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Chapter 1 

 

General introduction 

 
1.1 Increasing demands for lithium ion batteries 

Currently, it is one of the global environmental issues to reduce greenhouse gas 

emissions for the realization of a carbon-neutral and decarbonized society. A number of 

policies and roadmaps have been formulated1, and various kinds of technologies and 

services are being developed, not only in Japan but also all over the world. Lithium ion 

batteries (LIBs) are one of the promising devices that can serve as a large scale storage 

for renewable energy such as solar-power and wind-power electric generation, as well 

as an essential power source for electric vehicles. In Japan, CO2 emissions from the 

transportation division account for about 20% of the total domestic CO2 emissions, and 

hence electrification of automobiles is considered to offer a significant contribution to 

the reduction of CO2 emissions2. 

Since the introduction of LIBs into commercial use in 1990s3,4,5, great 

improvements have been achieved in their performance such as energy density, 
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durability, and safety. However, there still remain many technical issues, including 

safety issues, to meet the increasing demands for a longer driving range of electric 

vehicles, a larger storage for renewable energy. Research and development of electrode 

active materials are extensively progressing to respond those market needs, and those 

for electrolyte solutions are also active in order to utilize the fullest extent of the newly 

developed electrode materials6,7. 

Various kinds of characteristics are required for electrolyte solutions in LIBs3. 

One is a high ionic conductivity, which is generally achieved through high solubility 

and dissociation of lithium salts. Since the electromotive force of LIBs is typically as 

high as ca. 4 V, the electrolyte solution is exposed to very low and high potentials at 

negative and positive electrodes, respectively. Therefore, ideally, the electrochemical 

stability in a wide potential range is needed to allow LIBs efficiently rechargeable. 

Actually, however, almost all electrolyte solutions reductively decompose on negative 

electrodes such as graphite, and then the decomposition products precipitate on the 

electrode to form a protective surface film, which is referred to as SEI (solid electrolyte 

interphase). SEI functions as both an electronic insulator and a lithium ion conductor, 

and hence further decomposition of the electrolyte solution is suppressed. As the nature 

of SEI is influenced by chemical structures of electrolyte solutions, the solvents and 
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lithium salts need to be combined properly to realize LIBs with better performance. 

A typical electrolyte solution used in commercial LIBs is about 1 mol/l LiPF6 

dissolved in carbonate ester solvents8. LiPF6 shows well balanced properties in its 

solubility, chemical stability, and compatibility with negative and positive electrodes. 

The concentration is optimized at around 1 mol/l to maximize an ionic conductivity. 

Although the conventional electrolyte solutions show satisfactory performance to some 

extent, there still remains some disadvantages; LiPF6 is instable against moisture and 

temperature, which causes performance degradation when exposed over a long period of 

time. In addition, carbonate ester solvents are volatile and flammable, which results in 

high risk for ignition of LIBs. Great efforts have been made all over the world to 

overcome those disadvantages in the conventional electrolyte solutions, for example, 

utilization of ionic liquid9, polymer electrolytes10 and inorganic solid state electrolytes11. 

Among them, one of the most promising candidates is the highly concentrated 

electrolyte solution; an increase in the concentration of lithium salts to far higher than 

the conventional one and to almost saturation12. Though the increased concentration 

results in a higher viscosity and a lower ion conductivity, the concentrated electrolyte 

solutions are thermally stable and possess higher stability against oxidation, which is 

quite important features for LIBs with long-term durability and high energy density. 
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Based on these background, Chapter 1 describes the working principle of LIBs 

and the history of research and development of electrolyte solutions. Electrolyte 

solutions are generally designed by selecting electrolyte salts, organic solvents, and 

additives through trial and error of battery performance tests. The concentration of 

electrolyte salts were typically set to ca. 1 mol/l, while the degree of freedom in 

designing electrolyte solutions can be remarkably broadened by adding the 

concentration as a new criterion. The author studied the stability of electrolyte solutions 

against reduction and SEI formation mechanism from the viewpoints of analytical 

chemistry, electrochemistry, and physical chemistry, based on the solvation structure 

and electron affinity of solvates, and tried to find guiding principles to select appropriate 

solvents, lithium salts, and the concentrations. 

 

1.2 Working principle of LIBs and the importance of electrolyte solutions 

Lithium ions in a positive electrode move back and forth between positive and 

negative electrodes through an electrolyte solution in charge and discharge reactions of 

LIBs13,14. Figure 1-1 shows a schematic diagram of charge and discharge processes 

using a graphite negative-electrode and a lithium transition metal oxide positive-

electrode as an example. The charge and discharge reactions proceed at positive and 
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negative electrode as follows, where M denotes transition metal (e.g. Ni, Mn, and Co).  

(1-1) Positive electrode : Li(1-x)MO2 + x Li+ + x e-           LiMO2   

(1-2) Negative electrode : LixC            C + x Li+ + x e- 

(1-3) As a whole : Li(1-x)MO2 + LixC               LiMO2 + C 

 

 
Figure 1.1 Schematic diagram of Lithium Ion Battery (LIB) 

 

The charge reaction proceeds when a LIB is connected to an external power source, and 

lithium ions are released from the crystal structure of lithium transition metal oxide into 

an electrolyte solution to be intercalated into graphite layers. In the discharge reaction, a 

current is consumed through the external circuit while accompanying de-intercalation of 

Graphite Lithium metal oxide

SEI formation

charging

discharging

Lithium ion Anion Solvent

discharge 

charge 
discharge 

charge 
discharge 

charge 
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lithium ions from graphite and insertion of them into crystal structure of Li(1-x)MO2 

through an electrolyte solution. Thus, the electrolyte solution is responsible for lithium 

ion transfer between active materials, and determines the charge and discharge 

performance of them. Ideally, electrolyte solutions should be electrochemically stable to 

positive and negative electrodes. However, it is difficult to fully satisfy the requirements 

thermodynamically, particularly for a negative electrode, and indeed the electrolyte 

solutions reductively decomposed to kinetically achieve a stable interface through the 

formation of SEI. Thus, the electrochemical stability of SEI, in addition to the active 

materials themselves, play a critical role in LIBs. The historical background of material 

research for electrolyte solutions is described in the following sections, including the 

selection of lithium salts and solvents, and the influence of electrolyte concentration, 

which has attracted much attention recently.
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1.3 Advances in solvent developments 

 Solvents need to have the following characteristics, which is, of course, similar to 

the performance requirements for electrolyte solutions15. First, they are polar solvents 

with high dielectric constants to ensure the solubility of electrolyte salts. Second, they 

need to be electrochemically stable in a wide potential range from 0 to 4.5 V (v.s. 

Li+/Li) to achieve sufficient charge and discharge performance.   

 

 

 

 

Various kinds of carbonate solvents have been investigated for LIBs so far. 

Among them, propylene carbonate (PC) attracted much attention because it is in a liquid 

state at room temperature with a high dielectric constant, and has been commercially 

Table 1.1 organic carbonates and Esters as electrolyte solvents, modified for 
simplification from ref 3  
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used in lithium primary batteries16,17. PC-based electrolyte solutions were compatible 

with non-graphitizable carbon negative-electrodes in LIBs. Several types of non-

graphitizable carbon showed higher reversible capacities than graphite (~372 mAh g-1), 

while they have serious shortcomings such as a wide difference in potential between 

charge and discharge reactions, and a high irreversible capacity, which is defined as a 

capacity that cannot be recovered in the subsequent discharge process. In addition, PC-

based electrolyte solutions did not allow lithium ions to intercalate into graphite 

negative-electrodes; co-intercalation of lithium ions with PC molecules into graphite 

results in the ceaseless exfoliation of graphene sheets18. This fundamental problem was 

resolved by the use of ethylene carbonate (EC); in EC-based electrolyte solutions, 

lithium ions can be successfully released from EC molecules to be intercalated into 

graphite electrodes. Graphite negative-electrodes show an acceptably small difference in 

charge/discharge potentials and low irreversible capacities, unlike non-graphitizable 

carbon. Hence, graphite and EC have been most commonly used as a negative electrode 

and a main solvent for an electrolyte solution in commercial LIBs. EC differs only 

slightly in molecular structure from PC. EC is a cyclic carbonate that is solid at room 

temperature and EC-based electrolyte solutions are highly viscous. Accordingly, EC is 

usually mixed with liquid carbonates such as PC19, low-viscosity dimethyl carbonate 
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(DMC)20 and diethyl carbonate (DEC)21, which improves the solubility of lithium salts 

and reduce the viscosity of electrolyte solutions. 

Ethers were also investigated as a main solvent for LIBs, but ether-based 

electrolyte solutions did not show satisfactory charge/discharge performance due to 

severe oxidative decomposition at positive electrodes22. In addition, ether is readily co-

intercalated into graphite due to the strong solvation ability. Its high vapor pressure also 

causes a safety issue, and ethers have gradually become out of the research scope for 

practical electrolyte solutions. 

 

1.4 Advances in electrolyte salt development 

The properties required for lithium salts are quite similar to those for solvents. 

The high solubility and dissociation of lithium salts are considered to enhance the 

lithium ion conductivity of electrolyte solutions3. The dissociation constant varies 

greatly depending on the counter anions; e.g., ClO4
-, BF4

-, AsF6
-, PF6

-, and imide anions 

such as (FSO2)2N- and (CF3SO2)2N-. Both electrochemical and thermal stability of the 

counter anions are required, while the ability to form an SEI through the reductive 

decomposition is also needed, as is the case for solvents. 
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From these perspectives, various kinds of lithium salts have been investigated so 

far. Historically, LiClO4 was extensively studied in the 1970s and 1980s because of the 

high ionic conductivity, high solubility, high thermal and electrochemical stability23. 

However, it did not reach practical application because it causes the corrosion of an Al 

current collector of positive electrodes. LiBF4 
24,25 and LiAsF6 

24,26
 were considered as 

candidates at the same time to overcome the difficulty of LiClO4. However, LiBF4 had a 

low ionic conductivity due to its small dissociation constant, and hence it could not be 

O 

O 
O 

O 
Cl 

Table 1.2 Electrolyte salts as electrolyte solutes, modified for simplification from ref 3 

As 
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put into practical use. Though LiAsF6 sufficiently has a high ion conductivity and a high 

stability against oxidation and reduction that can withstand the commercial use, it was 

not commercially practical because it contains As, which shows very high toxicity 

depending on its valence. 

LiPF6 is the most commonly used lithium salt in commercial LIBs23. Almost 1 

mol/l LiPF6 dissolved in carbonate ester solvents exhibits a high ionic conductivity 

enough to use on commercial basis. LiPF6 can be reductively decomposed on negative 

electrodes to form an acceptably stable SEI. Although the stability of LiPF6
 against 

hydrolysis and high temperatures are lower than those for the other lithium salts, it can 

deliver well-balanced performance in all characteristics. Therefore, LiPF6 has 

established a position as a standard electrolyte for LIBs in practical use. 

