition metals (TM) into the Li layer from the TM layer. 
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Figure 1. (a) Capacity retention and (b) impedance variations in LIB charge/discharge 

cycling measured at 25°C, and (c) resistance variations in LIB that was estimated by 

fitting for impedance in (b). 
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Figure 2. Charge and discharge curves of the half cell for (a) the uncycled negative 

electrode, (b) the negative electrode cycled 400 times, (c) the negative electrode cycled 

800 times, (d) the uncycled positive electrode, (e) the positive electrode cycled 400 

times, and (f) the positive electrode cycled 800 times. The solid and dotted lines 

represent the first and second cycles, respectively. 
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Figure 3. SEM images of (a) cross section of the uncycled positive electrode, (b) cross 

section of the positive electrode cycled 400 times, (c) cross section of the positive 

electrode cycled 800 times, (d) single particle of the uncycled positive electrode, (e) 

single particle of the positive electrode cycled 400 times, and (f) single particle of the 

positive electrode cycled 800 times. 
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Figure 4. STEM images of the exterior primary particle of (a) an uncycled 

LiNi0.8Co0.15Al0.05O2 particle, (b) a LiNi0.8Co0.15Al0.05O2 particle cycled 400 times, and 

(c) a LiNi0.8Co0.15Al0.05AlyO2 particle cycled 800 times. (A)–(F) depict the FFT 

patterns for each region. 
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Figure 5. EELS spectra analysis of the exterior primary particle of (a) an uncycled 

LiNi0.8Co0.15Al0.05O2 particle, (b) a LiNi0.8Co0.15Al0.05O2 particle cycled 400 times, and 

(c) a LiNi0.8Co0.15Al0.05O2 particle cycled 800 times. 
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Figure 6. STEM images of the interior primary particles of (a) an uncycled 

LiNi0.8Co0.15Al0.05O2 particle, (b) a LiNi0.8Co0.15Al0.05O2 particle cycled 400 times, and 

(c) a LiNi0.8Co0.15Al0.05O2 particle cycled 800 times. 
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Table 1. Summary of STEM observation of LiNi0.8Co0.15Al0.05O2 particle before and 

after cycling. 

Sample Uncycled Cycled 400 times Cycled 800 times 

Exterior primary particle 

Surface Layered NiO type NiO type 

Inside Layered Layered 
Two-phase coexistence 

(Layered and NiO type) 

Interior primary particle 

Surface Layered Layered – NiO type NiO type – Layered 

Inside Layered Layered 
Two-phase coexistence 

(Layered and NiO type) 
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Figure 7. Discharge curves of (a) an uncycled LiNi0.8Co0.15Al0.05O2 particle, (b) a 

LiNi0.8Co0.15Al0.05O2 particle cycled 400 times, and (c) a LiNi0.8Co0.15Al0.05O2 particle 

cycled 800 times, which was measured at various currents from 0.5 to 40 nA. 
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Figure 8. Quasi Tafel plots of (a) an uncycled LiNi0.8Co0.15Al0.05O2 particle, (b) a 

LiNi0.8Co0.15Al0.05O2 particle cycled 400 times, and (c) a LiNi0.8Co0.15Al0.05O2 particle 

cycled 800 times at a DOD of 10%. 
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Figure 9. Quasi Tafel plots of an uncycled LiNi0.8Co0.15Al0.05O2 particle in the charge 

process and discharge process. α in the Tafel equation was determined 0.5 from the 

symmetry of the Quasi Tafel plots. After setting DOD of 10 %, a current pulse test 

which is repetition of “charge, rest, discharge, and rest” with various currents (0.5, 0.7, 

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, and 20 nA) was conducted. 
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Table 2. Exchange current densities, charge transfer resistances, and apparent diffusion 

coefficients for single LiNi0.8Co0.15Al0.05O2 particle before and after cycling. 

Sample Uncycled Cycled 400 times Cycled 800 times 

Exchange current density (i0) 
[×10-1 mA cm-2] 

1.5 0.3 0.01–0.04 

Charge transfer resistance (Rct) 
[×103 Ω cm2] 

0.2 0.8 6.2–33 

Apparent diffusion coefficient (D) 
[×10-10 cm2 s-1] 

2.0 1.3 < 0.2 
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Figure 10. Schematic model of the degradation of a LiNi0.8Co0.15Al0.05O2 particle 

during cycling. 
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Chapter 5. General Conclusions 

 

The degradation mechanism of a lithium-ion battery was examined in detail by 

dV/dQ curve analysis and single-particle measurement. By dV/dQ curve analysis, I 

efficiently investigate the relationship between test conditions and degradation factors.  

The consumption of lithium ions caused by the degradation of the electrolyte mainly led 

to the capacity fading in calendar degradation. On the other hand, at specific values of 

SOC and temperature, the positive electrode material also degraded considerably. 

Furthermore, the dV/dQ curve analysis clarified that the charged state of the electrode 

changes even when the storage voltage is the same due to calendar degradation. 

Furthermore, degradation was analyzed more quantitatively during cycle degradation. 

Hence, capacity fading is caused by the degradation of the positive electrode and SEI 

formation/growth, leading to the consumption of lithium ions, and the degree of 

influence varies depending on the range of temperatures and SOCs. In the 

single-particle measurement, the electrochemical parameters of the positive 

electrode-active material, the structural change of which was observed during the cycle 

degradation, were successfully evaluated. The structural change of the outermost 

particle surface of the layered materials occurred because of the cycle, followed by the 
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structural change of the particle inside. These step changes first led to the decrease in 

the exchange current density first decreases and then the diffusion coefficient. 

 By the application of these analysis to various batteries and active materials, 

the composition of the lithium-ion battery with no degradation can be clarified, as well 

as usage conditions with no degradation. 
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