 Recently, lithium salts with fluorine-containing molecular anions such as LiTFSI 

(lithium bis(trifluoromethanesulfonyl)imide, Li(CF3SO2)2N) and LiFSI (lithium 

bis(fluorosulfonyl)imide, Li(FSO2)2N) have been attracting much attention27,28; these 

imide-based electrolyte solutions exhibit a high ionic conductivity close to LiPF6-based 

ones, and have the high thermal stability and low reactivity with moisture. Though they 

have cost disadvantages, it is considered to be a promising candidate for next-generation 

LIBs. 
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1.5 New dimension for electrolyte solution, concentration 

The concentration of lithium salts is usually set to almost 1 mol/l because the 

ionic conductivity of electrolyte solutions reaches the highest level. A further increase in 

the concentration results in a decrease in the ionic conductivity. However, the highly 

concentrated electrolyte solutions, close to saturating concentrations, exhibit high 

stability against oxidation and reduction, and deliver high safety due to low vapor 

pressure and high thermal stability12,29. Due to these favorable characteristics, the highly 

concentrated electrolyte solutions are considered as a candidate for the next-generation 

ones that can achieve higher voltages, long-term durability, and higher safety. In 

addition, reactions at an interface between an electrode and a highly concentrated 

electrolyte solution differ from those for conventional electrolyte solutions. For example, 

lithium ion could not be intercalated into graphite layers due to their exfoliation when 

PC was used as a solvent at the typical concentration of ca. 1 mol/l, while the 

intercalation/de-intercalation reactions flawlessly proceed when the concentration 

increases significantly30. The highly concentrated electrolyte solutions achieve high 

oxidative stability for 5 V-class high voltage positive electrode active materials31, and 

enable the charge/discharge reactions at high rates. On the other hand, there are 

significant challenges to their practical application; the high viscosity results in slow 
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permeation into the electrodes and separator, and very high cost due to the usage of a 

very large amount of lithium salts32,33.  

 

 

 

 

 

 

1.6 Computational approach for electrolyte solutions 

Although various kinds of solvents, lithium salts and additives have been 

investigated to improve the performance of electrolyte solutions, the electrochemical 

reactions that occur at an interphase between an electrode and an electrolyte solution 

have not yet been fully elucidated. In particular, it is difficult to experimentally 

demonstrate the reduction and decomposition reactions of electrolyte solutions and the 

subsequent formation of SEI. Hence, theoretical calculations are often used to predict 

the reaction mechanism. 

Figure 1.2 Variation of ionic conductivity with concentration of lithium salts of 
electrolyte solutions. The ionic conductivity is dependent on the electrolyte 
composition and concentration, excerpts from ref 29. 
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When estimating the electrochemical stability of electrolyte solutions by 

computational chemistry, ab initio calculation is often used to partially model the 

solvation structure in the electrolyte solution because of its computational accuracy and 

versatility34. It is popular to use HOMO and LUMO energy levels to estimate the 

stability of solvation structures against oxidative and reduction, respectively35,36, while 

the calculation values easily change depending on calculation methods and basis 

functions used in the calculations. To avoid these difficulties, electron affinity (EA) was 

used to evaluate the stability of solvation structures against reduction in this study37. 

Since electrolyte solutions consist of a number of molecules of solvents and 

lithium salts, molecular dynamics calculations combined with ab initio calculation 

(AIMD) are being used to elucidate the reactions at an electrolyte solution/electrode 

interface38. Although the computational cost of AIMD is significantly high, it has 

provided detailed and plausible results to account for a part of experimental data, and is 

still developing to clarify a whole picture of SEI formation reactions. In AIMD 

simulations, EA is often used as a measure for the reduction stability of electrolyte 

solutions39,40. 
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1.7 Outline of this work 

It is important to elucidate the formation reactions and the chemical components 

of SEI qualitatively and quantitatively to design superior electrolyte solutions that can 

improve charge/discharge performance of LIBs. In Chapter 2, qualitative and 

quantitative analysis of surface films that formed on graphite negative electrodes during 

charge-discharge cycles was conducted using electrolyte solutions of different 

concentrations. The constituents of surface films were correlated with electrochemical 

properties such as irreversible capacity and surface film resistance. 

In Chapter 3, the author aimed to establish a methodology for designing 

electrolyte solutions efficiently, which is the main subject of this study. Since the 

reductive decomposition of electrolyte solutions on the surface of graphite negative 

electrodes is considered to depend on the solution structure, especially the solvation 

structure of lithium ions, the structure of solvates in electrolyte solutions was estimated 

experimentally by laser Raman spectroscopy, and the structural optimization was 

performed by density functional theory. Then, EA and LUMO distribution of each 

solvate was evaluated by density functional theory (DFT) calculations, and was used as 

an indicator to assess the reductive stability. Furthermore, by considering the 

electrochemical performance of graphite electrodes and the composition of SEI, design 
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guidelines for electrolyte solutions were developed.  

In Chapter 4, the validity of computational approaches discussed above was 

verified using electrolyte solutions with different lithium salts. The theoretical 

predictions of the reductive stability of electrolyte solutions were contrasted with the 

results of the compositional analysis of the surface films formed on graphite negative 

electrodes. As is the case in Chapter 3, the solvation structure was estimated by laser 

Raman spectroscopy and EA and LUMO distributions were calculated by DFT to 

predict the reductive stability and the starting point of decomposition reaction in the 

solvation structure. To verify the predictions experimentally, cyclic voltammetry of 

graphite electrodes and composition analysis of the surface films on them were 

conducted. As a result, this study showed that the formation mechanism and 

electrochemical properties of SEI can be elucidated by an appropriate combination of 

experimental estimation of solvation structures, structural optimization by DFT at a 

laboratory level, and quantitative analysis of the surface films formed on graphite 

negative electrode.  

In Chapter 5, this study was summarized, and an outlook for future research and 

development of electrolyte solutions was described. 
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Chapter 2 

 

Quantitative analysis of solid electrolyte interphase and its 

correlation with the electrochemical performance of 

lithium ion batteries using concentrated LiPF6/propylene 

carbonate 

 

2.1. Introduction 

Lithium ion batteries (LIB) have been used not only as power sources for portable 

devices, but also as large-scale batteries for automobile and stationary applications1. 

Many studies are seeking to further increase their energy density and durability for use 

in electric vehicles. To achieve a higher energy density, two approaches are mainly 

taken: one is to use active materials with higher capacity, such as LiNi0.8Mn0.1Co0.1O2 

(NCM811) positive electrode2,3 and Si negative electrode,4,5 and the other is to use 

higher voltage cathode materials such as LiCoPO4 and spinel-type LiNi0.5Mn1.5O4 

which have  charge/discharge potentials of 5 V (vs. Li/Li+).6-8 For realizing LIBs using 

these materials, it is important to develop stable electrolyte solutions with a wide 

electrochemical potential window. Many studies have reported the use of a surface 
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coating on the cathode and additives to enhance durability against oxidative 

decomposition.9-11 

Recently, it has been reported that concentrated electrolyte solution possesses a 

wide electrochemical potential window,12,13 and we have demonstrated low irreversible 

capacity and high coulombic efficiency of a 5-V LiNi0.5Mn1.5O4 cathode in PC-based 

concentrated electrolyte solutions.14,15 Decomposition of electrolyte solutions proceeds 

during the charge and discharge processes to form solid electrolyte interphase (SEI, 

often referred to as CEI, Cathode Electrode Interphase, for positive electrode) on both 

the negative and positive electrodes, which plays an important role in achieving stable 

battery performance. The composition of the SEI and CEI might change depending on 

the electrolyte salt concentration, and this could affect the electrochemical 

performance.16-18 In this study, we qualitatively and quantitatively elucidated the SEI 

compositions on graphite negative and CEI composition on LiNi0.5Co0.2Mn0.3O2 

(NCM523) positive electrodes in a conventional 1 mol/l ethylene carbonate (EC)-based 

and a concentrated electrolyte solution, and tried to correlate quantitatively the amount 

and composition of the SEI with electrochemical performance such as irreversible 

capacity and electrochemical impedance in each solution. 
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2.2. Experimental 

The charge and discharge performance of Li|graphite and Li|NCM523 two-

electrode cells was investigated using 2032 coin-type cells. The graphite electrode was 

composed of graphite powder as an active material, and styrene-butadiene rubber (SBR) 

and carboxymethyl cellulose (CMC) as binders (98:1:1 by weight). The NCM523 

electrode consisted of NCM523 powder as an active material, polyvinylidene difluoride 

as a binder, and acetylene black as a conductive agent (92:5:3 by weight). Electrolyte 

solutions of two different concentrations were prepared for comparison: one was a 

conventional electrolyte solution of 1 mol/l LiPF6 dissolved in a mixture of EC and 

DMC (1:2 by vol.), and the other was a highly concentrated electrolyte solution of 4.45 

mol/kg LiPF6/PC (nearly saturated). Charge/discharge tests were performed at a 0.1 C 

rate between 0.01 and 1.5 V and between 3.0 and 4.6 V for Li|graphite and Li|NCM523 

cell, respectively, for 15 cycles at 30 °C.  

AC impedance measurements of the Li|graphite and Li|NCM523 coin cells were 

conducted using a VSP potentiostat/galvanostat (Biologics Inc.) after the 2nd and 15th 

cycles. Potential was set to 0.2 V vs Li/Li+ for the Li|graphite cells, and 3.8 V vs Li/Li+ 

for Li|NCM523 cells. Measurement frequency ranges and potential modulation were set 

to from 100 kHz to 10 mHz and ±10 mV, respectively. 
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After the charge/discharge test, the coin cell was disassembled in an Ar-filled glove 

box to take out the working electrode, which was then rinsed in DMC to remove the 

electrolyte solution and dried under vacuum at room temperature. The composition and 

amount of the formed surface films were investigated by X-ray photoelectron 

spectroscopy (Qunatera SXM, ULVAC-PHI) and extraction analysis. In XPS 

measurements, the acceleration voltage and the emission current of monochromatic Al 

K  X-ray gun were set at 15 kV and 3 mA, respectively. Depth profiles were collected 

after Ar ion etching 19. The etching rate was presumed to be 5.2 nm/min for SiO2 

equivalents. For the extraction analysis, D2O extraction was conducted to collect the 

surface films formed on the graphite and NCM523 electrodes. The addition of D2O to 

the electrodes decomposed the surface film into various chemical species, and the 

extracts that are soluble in D2O were analyzed by H-NMR and ion chromatography (IC) 

to identify organic and inorganic components, respectively.20 Raman spectra were 

obtained by a Model PDP 320 (Photon Design) using a spectrometer equipped with a 

grating of 1800 gr/mm with a 320 mm focus length and a 514.5 nm Ar ion laser as an 

excitation source. 
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2.3. Results and Discussions 

2.3.1 Charge and discharge properties of Li | graphite cells 

Charge/discharge curves and cycle performances of Li|graphite cells are shown in 

Figure 2.1. Figure 2.1 (b) clearly indicates that PC-based electrolyte solution can be 

used for charge/discharge of the graphite negative electrode with high coulombic 

efficiency when the LiPF6 concentration is high 21-23. The coulombic efficiency reached 

almost 100% for both the conventional and concentrated electrolyte solutions within the 

initial a few charge/discharge cycles, as shown in Figure 2.2 and Table 2.1. These 

results suggest that solid electrolyte interphase (SEI) was effectively formed through 

reductive decomposition of each electrolyte solution to stabilize the 

electrode/electrolyte interface, regardless of the concentration of LiPF6. The total 

irreversible capacities over the 15 cycles were evaluated to be 83.1 and 71.3 mAh/g for 

the conventional and concentrated electrolyte solution, respectively. Thus, the 

electrolyte decomposition was slightly suppressed in the highly concentrated electrolyte 

solution (Table 2.1).  
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Figure 2.1 Charge and discharge curves of Li | graphite cells with (a) conventional 1 
mol/l LiPF6/EC+DMC (1:2 by vol) and (b) nearly saturated 4.45 mol/kg LiPF6/PC 
electrolyte solutions. 
 
 

 
Figure 2.2 Variation of charge, discharge and irreversible capacities, and coulomb 
efficiencies with cycle number for Li | graphite cells with (a) conventional 1 mol/l 
LiPF6/EC+DMC (1:2 by vol) and (b) nearly saturated 4.45 mol/kg LiPF6/PC. 

 

To elucidate the correlation between surface film- and interfacial-resistance for the 

graphite negative electrode, electrochemical AC impedance measurements were 

performed using the Li|graphite coin-type cell, and the results are shown in Figure 2.3. 

In the conventional electrolyte solution (Figure 2.3 (a)), two semi-circles were 
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observed; the semi-circles in the high- and low-frequency regions are identified as 

impedances for the surface film and the interfacial Li+ transfer at the graphite/electrolyte 

interface, respectively.24,25 The total interfacial resistance was 34.7 Ω at the 15th cycle 

(Table 2.2). On the other hand, only one depressed semicircle was seen for the 

concentrated electrolyte solution, suggesting overlapping of the two semicircles (Figure 

2.3 (b)). The total interfacial resistance (123 Ω) was about 3.6 times as high as that in 

the conventional electrolyte solution (Table 2.2). The difference in irreversible capacity 

between the conventional and concentrated electrolyte solutions was small as shown in 

Table 2.1, and therefore the increase in interfacial resistance should result not only from 

an increase in the amount of surface film formed, but also from the difference in 

chemical composition. 

 

Table 2.1 Total irreversible capacities and average coulomb efficiencies of Li | graphite 
cells in 15 cycles. 

 
 

 Total irreversible capacity 
(mAh/g) 

Average coulomb efficiency 
(%) 

1 mol/l LiPF6/EC+DMC (1:2 by vol.) 83.1 98.5 
4.45 mol/kg

  
LiPF6 / PC 71.3 98.7 
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Figure 2.3 Nyquist plots and the numerical fitting of graphite electrodes in (a) 
conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and (b) nearly saturated 4.45 mol/kg 
LiPF6/PC after the 2nd and the 15th cycle. 

 

Table 2.2 Fitting results for Nyquist plots of graphite electrodes in Figure 2.2. 

 Rs (Ω) R1 (Ω) R2 (Ω) 
1 mol/l  LiPF6/EC:DMC=1:2 2nd 3.2 6.6 22.3 

15th 5.6 8.5 26.2 
    
 Rs (Ω) R1 (Ω) 
4.45mol/kg  LiPF6/PC 2nd 35 112 

15th 41 123 

 

To confirm the increase in the impedance, we have also checked the rate capability 

of the Li | graphite cells. The graphite electrode was charged to 0.01 V to discharge to 

1.5 V with different C-rate from 0.1 C to 2 C. Figure 2.4 shows that the decrease in the 

capacity is much more pronounced at the cell with the concentrated electrolyte solution 

than the conventional one, as expected from the impedance measurement. This shows 
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that the surface film with higher resistance exists at the surface of the graphite electrode 

in the concentrated electrolyte solution. 

 
Figure 2.4 Rate capability of graphite electrodes in (a) conventional 1 mol/l 

LiPF6/EC+DMC (1:2 by vol) and (b) nearly saturated 4.45 mol/kg LiPF6/PC. 

 

2.3.2 Composition analysis of surface films on graphite electrode 

XPS F1s and C1s spectra of the surfaces of graphite electrodes after 15 cycles in 

the conventional and concentrated electrolyte solutions are shown in Figure 2.5. The 

F1s spectrum for the conventional electrolyte solution exhibited two peaks at 685 and 

687 esV, which derived from LiF and LiPF6, respectively (Figure 2.5 (a)). LiPF6 is a 

residue on the graphite electrode after rinsed with DMC. On the other hand, the use of 

the concentrated electrolyte solution resulted in a strong peak of LiF with a weak 

shoulder due to the residual LiPF6, which suggests that LiPF6 decomposed 

preferentially and the resultant LiF was easily deposited on the electrode because of the 
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nearly saturated conditions. The C1s spectrum for the conventional electrolyte solution 

showed three peaks (Figure 2.5 (b)); one at 284.5 eV was identified as C=C of graphite, 

and another at 286 eV was ether C−O component. The other strongest peak at 289 eV 

was assigned to ester C=O and carbonate (Li2CO3). The atomic concentrations, which 

were evaluated from Li1s, C1s, O1s, F1s, and P2s spectra, are summarized in Table 2.3. 

The amount of ester C=O and carbonate precipitated on the graphite electrode in the 

conventional electrolyte solution (12.0 atomic%) was 7 times larger than that of LiF 

(1.7 atomic%). These results suggest that the decomposition products of EC and/or 

DMC solvent molecules dominantly gave an effective surface film in the conventional 

electrolyte solution. On the other hand, C1s spectrum for the concentrated electrolyte 

solution showed a strong peak at 284.5 eV due to graphite along with a shoulder peak at 

286 eV for ether C−O component (Figure 2.5 (b)). Notably, almost no peak was 

detected at 289 eV for ester C=O or carbonate. Based on these results, the reductive 

decomposition of LiPF6 preferentially occurred in preference to PC solvent molecules in 

the concentrated electrolyte solution to form a LiF-rich surface film with a high 

resistance. 
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Figure 2.5 (a) F1s and (b) C1s spectra of the graphite electrode surface after 15 cycles in 
conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and nearly saturated 4.45 mol/kg 
LiPF6/PC. 

 
 

Table 2.3 Atomic composition percentages of (a) whole surface films, and (b) C- and (c) 
F-containing compounds in the surface films of graphite electrode that formed by 
conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and nearly saturated 4.45 mol/kg 
LiPF6/PC. 
 
(a) Whole surface films (atomic%) 
 Li C O F P 

1 mol/l LiPF6/EC+DMC 
(1:2 by vol.) 

21.6 30.1 41.4 4.4 0.6 

4.45 mol/kg
  
LiPF6 / PC 23.4 33 14 24.6 3.5 

 
(b) C-containing compounds (atomic%) 

 Carbonate, Ester carboxylic acid / 
salt C-O C-C, 

CHx 
1 mol/l LiPF6/EC+DMC  

(1:2 by vol.) 
12.0 1.5 8.1 8.5 

4.45 mol/kg
  
LiPF6 / PC 0 3.8 10.3 18.9 

 
(c) F-containing compounds (atomic%) 

 F-P F- (LiF) 
1 mol/l LiPF6/EC+DMC 

 (1:2 by vol.) 
2.7 1.7 

4.45 mol/kg
  
LiPF6 / PC 3.3 21.3 
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The elemental distribution in the direction of depth of the surface film on graphite 

electrode was obtained by XPS measurements using an Ar ion etching technique. When 

the conventional electrolyte solution was used, the atomic concentration of C atom 

increased within 50 nm from the surface, and a strong signal was detected in the interior 

deeper than 50 nm (Figure 2.6 (a)). These results suggest that the surface film should be 

thoroughly etched by Ar ion at a depth of ca. 50 nm to expose the surface of graphite. In 

the same depth range, the signals of O and Li decreased significantly. Therefore, the 

thickness of the surface film was estimated to be about 50 nm and it should be mainly 

composed of O- and Li-rich compounds, such as ester C=O and carbonate, which is 

consistent with the results in Figure 2.5 (b). As for the concentrated electrolyte solution, 

strong F and Li signals were detected at the surface, and these gradually decreased to a 

depth of about 100 nm (Figure 2.6 (b)). A strong signal of C due to graphite was 

detected in the interior deeper than 100 nm. There results indicate that a LiF-rich 

surface film of about 100 nm thickness was formed on the graphite electrode. Thus, the 

surface film formed in the concentrated electrolyte solution was thicker than that formed 

in the conventional electrolyte solution. 

To quantitate the constituents of the surface films, we tried to extract them with 

D2O. It is difficult to extract compounds on the active material as they are because 
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hydrolysis reactions proceed during D2O extraction, especially for organic ones. 

However, we can use the hydrolyzed species of organic compounds and the ionized 

species of inorganic compounds to estimate the original structures in the surface films. 

 

 
Figure 2.6 Atomic distribution in a depth direction from the surface of graphite 
electrodes after 15 cycles in the (a) conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) 
and (b) nearly saturated 4.45 mol/kg LiPF6/PC. 

 

1H NMR spectra of the D2O extracts from the graphite electrode after 15 cycles are 

shown in Figure 2.7. The extract from the electrode cycled in the conventional 

electrolyte solution showed distinct peaks at 3.7 ppm (ethylene glycol structure), 3.3 

ppm (methoxy group), 1.3 ppm (ethoxy group), and 2.9 ppm (acetic acid), and 8.4 ppm 

(oxalic acid). As for the concentrated electrolyte solution, almost the same peaks were 

detected, while the peak intensities were weaker than those obtained for the 

conventional electrolyte solution. These results indicate that a smaller amount of 
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organic compounds was deposited on the graphite electrode in the concentrated 

electrolyte solutions than that in the conventional electrolyte solution.  

 
Figure 2.7 1H NMR spectra of D2O extracts from graphite electrodes after 15 charge / 
discharge cycles in (a) conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and (b) nearly 
saturated 4.45 mol/kg LiPF6/PC. 

 

The results of extraction analysis are summarized in Figure 2.8. In the conventional 

electrolyte solution, carbonates and organic compounds, which are decomposition 

products of EC and/or DMC solvent molecules, were dominant in the SEI. In the 

concentrated electrolyte solution, the amount of F- detected was much greater than that 

in the conventional electrolyte solution, which means that the decomposition products 

of LiPF6 was dominant in the SEI over those of PC solvent molecules. Thus, the 

conventional and the concentrated electrolyte solutions gave solvent-derived and salt-

derived SEIs, respectively, of totally different compositions; however, they were both 
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stable on the graphite electrode.  

 

Figure 2.8 Constituents of surface films on graphite electrodes after 15 cycles in 
conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and nearly saturated 4.45 mol/kg 
LiPF6/PC. 

 

Here, the total irreversible capacity is correlated with the quantitative analysis data 

of the surface film precipitated on the graphite electrode. First, we calculated the total 

number of electrons consumed to produce the surface film on the electrode based on the 

quantitative analysis data. We hypothesized that methoxy, ethoxy compound, carboxylic 

acids and LiF are formed through one-electron reduction, while carbonate compounds 

through two-electron reduction.24,25 On this basis, the mole number of chemical species 

in surface film of the conventional electrolyte, 3.9×10-4 mol/g (per graphite weight), can 

be converted to 6.6×10-4 mol/g, which equals to 3.97×1020 electrons. Since almost no 
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carbonate was detected and only one electron reduction can be assumed for the 

concentrated electrolyte, the mole number of the surface film in the concentrated 

electrolyte, 6.1×10-4 mol/g, directly corresponds to the number of electrons, that is, 

3.67×1020 electrons. A trace amount of FPO3
2- and PO4

3- was ignored in the calculation. 

The total number of electrons consumed to form the surface film in the concentrated 

electrolyte was by 8% less than that in the conventional electrolyte. 

Next we separate the irreversible capacity into two component, the one contributing 

to produce surface film on the electrode, and the other dissolving into electrolyte 

solvent. The irreversible capacity of conventional electrolyte is 83.1 mAh/g, which 

corresponds to 1.87×1021 electrons assuming 1 C(coulomb) is 6.25×1018 electrons, and 

that of concentrated electrolyte, 71.3 mAh/g, corresponds to 1.60×1021 electrons. Here, 

we can estimate that the ratio of electrons consumed to produce the surface film is 23 % 

for the concentrated electrolyte, and 21 % for the conventional electrolyte, respectively. 

This means that about 20 % of irreversible capacity was consumed to form surface film 

both in the concentrated and conventional electrolyte solution. As for the residual 80 %, 

we are assuming following two possibilities. One is the component soluble to 

electrolyte solvent. Low molecular weight compounds generated during charge / 

discharge cycles can be soluble to the electrolyte solution. The other is the component 
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rinsed off in the process to remove the residual electrolyte solution. Since the chemical 

species correlated with the electrochemical impedance is thought to be insoluble to the 

electrolyte solvent, the residual 80 % has little contribution to the quantitative analysis 

shown in this section. 

Since the total amount of electrons consumed to form the surface film in the 

concentrated electrolyte was by 8% less than that of the conventional electrolyte, and 

the irreversible capacity for the concentrated electrolyte solution was by 14% less than 

that of the conventional electrolyte solution, a quantitative correlation was found 

between the irreversible capacity and the total electrons to form the surface film. 

Though the mole numbers of chemical species of the surface film in the concentrated 

electrolyte is 1.5 times as large as that of the conventional electrolyte, the impedance of 

the SEI formed in the concentrated electrolyte solution was 3.6 times higher than that 

formed in the conventional one, as shown in Figure 2.3. This can be explained by a 

difference in the quality of SEI; that is, the inorganic (LiF)-based SEI had a higher 

impedance than organic-based SEI. 

 

2.3.3 Charge and discharge properties of Li|NCM523 cells 

The same approach was adopted for the analysis of NCM523 electrodes. Charge 



41 
 

and discharge curves and the cycling performance of Li|NCM523 cells are shown in 

Figure 2.9 and Figure 2.10, respectively. When the concentrated electrolyte solution was 

used, coulombic efficiencies hovered at around 98 % after the 2nd cycle, and were 

relatively stable compared to those for the conventional electrolyte solution. These 

results suggest that the concentrated electrolyte solution was more durable against 

oxidation than the conventional one, and in fact, the former gave a lower irreversible 

capacity than the latter (Table 2.4). AC impedance measurements were performed at 3.8 

V vs. Li/Li+ after the 2nd and 15th cycle. Two semi-circles appeared in the conventional 

electrolyte solution, as shown in Figure 2.11 (a); the semi-circles in the high- and low-

frequency regions are assigned to the surface film and the interfacial Li+ transfer at 

NCM523/electrolyte, respectively.26,27 The sum of the two resistances was 67.9 Ω at the 

15th cycle (Table 2.5). Similarly, two semi-circles are seen in the concentrated 

electrolyte solution (Figure 2.11 (b)). The total interfacial resistance (1,118 Ω) was 

about 16 times as high as that in the conventional electrolyte solution despite the rather 

low irreversible capacity as shown in Table 2.4. To understand the apparently 

contradictory results, XPS and D2O extraction analysis were conducted for the 

NCM523 electrodes. 
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Figure 2.9 Charge and discharge curves of Li | NCM523 cells with (a) conventional 1 
mol/l LiPF6/EC+DMC (1:2 by vol) and (b) nearly saturated 4.45 mol/kg LiPF6/PC 
electrolyte solutions. 
 
 

 
Figure 2.10 Variation of charge, discharge and irreversible capacities, and coulomb 
efficiencies with cycle number for Li | NCM523 cells with (a) conventional 1 mol/l 
LiPF6/EC+DMC (1:2 by vol) and (b) nearly saturated 4.45 mol/kg LiPF6/PC. 
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Figure 2.11 Nyquist plots and their numerical fitting of NCM523 electrodes in (a) 
conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and (b) nearly saturated 4.45 mol/kg 
LiPF6/PC after the 2nd and 15th cycle. 

 

Table 2.4 Total irreversible capacities and average coulomb efficiencies of Li | NCM523 
cells in 15 cycles. 

 

 Total irreversible capacity 
(mAh/g) 

Average coulomb 
efficiency (%) 

1 mol/l LiPF6/EC+DMC (1:2 by vol.) 94.6 85.6 
4.45 mol/kg

  
LiPF6 / PC 84.6 97.5 

 
 

Table 2.5 Fitting results for Nyquist plots of NCM523 electrodes in Figure 2.7. 
 

 Rs (Ω) R1 (Ω) R2 (Ω) 
1 mol/l 
LiPF6/EC:DMC=1:2 

2nd 2.9 6.7 22.0 
15th 2.4 36.7 31.2 

    
 Rs (Ω) R1 (Ω) R2 (Ω) 

4.45mol/kg 
LiPF6/PC 

2nd 30.5 171 347 
15th 13.0 599 519 

 

To confirm the increase in the impedance, we have also checked the rate capability 
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of the Li | NCM523 cells, same as conducted for the Li | Graphite cells. The NCM523 

electrode was charged to 4.6 V to discharge to 3.0 V with different C-rate from 0.1 C to 

2 C. Figure 2.12 shows that the decrease in the capacity is much more pronounced at the 

cell with the concentrated electrolyte solution than the conventional one, as expected 

from the impedance measurement. Almost no capacity was detected at 2 C rate 

discharge in the NCM523 electrode with the concentrated electrolyte solution, which 

shows there exists the layer with much higher resistance than that of the graphite 

electrode. 

 
Figure 2.12 Rate capability of NCM523 electrodes in conventional 1 mol/l 
LiPF6/EC+DMC (1:2 by vol) and nearly saturated 4.45 mol/kg LiPF6/PC. 

 

Figure 2.13 shows XPS Li1s, C1s, Ni3p, Co3p and Mn3p spectra of NCM523 

electrodes after 15 cycles in the conventional and the concentrated electrolyte solutions. 

A large amount of Li was detected for the concentrated electrolyte solution, in 
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comparison with that for the conventional electrolyte solution (Figure 2.13 (a)), 

suggesting that the oxidative decomposition of LiPF6 occurred dominantly. On the other 

hand, for the conventional electrolyte solution, relatively large amounts of carbonate, 

ester and ether components were observed on the C1s spectrum, which were derived 

from EC and DMC solvent molecules. These results are very similar to those obtained 

for the graphite electrode surfaces in Figure 2.5. Atomic composition percentages 

calculated from XPS spectra are summarized in Table 2.6. 

 

 
Figure 2.13 (a) Li1s, Ni3p, Co3p and Mn3p, and (b) C1s spectra of NCM523 electrode 
surface after 15th cycles in conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and 
nearly saturated 4.45 mol/kg LiPF6/PC. 
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Table 2.6 Atomic composition percentages of (a) whole surface films and (b) C-
containing compounds in surface films on NCM523 electrode that formed by 
conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and nearly saturated 4.45 mol/kg 
LiPF6/PC. 
 
(a) whole surface films (atomic%) 
  Li C O F P Mn Co Ni 
1mol/l LiPF6/EC+DMC 
(1:2 by vol.) 1.1 57.9 20.7 14.5 1.3 0.8 0.3 1.1 

4.45 mol/kg
  
LiPF6 / PC 23.4 33 14 24.6 3.5 0.4 0.2 0.5 

 
(b) C-containing compounds (atomic%) 

  CH2-C*F2 
carbonate, ester 

carboxylic 
acid / salt 

CH2-C*F2 
C-O 

C-C, 
CHx 

1 mol/l LiPF6/EC+DMC 
 (1:2 by vol.) 6.3 8.7 18.4 24.6 

4.45 mol/kg
  
LiPF6 / PC 2.6 5.7 13.8 30.0 

 

XPS depth profile analyses (Figure 2.14) revealed that the atomic percentage of Li, 

as well as that of F, was high at the surface for the concentrated electrolyte solution, 

suggesting that inorganic compounds containing Li and F, such as LiF, were present at 

the surface of the NCM523 electrode. On the other hand, for the conventional 

electrolyte solution, the relative intensity of C was higher than that for the concentrated 

electrolyte solution, which suggests that the surface films contained more organic 

compounds. In both cases, the transition metals of NCM523, including Ni, were 

detected at around 20 nm from the surface, and hence the surface films on the NCM523 

electrodes were thinner than those for the graphite negative electrodes (Figure 2.6); No 

definite correlation with the LiPF6 concentration of electrolyte solutions was seen in 
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Figure 2.14, unlike for the graphite electrode. 

 

 
 
Figure 2.14 Atomic distribution in a depth direction from the surface of NCM523 
electrodes after 15 cycles in the (a) conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) 
and (b) nearly saturated 4.45 mol/kg LiPF6/PC. 
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Figure 2.15 Constituents of surface films on NCM523 electrodes after 15 cycles in 
conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and nearly saturated 4.45 mol/kg 
LiPF6/PC. 
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that on the graphite electrode. In addition, the change in crystal structure at the surface 

of NCM523 might result in an increase in interfacial resistance. This assumption was 

verified by Raman spectroscopy. The Raman spectra of NCM523 electrodes before and 

after 15 cycles are shown in Figure 2.16. The detection depth is around 50 nm or less 

from the electrode surface in Raman spectroscopy, and hence a structural change of the 

NCM523 surface can be discussed. The A1g and Eg modes derived from the layered 

rock-salt structure were observed at 600 and 500 cm-1, respectively.28,29 After 15 cycles 

in the concentrated electrolyte solution, a spectral broadening, a change in intensity ratio, 

and a new band at around 580 cm-1 were observed. The results suggest the deterioration 

of the crystallinity of NCM523 and/or the formation of a transition metal oxide other 

than the initial structure. These seem to also be the reasons for the very high interfacial 

resistance at the NCM523 electrode in the concentrated electrolyte solution. 

 
Figure 2.16 Raman spectra of NCM523 electrodes (a) before and after 15 cycles in (b) 
conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and (c) nearly saturated 4.45 mol/kg 
LiPF6/PC.  
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2.3.4 Charge and discharge properties of Graphite | NCM523 cells 

Full cell battery performances were also checked using Graphite | NCM523 coin-

type cells with the conventional and the concentrated electrolyte solutions. 

Charge/discharge tests were performed at a 0.1 C rate between 3.0 and 4.5 V for 15 

cycles at 30 °C. Quantitative analysis data by D2O extraction were summarized in 

Figure 2.17. We have found that there exists the surface film mainly composed from LiF 

on the graphite electrode with the concentrated electrolyte solution, as was found in the 

half cell experiment (Figure 2.8), and this would result in higher impedance in the 

conventional electrolyte solution. As for the NCM523 electrode, we found that higher 

amount of LiF exists in the surface film of the concentrated electrolyte solution, and the 

total amount is less than that on the graphite electrode. This is also similar result 

obtained from the half cell experiment.  

 
Figure 2.17 Constituents of surface films on (a) graphite electrode, and (b) NCM523 
electrodes after 15 cycles in conventional 1 mol/l LiPF6/EC+DMC (1:2 by vol) and 
nearly saturated 4.45 mol/kg LiPF6/PC. 
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2.4. Conclusions 

We compared the cycle performance of the graphite and the NCM523 electrodes in 

the conventional 1 mol/l LiPF6 EC+DMC (1:2 by vol) and the nearly saturated 4.45 

mol/kg LiPF6/PC electrolyte solutions. For the graphite negative electrode, the reductive 

decomposition of solvent molecules and LiPF6 salt preferentially proceeded in the 

conventional and concentrated electrolyte solutions respectively. A quantitative 

correlation between irreversible capacity and the total electrons consumed to form 

surface film deposited was clarified. The increase in the impedance of the CEI formed 

in the concentrated electrolyte was remarkable compared to the difference in the mole 

number of chemical species contained in the surface film. The inorganic-rich CEI that 

was formed in the concentrated electrolyte solution resulted in an increase in interfacial 

resistance after charge/discharge cycles. For the NCM523 positive electrode, the 

interfacial resistance drastically increased and a large amount of surface film, especially 

inorganic species, formed after charge/discharge cycles in the concentrated electrolyte 

solution. The large interfacial resistance could not be accounted for solely by the 

amount of surface films, which should be caused by degradation of the NCM523 

surface structure. 
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Chapter 3 

Predictive characterization of SEI formed on graphite 

negative electrodes for efficiently designing an effective 

electrolyte solutions 

 

3.1. Introduction 

An electrolyte solution is reductively decomposed on a graphite negative 

electrode to form a solid electrolyte interphase (SEI) in initial charge/discharge cycles 

of lithium ion batteries (LIBs). The physicochemical properties of SEI determine the 

overall charge/discharge performance of LIBs1-6. Hence, SEI has been extensively 

investigated by using various types of instrumental analysis such as FT-IR7, XPS8,9 and 

NMR10,11. SEI consists of a mixture of organic and inorganic compounds, but the 

chemical composition has not yet been fully elucidated even after more than thirty years 

since the introduction of LIBs. In addition to experimental studies, quantum chemical 

calculations are opening the door to the further elucidation of SEI12-17. In general, the 

formation processes of SEI are divided into two steps to minimize the calculation cost; 
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one is the reductive decomposition of electrolyte solutions and the other is a subsequent 

precipitation of the decomposed products. The electrochemical stability of electrolyte 

solutions has been studied by density functional theory (DFT) calculations; i.e., the 

HOMO and LUMO energy levels, and their gaps are commonly used as criteria for the 

stability of electrolyte solutions against oxidation and reduction. The calculations have 

been conducted focusing mainly on the organic molecules in electrolyte solutions, i.e., 

solvents and additives that can form an effective SEI. The stability of these organic 

molecules against reduction is greatly affected by a structure of electrolyte solutions. In 

a conventional electrolyte solution containing ca. 1 mol/l LiPF6, LiPF6 is generally 

dissociated and solvent molecules solvate a lithium ion to form a solvent separated ion 

pair (SSIP)18-22. When the LiPF6 concentration increases, the association of lithium ions 

and PF6
- anions progresses to form a contact ion pair (CIP) and/or aggregate (AGG) 

structures. Thus, electrolyte solutions are composed of solvates and associated ions 

depending on the LiPF6 concentration. These complicated structures of electrolyte 

solutions prevent us from completely understanding the mechanism of SEI formation. 

In general, energetically optimized structures of SSIP consisting of a lithium ion and 

solvent molecules are determined to evaluate the HOMO and LUMO energy levels22-24. 

On the other hand, as for CIP and AGG, the counter anion such as PF6
- needs to be 



59 
 

incorporated into the solvation structures, but few reports explicitly evaluate the 

electrochemical stability considering the anion by quantum chemical calculations24. The 

calculated values vary depending on both calculation methods and basis functions, and 

hence a comparison with previous studies using different calculation methods is often 

difficult25. To avoid these difficulties, ionization potential (IP) and electron affinity 

(EA) are used to compare the electrochemical stability of solvents and solvates15,16. 

Recently, DFT calculations combined with molecular dynamics simulation, or AIMD 

(Ab Initio molecular dynamics calculation), have been used to study the electrochemical 

stability of electrolyte solutions and the reaction pathway for SEI formation. AIMD can 

incorporate counter anions, as well as lithium ions, and solvent and additive molecules 

at different concentrations, while the computational cost is quite high. AIMD has 

provided detailed and plausible results to account for a part of the experimental data26-31, 

and is still developing to clarify a whole picture of the SEI formation mechanism. In 

AIMD simulations, EA is often used as a means of validation for the reductive stability 

of electrolyte solutions. 

In this study, two kinds of highly concentrated LiPF6/carbonate ester electrolyte 

solutions were used to obtain quite different types of SEI and different charge/discharge 

behavior of graphite negative electrodes. Solvation structures of the electrolyte solutions 
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were studied by Raman spectroscopy, and EA of the geometrically optimized solvation 

structures containing a PF6
- counter anion was evaluated by DFT calculations. Based on 

the calculation results, we predicted not only the chemical species more vulnerable to 

reduction but also the reductive decomposition products of electrolyte solutions, i.e., a 

chemical composition of SEI, and supported the predictions by experimental results. 

Then, these results were correlated with the electrochemical performance of graphite 

electrodes to understand the stability of SEI against reduction. 
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3.2. Experimental 

3.2.1. Electrolyte solutions 

Electrolyte solutions were prepared using propylene carbonate (PC), ethylene 

carbonate (EC) and diethyl carbonate (DEC) as solvents and LiPF6 as a salt (battery 

grade, Kishida Chemical) in an Ar-filled glove box (< 10 ppm O2, < 1 ppm H2O). Four 

kinds of electrolyte solution were prepared: 1 mol/l LiPF6 dissolved in a mixture of EC 

and DEC (1:1 by vol.) as a conventional electrolyte solution, and 3.3 mol/l 

LiPF6/EC+DEC (1:1 by vol.) and 2.3 and 3.3 mol/l LiPF6/PC as concentrated electrolyte 

solutions. 

Raman spectra of the electrolyte solutions were obtained by a Model PDP 320 

(Photon Design) using a spectrometer equipped with a grating of 900 gr/mm with a 320 

mm focus length and a 1064 nm YAG laser as an excitation source. 

 Theoretical calculations of solvated structures were carried out using DFT with a 

B3LYP functional and a 6-311+G** basis set. The geometries of all solvation structures 

were optimized and confirmed to be at their energetically local minimum by Hessian 

calculations. 
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3.2.2. Charge and discharge tests 

The charge and discharge properties of a graphite electrode were investigated 

using 2032 coin-type cells with a lithium metal counter electrode. The graphite working 

electrode was composed of graphite powder as an active material, and styrene-butadiene 

rubber (SBR) and carboxymethyl cellulose (CMC) as binders (98:1:1 by weight). 

Charge/discharge measurements were performed at a rate of 0.1 C between 0.01 and 1.5 

V for 15 cycles at 30 °C. 

After the charge/discharge tests, the coin cell was disassembled in an Ar-filled 

glove box to collect the working electrode, which was then rinsed in DEC to remove the 

electrolyte solution and dried under vacuum at room temperature. The composition of 

the surface film formed on the graphite electrodes was investigated by X-ray 

photoelectron spectroscopy (Qunatera SXM, ULVAC-PHI). In the XPS measurements, 

the acceleration voltage and the emission current of a monochromatic Al K  X-ray gun 

were set at 15 kV and 3 mA, respectively. 
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3.3. Results and discussion 

3.3.1. Charge and discharge properties of graphite 

It has been reported that 1 mol/l LiPF6/EC+DEC electrolyte solution is mainly 

composed of SSIP structures, while almost-saturated 3.3 mol/l LiPF6/EC+DEC contains 

CIP and AGG structures18-22. The influence of the salt concentration on the solution 

structures was studied using PC by Raman spectroscopy, and the results are shown in 

Figure 3.1. In Figure 3.1 (a), PF stretching vibration for an SSIP structure gives a 

Raman band at 748 cm-1, and CIP and AGG structures at a slightly higher wavenumber 

at around 753 cm-1. A band width of the Raman bands reflects the distribution of 

association / dissociation structures of LiPF6: that is, the formation of CIP and AGG 

structures generates a structural distribution of LiPF6 to give a broader Raman band. In 

Figure 2.1(b), changes in the band width had an inflection point at 2.3 mol/l and the 

slope became steeper at higher concentrations. The inflection point of Raman band 

width to LiPF6 concentration suggests a significant increase of CIP and AGG; the same 

conclusion was drawn from the peak intensity ratio which was determined by peak 

separation analysis (Figure 3.2). Therefore, we used 2.3 and 3.3 mol/l LiPF6/PC 

solutions to study the charge/discharge properties of graphite.  



64 
 

It is desirable to prepare a PC-based electrolyte solution with a lower LiPF6 

concentration, such as 1 mol/l LiPF6/PC solution, to evaluate its stability against 

reduction of SSIP structure with PC molecules. However, it is impossible to intercalate 

lithium ions into a graphite electrode in 1 mol/l LiPF6/PC due to the continuous 

exfoliation of graphite and the decomposition of PC32,33. Hence, in this study, only 1 

mol/l EC+DEC was used to study the electrochemical stability of the SSIP structure on 

graphite electrode. 

 
Figure 3.1 (a) Raman spectra of 0.81, 1.6, 2.3, 2.8, and 3.3 mol/l LiPF6/PC solution and 
(b) changes in the band width of the P-F stretching vibration at ca. 750 cm-1. 
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number are shown in Figure 3.4. All of the coin cells showed high capacities of about 

350 mAh/g, and maintained these levels to the 15th cycle regardless of the kind of 

solvent and the salt concentration. Differences in charge/discharge performance were 

reflected in the irreversible capacity (Figure 3.5, Table 3.1); 2.3 mol/l LiPF6/PC gave 

the highest irreversible capacity in the initial cycles, while it decreased after the 3rd 

cycle. It is well known that a reductive decomposition of PC and a continuous 

exfoliation of graphite occur in low concentration LiPF6 / PC electrolyte solution33, and 

hence a very high irreversible capacities were seen in the initial cycles in 2.3 mol/l 

LiPF6 / PC in this study. The irreversible capacities drastically decreased after the 4th 

cycle in LiPF6 / PC, regardless of the concentrations, which suggests that a stable SEI 

was formed in the initial cycles (Figure 3.5).  

 

 
Figure 3.2 Area intensity ratio of 753 cm-1 component (CIP and AGG of LiPF6) against 
748 cm-1 (SSIP) 
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Figure 3.3 Charge/discharge behavior of Li | graphite cells with (a) 2.3 mol/l and (b) 3.3 
mol/l LiPF6/PC, and (c) 1 mol/l and (d) 3.3 mol/l LiPF6/EC+DEC (1:1 by vol.). 

 

On the other hand, irreversible capacities were still high after the 6th cycle in 

EC+DEC-based electrolyte solutions. These results imply that the surface films cannot 

effectively suppress the continuous decomposition of LiPF6 / EC+DEC electrolyte 

solutions. In addition, the chemical composition of SEI should be different between 

EC+DEC- and PC-based electrolyte solutions. The compositional difference in the 

surface films is discussed later.  
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Figure 3.4 Charge / discharge and irreversible capacity, coulomb efficiency of Li | 
graphite half cell. 

 

Among the electrolyte solutions used in this study, the total irreversible capacity 

was the lowest for more highly concentrated 3.3 mol/l LiPF6/PC, and the irreversible 

capacity in each cycle also remained at the lowest level after the 4th cycle. As for 

EC+DEC-based solutions, the irreversible capacity was low for 1 mol/l LiPF6, while 

more highly concentrated 3.3 mol/l LiPF6 gave higher irreversible capacity and slightly 

lower Coulomb efficiency. Thus, there were obvious differences in the dependency of 

irreversible capacity on the LiPF6 concentration between PC- and EC+DEC-based 

electrolyte solutions, which would arise from differences in the solution structures; i.e., 
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the electrochemical stability against the reduction of solvated structures varied 

depending not only on the concentration, but also on the kind of solvent. 

 

 
Figure 3.5 Variation of irreversible capacities with cycle number of Li | graphite cells 
with 2.3 and 3.3 mol/l LiPF6/PC, and 1 and 3.3 mol/l LiPF6/EC+DEC (1:1 by vol.). 

 

Table 3.1 Irreversible capacities of Li | graphite cells with 2.3 and 3.3 mol/l LiPF6/PC, 
and 1 and 3.3 mol/l LiPF6/EC+DEC (1:1 by vol.). 

    (mAh/g) 
Solvent EC+DEC (1:1 by vol.) PC 

LiPF6 concentration 1 mol/l 3.3 mol/l 2.3 mol/l 3.3 mol/l 
1st 28.7 34.6 145.2 44.9 

2nd to 15th 40.5 67.6 55.4 22.4 

 

3.3.2. Solution structure analysis 

Raman spectra of the electrolyte solutions were obtained to understand their 

solvation structures. Figure 3.6 (a) shows the Raman spectra of 2.3 and 3.3 mol/l 

LiPF6/PC together with pure PC solvent. PC gave a single Raman band at ca. 720 cm-1, 

while another peak appeared at ca. 735 cm-1 by dissolving 2.3 and 3.3 mol/l LiPF6 in PC. 
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It has been reported that the Raman bands of a solvent split into two components in the 

electrolyte solution containing lithium salt; one originates from the solvent molecules 

solvating lithium cations and the other from the solvent molecules that do not interact 

with lithium cations34,35. The Raman band at ca. 720 cm-1 is hence assigned to the ring 

deformation mode of free PC (designated as “Free”) and the PC molecules solvating 

lithium cations were detected at 735 cm-1 (designated as “Solvated”)36. Similar 

behaviors were observed for EC in the Raman spectra of LiPF6/EC + DEC (Figure 3.6 

(b)), free and solvating EC molecules were observed at ca. 718 and 730 cm-1, 

respectively. On the other hand, Raman bands of DEC are known to overlap those of 

EC, and hence it is generally impossible to distinguish between the solvation structures 

of DEC and EC. However, in this study, we found that free and solvating DEC 

molecules gave Raman bands at ca. 525 and 460 cm-1, respectively, both of which are 

assigned to the O-C-O bending mode as shown in Figure 3.6 (c). These bands enable us 

to discuss the solvation structure of DEC independently. 
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Figure 3.6  Raman spectra (a) a PC solvent, and 2.3 and 3.3 mol/l LiPF6/PC, (b and c) a 
mixture of EC+DEC, and 1 and 3.3 mol/l LiPF6/EC+DEC (1:1 by vol.). 

 

Raman bands of free and solvating solvents are used to estimate the solvation 

number, which is the number of solvent molecules solvating a lithium cation18,32,34. We 

denote the integrated Raman band intensity of free and solvating solvent molecules as If 

and Is, respectively. As for the ring deformation vibration of PC and EC in Figure 3.6 

(a) and (b), respectively, the Raman bands of free and solvating molecules overlapped 

each other, and hence spectral deconvolution was conducted assuming the spectral 

shape as a Gaussian and/or Lorentzian function to evaluate the integrated intensity of 

each component (EC+DEC- and PC-based solutions in Figures 3.7 and 3.8, 

respectively). The solvation number can be determined based on the assumption that 

free and solvating solvent molecules have an almost equal Raman sensitivity and its 

integrated intensities are proportional to the number of solvent molecules. Based on 
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these assumptions, the relative intensity ratio of solvating solvent molecules, Ir = Is / (Is 

+ If) is correlated with the solvation number as shown in eq.(3-1), where Cs and C0 are 

the concentration of a solvating molecule and the total molar concentration of the 

solvent, respectively. The average solvation number per lithium cation, Ns, is thus given 

by eq.(3-2), where CLi is the molar concentration of LiPF6: 

Cs = ×  =   +   ×             (3− 1) 

=   =  +  ×                  (3− 2) 

Average solvation numbers evaluated from Figure 3.4 are summarized in Table 

3.2. The solvation numbers of both 2.3 and 3.3 mol/l LiPF6/PC solutions are 2-3 

molecules, and these values are in good agreement with those reported in the 

literature18,37,38. As for EC+DEC solutions, about three EC molecules and one DEC 

molecule coordinated with a lithium cation in the 1 mol/l solution (Table 3.2). In the 

highly concentrated 3.3 mol/l solution, the total solvation number of EC (1.50) and 

DEC (0.34) decreases to about two in total, which indicates that EC mainly solvates 

lithium cation. As estimated from the band intensity ratio Ir, 19 % of EC and 24 % of 

DEC molecules in 1 mol/l LiPF6/EC+DEC solvate lithium cations, while 85 % of EC 

and 35 % of DEC in 3.3 mol/l LiPF6/EC+DEC solvate lithium cations. Thus, EC is 

more involved in solvation when the LiPF6 concentration increases. Since EC (ε=95) 
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has a much higher dielectric constant than DEC (ε=2.8), EC molecules should 

preferentially coordinate with lithium cations and DEC molecules remain free and 

uncoordinated. The viscosity of each electrolyte solution is summarized in Table 3.3. 

The viscosity of 3.3 mol/l LiPF6/EC+DEC solution (113.8 cP) is lower than 272.6 cP of 

3.3 mol/l LiPF6/PC solution when compared at the same molar concentration of LiPF6. 

This perhaps means that solvation structures should consist mainly of lithium ion and 

EC molecules in the concentrated electrolyte solution, and DEC acts as a diluent to 

reduce the viscosity. 

 

 
Figure 3.7  Peak-fitting for Raman spectra of (a) 1 and (b) 3.3 mol/l LiPF6/EC+DEC 
(1:1 by vol.). 
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Figure 3.8 Peak fitting for the Raman spectra of (a) 2.3 mol/l, (b) 3.3 mol/l LiPF6/PC 
solution. 

 

Table 3.2  Solvation numbers Ns of 2.3 and 3.3 mol/l LiPF6/PC, and 1 and 3.3 mol/l 
LiPF6/EC+DEC (1:1 by vol.). 

Solvent LiPF6 molar concentration Ir=Is/(Is+If) Ns 
 (mol/l)   

PC 2.3 0.557  2.44  
 3.3 0.774  2.20  

EC 1 0.189  2.55  
 3.3 0.847  1.50  

DEC 1 0.238  0.94  
 3.3 0.351  0.34  

 

Table 3.3 Conductivity and viscosity of electrolyte investigated in this study (measured 
at 30 oC) 

 molar ratio conductivity viscosity 
  solvent / Li+ mS/cm cP 
1 mol/l EC:DEC=1:1 (by vol.) 11.1 8.7  3.8  
3.3 mol/l EC:DEC=1:1 (by vol.) 2.8 1.0  113.8  
2.3 mol/l PC 4.4 2.7  43.2  
3.3 mol/l PC 2.8 0.6  272.6  
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Solvation structures were modeled using DFT by a B3LYP density functional 

with a 6-311G+** basis set. Though it has been pointed out that B3LYP does not give 

completely accurate calculated structures and geometrically relaxed structures like other 

theoretical calculations31, the comparison of the calculated results of compounds with 

similar chemical structures is considered to be qualitatively valid. The geometrically 

relaxed structures were calculated using a polarizable continuum model (PCM) where 

we hypothesized a continuous dielectric media with a dielectric constant of a solvent 

around the calculated solvated structure. We used ε=65 for solvation structures with PC 

molecules, and ε=32 for EC+DEC systems40. Here, we calculated SSIP structures 

consisting of a lithium cation and four solvent molecules: 4 PC, 4 EC, and 3 EC + 1 

DEC, which is a reasonable assumption based on the solvation number for 1 mol/l 

LiPF6/EC+DEC (Table 3.2). CIP becomes a major solvation structure when the LiPF6 

concentration increases18-22, and hence we calculated CIP structures of LiPF6 with three 

solvent molecules: three PC, three EC, and two EC and one DEC. Similarly, CIP 

structures with two solvents were also studied: two PC, two EC, and one EC and one 

DEC. Representative optimized structures are shown in Figure 3.9. The solvation 

structures of CIP with two solvent molecules were energetically optimized as 

monodentate and bidentate coordination structures; in the former structure, one fluoride 



75 
 

atom was coordinated to a lithium ion, and in the latter two fluoride atoms coordinated 

to a lithium ion. The optimized energy for mono- and bidentate solvation structures was 

almost the same in our calculation. Because a monodentate coordination structure is 

known to be more stable than a bidentate structure in the optimization calculation for 

LiPF6 in solvents41, the chemical stability of the CIP structure with two solvent 

molecules was also considered for a monodentate solvation structure.  

 The stability of chemical species at reductive and oxidative potentials has 

commonly been discussed using LUMO and HOMO energy levels, respectively. 

However, LUMO often fails to properly reflect the actual stability against reduction. 

Hence, here, we used the electron affinity (EA) to evaluate the reductive stability of 

electrolyte solutions. The EA is defined as the difference (E0 – E-) in the energy of the 

neutral solvation structure and the anion radical, where E0 is the optimized energy for 

the neutral species, and E- is the energy calculated for the ionized species25,42,43. EA can 

predict the stability of chemical species at reductive potentials with high accuracy and 

less dependence on calculation conditions29. HOMO and LUMO levels and EA for the 

calculated structures are summarized in Table 3.4. 
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Figure 3.9  Optimized solvation structures of (a) SSIP with four PCs, (b) CIP with three 
PCs, (c) CIP with two PCs, (d) SSIP with four ECs, (e) CIP with three ECs, and (f) CIP 
with two ECs. 

 

EA showed very similar values (39-40 kcal/mol) for the SSIP and CIP structures 

with three solvent molecules, and increased as the solvation number decreased to two 

molecules, which suggests that highly concentrated electrolyte solutions are expected to 

be vulnerable to reduction (Figure 3.10). In particular, in this study, the CIP structure 

with two EC molecules, which is dominant in 3.3 mol/l LiPF6/EC+DEC solution (Table 

3.2), was the most unstable at low potentials. 
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Table 3.4 HOMO and LUMO levels and EA of solvents and solvated structures 

Solvent  Chemical species Solvation 
Structure 

HOMO LUMO EA 

[eV] [eV] [kcal/mol] 

PC 

PC - -8.6423 0.0925 34.47  
Li+ - 4 PC - PF6

- SSIP -8.8519 -0.4898 39.56  
LiPF6 - 3 PC CIP -8.8927 -0.4762 40.21  
LiPF6 - 2 PC CIP -8.9852 -0.5089 42.18  

EC: DEC = 
1:1 

EC - -8.6859 -0.0054 34.66 
DEC - -8.2750 0.1660 27.49 
Li+ - 4 EC - PF6

- SSIP -8.7702 -0.5170 39.30  
Li+ - 3 EC/1 DEC -PF6

- SSIP -8.6151 -0.5578 39.98  
LiPF6 - 3 EC CIP -8.9253 -0.5279 39.10  
LiPF6 - 2 EC/1 DEC CIP -8.6287 -0.5007 39.85  
LiPF6 - 2 EC CIP -9.0070 -0.5687 43.22  
LiPF6 -1 EC/1 DEC CIP -8.6913 -0.5442 42.39  

 

 

 
Figure 3.10  EA of solvated structures of (a) LiPF6/PC, (b) LiPF6/EC and only EC, and 
(c) LiPF6/EC+DEC (including EC molecule(s) with one DEC molecule) 
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3.3.3 Correlations between theoretical calculation and irreversible capacity of 

graphite electrode 

3.3 mol/l LiPF6/EC+DEC solution gave a higher irreversible capacity of graphite 

electrode than 1 mol/l LiPF6 solution in the initial cycle (Table 3.1), and the sum of the 

irreversible capacities in the 2nd-15th cycles was the highest among the four electrolyte 

solutions tested in this study. The CIP structure with two solvent molecules is dominant 

in the 3.3 mol/l LiPF6/EC+DEC solution (Table 3.2), and is most likely to decompose 

reductively at low potentials because the EAs of the CIP structures with two solvent 

molecules were the highest. Thus, the theoretical predictions agreed well with the 

experimental results regarding the electrochemical stability of LiPF6/EC+DEC 

electrolyte solutions against reduction. 

As for PC-based solutions, EA increased as the solvation number decreased 

(Table 3.2, Figure 3.10), which suggests that the electrolyte solution should become 

unstable at low potentials as the LiPF6 concentration increases. However, highly 

concentrated 3.3 mol/l LiPF6/PC solution delivered a lower total irreversible capacity in 

the 1st-15th cycles than 2.3 mol/l solution. To clarify the apparently contradictory 

results between the irreversible capacity and EA of the solvation structures, the 
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composition of surface films on graphite electrodes after 15 cycles, which is the origin 

of the irreversible capacity, was analyzed by XPS. 

Figure 3.11 shows XPS F1s and C1s spectra on graphite negative electrode after 

15 cycles in different electrolyte solutions, and the compositions of the surface film 

estimated from the XPS spectra are summarized in Table 3.5. In the F1s region, the 

observed fluoride peaks were divided into two chemical species to quantify each 

fluoride compound: one is LiPF6 peaking at 686 eV and the other is LiF at 684 eV10. 

The peak at 684 eV identified as LiF were dominant except for 1 mol/l LiPF6/EC+DEC, 

and the peak intensity was strongest for 3.3 mol/l LiPF6 / PC (Figure 3.11 (a) and Table 

3.5 (a)). The amount of LiF precipitated on the graphite surface was the largest for 3.3 

mol/l LiPF6/PC solution, and almost the same amount of LiF was detected for 3.3 mol/l 

LiPF6/EC+DEC and 2.3 mol/l LiPF6/PC solutions. These results indicate that an 

inorganic surface film containing LiF should form on the graphite surface in 

concentrated electrolyte solutions. On the other hand, in the surface films for 1 mol/l 

LiPF6/EC+DEC solution, a quite small amount of LiF was detected, which was smaller 

than that of the LiPF6 residue remaining on the graphite negative electrodes after rinsed 

with DEC. This result implies that an organic-rich surface film is formed when the 
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1mol/l electrolyte solution containing mainly SSIP is reductively decomposed on 

graphite. The details are discussed below in the consideration of the C1s spectra. 

 

 
Figure 3.11 XPS spectra of (a) F1s, (b) C1s regions for graphite negative electrodes 
after 15 cycles in 2.3 and 3.3 mol/l LiPF6/PC, and 1 and 3.3 mol/l LiPF6/EC+DEC (1:1 
by vol.). 

 

Table 3.5 Atomic composition percentages of (a) whole surface films, and (b) F-
containing compounds in the surface films on graphite electrodes after 15 cycles in 2.3 
and 3.3 mol/l LiPF6/PC, and 1 and 3.3 mol/l LiPF6/EC+DEC (1:1 by vol.). 

(a) (atomic%) 
  Li C O F P 
1 mol/l EC: DEC = 1:1 (by vol.) 16.5  41.5  39.1  2.6  0.4  
3.3 mol/l EC: DEC = 1:1 (by vol.) 16.3  42.1  27.8  11.0  2.8  
2.3 mol/l PC 20.1  40.5  32.9  5.4  1.1  
3.3 mol/l PC 34.9  16.3  12.9  32.9  3.0  
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(b) (atomic%) 

  F-P F- (LiF) 
1 mol/l EC: DEC = 1:1 (by vol.) 1.9  0.7  
3.3 mol/l EC: DEC=1:1 (by vol.) 5.9  5.1  
2.3 mol/l PC 1.7  3.7  
3.3 mol/l PC 0.8  32.1  

 

      From the XPS spectra of the C1s region in Figure 3.11 (b), carbonates and ester 

compounds were hardly detected for 3.3 mol/l LiPF6/PC solution, which shows that PC 

decomposition does not proceed when the salt concentration reaches near saturation. 

Considering the low irreversible capacity in the charge/discharge cycles for 3.3 mol/l 

LiPF6/PC, an inorganic surface film containing LiF, which is generated from the CIP 

structures, is chemically stable at reductive potentials, and prevents continuous 

decomposition of the electrolyte solution. According to the literature, the reductive 

decomposition of LiPF6 proceeds through the following reactions to produce LiF 44, 

LiPF6  LiF + PF5, and LiPF6 + 2 Li+ + 2 e-  3 LiF + PF3. These reactions seem to 

be plausible for the highly concentrated LiPF6/PC because Li+ and PF6
- are associated 

with each other to form CIP and AGG. On the other hand, carbonates and esters were 

also present on the graphite electrode in 2.3 mol/l LiPF6/PC solution, which originated 

from the co-intercalation of PC-solvated lithium ion into the graphite layers 

accompanied by its decomposition during the initial few cycles. At the same time, the 

CIP decomposed to form an inorganic-rich surface film containing LiF during the initial 
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cycles in the concentrated electrolyte solution, as was discussed earlier10. In our 

previous study10, we analyzed the surface films on graphite negative electrodes by XPS 

combined with Ar ion sputtering, and reported the atomic distributions in a depth 

direction from the surface of graphite negative electrodes after 15 charge / discharge 

cycles in the highly concentrated LiPF6 / PC electrolyte solution. When we removed the 

surface film by Ar ion sputtering to near the surface of graphite active materials, lithium 

and fluoride were mainly detected, together with a quite small amount of oxygen that is 

derived from a PC solvent. These results suggest that LiF-based inorganic components 

were formed on the graphite active materials in the initial cycles in PC-based 

concentrated electrolyte solution.  After the formation of the stable SEI consisting 

principally of LiF at the surface of graphite, the continuous decomposition of PC was 

suppressed. As a result, the irreversible capacities were kept low after the initial cycles 

for 2.3 and 3.3 mol/l LiPF6/PC solutions, as shown in Figure 3.5, though the DFT 

calculations suggested that the CIP structures with fewer solvent molecules should be 

easily reduced to decompose.  

 In 1 mol/l LiPF6/EC+DEC solution, solvates with a SSIP structure are a major 

component, and EA values of the solvates were higher than those of EC and DEC 

solvent molecules, as shown in Table 3.3. Hence, the solvent molecules coordinated 



83 
 

with a lithium cation should decompose reductively on a graphite electrode to form a 

surface film mainly composed of organic components. The irreversible capacity of 1 

mol/l LiPF6/EC+DEC solution is slightly higher than those of 2.3 and 3.3 mol/l 

LiPF6/PC solutions in which the LiPF6 salt preferentially decomposed to form a surface 

film consisting mainly of LiF. These results suggest that the organic-rich surface film 

cannot effectively suppress the continuous decomposition of the electrolyte solution, 

when compared with the LiF-based inorganic surface film that formed in the LiPF6/PC 

solutions24,45.  

In the highly concentrated LiPF6/EC+DEC, organic surface film containing 

carbonates, esters, and ethers was formed as well as the inorganic surface film as shown 

in Figure 3.11 and Table 3.5. This is a different behavior from that seen with PC-based 

electrolyte solutions. When the LiPF6 concentration increased from 1 to 3.3 mol/l in 

EC+DEC, the main component changed from the SSIP to the CIP structure. The CIP 

structure with two EC molecules has the highest EA, and hence would be the most 

vulnerable to reduction. In addition, the LUMO of the CIP structure with two EC 

molecules was clarified to spread both the PF6
- anion and the two EC molecules by DFT 

calculations for the spatial distribution of LUMO (Figure 3.12 (a) and (b)). This was 

quite different from the localized distribution of the LUMO on the PF6
- anion in the CIP 
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structure with two PC molecules (Figure 3.12 (c)). Such a difference in the spatial 

distribution of the LUMO between the EC and PC systems was also seen in the CIP 

structures with three solvent molecules (Figure 3.13 (a), (b), and (c)). The LUMO was 

locally distributed on the PF6
- anion in PC-based solutions, and hence the PF6

- was 

reductively decomposed to effectively produce the stable LiF-based inorganic surface 

film. On the other hand, the explicit LUMO distribution on the EC solvent molecules 

suggests that EC should decompose easily to form the organic surface film as well on 

reduction. In addition, a substantial amount of DEC molecules remains free in the 

EC+DEC electrolyte solutions as shown in Table 3.2, which may swell and dissolve the 

organic surface film. Once the free DEC swells the surface films, the solvates in the 

electrolyte solutions would directly reach the graphite surface to decompose reductively. 

As a result, the organic surface films should gradually convert to LiF-rich surface films 

in EC+DEC electrolyte solutions. Therefore, the use of EC+DEC solutions resulted in 

high irreversible capacities until 15 cycles, compared with PC-based solutions. 
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Figure 3.12 LUMO distribution of the CIP structures with two solvent molecules (blue 
and red indicate the different signs of the isosurface of the wave function) 

 

 

Figure 3.13 LUMO distribution of the CIP structures with three solvent molecules 
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3.4．Conclusions 

The electrochemical stability of PC and EC+DEC solutions with different 

solvation structures was studied by both experiments and DFT calculations, and the 

correlation between the reductively decomposition products and charge/discharge 

characteristics was evaluated. All the electrolyte solutions investigated in this study 

showed high charge/discharge performance of graphite electrodes, but the irreversible 

capacity varied depending on the concentration of LiPF6 and the kind of solvent. In PC-

based electrolyte solutions, the SSIP structure was expected to have greater stability 

against reduction than the CIP structures with fewer PC molecules, and decomposed 

reductively on graphite negative electrode to form a PC-derived surface film. The CIP 

structure in the highly concentrated PC-based electrolyte solution had a higher EA, and 

decomposed to form an inorganic surface film containing LiF on a graphite electrode. 

The inorganic surface film has greater stability against reduction than a PC-derived one, 

and can prevent the further decomposition of electrolyte solution in subsequent 

charge/discharge cycles. Therefore, the irreversible capacity was suppressed in highly 

concentrated PC-based electrolyte solutions. On the other hand, when the LiPF6 

concentration in EC+DEC was increased to form the CIP structures, the irreversible 

capacity increased compared with that in the highly concentrated PC-based electrolyte 
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solution. The EC-containing solvation structures, in particular the CIP structure with 

two solvent molecules, had a higher EA than that in the PC-based electrolyte solutions, 

and as a result the reductive decomposition of the solvent molecules and PF6
- proceeded 

simultaneously to form a surface film containing both organic and inorganic compounds. 

This organic-rich surface film has a lower electrochemical stability against reduction 

than the LiF-rich film that formed in the PC-based electrolyte solution. Therefore, the 

EC+DEC electrolyte solutions gave higher irreversible capacities than the highly 

concentrated PC electrolyte solution. These results suggest that the reductive stability of 

SEI, as well as electrolyte solution itself, should be improved to enhance the durability 

of graphite electrodes. More importantly, this study indicates that both the chemical 

composition and physicochemical properties of SEI can be predicted by the more 

effective utilization of DFT calculation. The predictive characterization of SEI allows us 

to efficiently design an electrolyte solution that can deliver high performance of 

negative electrodes such as graphite and silicon. 
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Chapter 4 

Effective approach by computational chemical prediction 

and experimental verification to elucidate SEI formation 

mechanism in LiPF6, LiFSI and LiBF4-containing 

electrolyte solutions 

 

 

4.1. INTRODUCTION 

There have been many research activities on lithium ion batteries (LIBs) to 

achieve higher energy density and longer durability and to respond to the increasing 

demands for portable and automobile energy sources1,2. Various kinds of positive and 

negative electrode materials have been newly developed so far, and electrolyte solutions 

have also advanced to utilize these electrode materials as much as possible 3. There are a 

lot of features required for the electrolyte solutions, such as wide potential windows, 

high ionic conductivity, and chemical stability against reduction and oxidation. One of 

the most important features is the ability to form a stable surface film, namely, solid 
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electrolyte interphase (SEI), on the surface of graphite negative electrodes through 

reductive decomposition of an electrolyte solution in charge/discharge processes 4-8. 

Electrolyte solutions are generally composed of free ions, a solvent-separated ion 

pair (SSIP), a contact ion pair (CIP), and an aggregate of an electrolyte salt particularly 

in a highly concentrated electrolyte solution9-12. The stability of electrolyte solutions 

against reduction and the reaction pathway for SEI formation depends on the solvation 

structure 6,13-15. However, the solvation structure is so complicated that the formation 

mechanism of SEI, its chemical composition and electrochemical characteristics still 

remain to be elucidated completely 16-18. The composition of SEI has been analyzed by 

FT-IR, NMR, and XPS so far19, but the experimental results cannot yet be correlated 

with solvation structures of lithium ion and their reaction pathway of SEI formation. 

Quantum chemical calculation suggests that HOMO and LUMO energies, and their 

gaps can be used as a measure for the estimation of oxidative and reductive stability, 

whereas there exists heavy dependence of the energies on basis set when we compare 

them between different solvation structures with different salts and solvent species20. 

Ab initio MD calculation is a theoretically promising approach and it can predict not 

only the reductive stability, but also the reaction pathway, while the computational cost 

is significantly high21,22.  
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In this study, we aimed to establish an effective approach by predicting the 

reductive stability of a solvation structure and SEI formation pathway to 

comprehensively understand the formation mechanism of SEI on a graphite negative 

electrode. Three kinds of lithium salts, LiPF6, LiN(SO2F)2 (LiFSI) and LiBF4 were used 

in combination with a conventional mixture solvent of ethylene carbonate (EC) and 

diethyl carbonate (DEC). The solvation structure of these electrolyte solutions was 

experimentally determined, and the electron affinity was evaluated by DFT calculation 

as a measure of the reductive stability. LUMO distribution in the solvates is also 

calculated to predict a reaction pathway of SEI formation. These theoretical predictions 

are verified experimentally through electrochemical measurements and composition 

analyses of SEI.  

 

4.2. EXPERIMENTAL SECTION 

Three kinds of electrolyte solutions with different lithium salts were prepared as 

follows; commercially available battery grade Ethylene Carbonate (EC) and Diethyl 

Carbonate (DEC) were mixed in Ar filled glove box (< 1 ppm H2O) with 1 : 1 by 

volume, and then 1 mol/l each of LiPF6, LiFSI and LiBF4 was dissolved. Raman spectra 

of electrolyte solutions were obtained to determine the solvation structures by a Raman 
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spectrometer Model PDP 320 (Photon Design) equipped with the grating of 900 gr/mm 

with 320 mm focus length and 1064 nm YAG laser was used as an excitation source. 

Theoretical calculations of solvation structures were carried out using DFT with a 

B3LYP functional and a 6-311+G** basis set. The geometries of all solvation structures 

were optimized and confirmed to be at their energetically local minimum by Hessian 

calculations using a polarizable continuum model (PCM) where we hypothesized a 

continuous dielectric media with a dielectric constant of a solvent around the calculated 

solvation structure. 

The chemical stability of electrolyte solutions was investigated by cyclic 

voltammetry (CV) using 2032 coin-type two electrode cells. The graphite working 

electrode was composed of graphite powder as an active material, and styrene-butadiene 

rubber (SBR) and carboxymethyl cellulose (CMC) as binders (98:1:1 by weight). A 

counter electrode was a lithium foil. CV measurements of the coin cells with different 

electrolyte solution were conducted between 2 and 0.01 V at 0.1 mV/s using a VSP 

potentiostat/galvanostat (Biologics Inc.), and repeated three times at 25 oC. 

Electrochemical ac impedance measurements were carried out after the 1st and 3rd CV 

cycle at 25 oC. The voltage was kept at 0.2 V until reaching a steady state, and then 
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impedance was measured in a frequency range from 100 kHz to 10 mHz with a 

potential modulation of ±10 mV.  

After CV measurements, the coin cells were disassembled in an Ar-filled glove 

box to collect the working electrode. It was then rinsed in dimethyl carbonate (DMC) to 

remove the electrolyte solution, and dried under vacuum at room temperature. The 

morphological observation and elemental analysis of the graphite negative electrode 

were conducted by Scanning Electron Microscope (SEM, S-4800, Hitachi High-Tech 

Corp.) and Energy Dispersive X-ray Spectroscopy (EDX, QUANTAX Flat QUAD 

System Xflash 5060FQ, Bruker ltd.). Acceleration voltage was set to 0.8 and 5.0 kV for 

SEM observation and EDX analysis, respectively. The composition of surface films on 

the graphite electrodes was also investigated by X-ray photoelectron spectroscopy (XPS, 

Qunatera SXM, ULVAC-PHI). In the XPS measurements, the acceleration voltage and 

the emission current of a monochromatic Al K  X-ray gun were set at 15 kV and 3 mA, 

respectively. The samples were transferred from an Ar-filled glove box to SEM-EDX 

and XPS instruments using special air-tight vessels without any exposure to air and 

moisture. 
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4.3. RESULTS AND DISCUSSION 

     Raman spectra were acquired to understand the solvation structures of electrolyte 

solutions (Figure 4.1). Free EC molecules and those solvating Li+ cations show its C-O 

stretching vibration mode at around 890 and 910 cm-1, which are represented as “Free” 

and “Solvating EC” in Figure 4.1 (b), respectively. The relative band intensity of 

“Solvating EC” to “Free EC” is almost the same for 1 mol/l LiPF6 and LiFSI electrolyte 

solutions, and hence they possess similar solvation structure. When LiBF4 is used as an 

electrolyte salt, the relative intensity of “Solvating EC” to “Free EC” is lower than those 

of the LiPF6 and LiFSI solutions, which suggests that the fraction of solvating EC 

molecules is smaller in the 1 mol/l LiBF4 electrolyte solution. This is because LiBF4 is 

less dissociative than LiPF6 and LiFSI23-25. The C-O stretching mode of free DEC 

molecules is observed at 905 cm-1, which is unfortunately superimposed on the C-O 

stretching mode of solvating EC. However, it does not severely affect the estimation of 

EC solvation because of the smaller Raman scattering coefficient of DEC than that of 

EC (Figure 4.2).  
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Figure 4.1 Raman spectra of (a) 1 mol/l LiPF6/EC+DEC(1:1 by vol.), 1 mol/l 
LiFSI/EC+DEC(1:1 by vol.), and  1 mol/l LiBF4/EC+DEC(1:1 by vol.), (b) the enlarged 
views of (b) C-O stretching mode region, and (c) anion and EC ring deformation mode 
region in (a). 
 

 

Figure 4.2 Raman spectra of EC, DEC, EC+DEC (1:1 by vol.) and 1mol/l LiPF6 
electrolyte solution (EC+DEC (1:1 by vol.)). 

 

Solvation structures of electrolyte solutions can be understood in more detail from 

Raman bands of counter anions. PF6
- anions give a single and symmetric spectral shape 

at 740 cm-1, which are attributable to free anions (solvated PF6
- anions) and/or those 
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with a SSIP structure in 1 mol/ l LiPF6 electrolyte solution, as was reported in the 

literatures10-12. S-N stretching vibration mode of FSI- anions in 1 mol/l LiFSI electrolyte 

solution shows Raman bands at 720, 730, and 740-760 cm-1, which are identified as 

SSIP, CIP, and aggregate structures, respectively26. Ring deformation mode of free EC 

molecules is observed at 715 cm-1 and that for solvating ones is at 728 cm-1 27,28. 

Accordingly, a band for an FSI- anion in a SSIP structure (720 cm-1) is observed 

between these two Raman bands. Moreover, a band for ring deformation of solvating 

EC (728 cm-1) overlaps with that for an FSI- anion in a CIP structure (730 cm-1). The 

relative peak intensity of 730 cm-1 to free EC (715 cm-1) for 1 mol/l LiFSI electrolyte 

solution is higher than that for 1 mol/l LiPF6 solution though these two electrolyte 

solutions possess almost the same solvation structure, as described above. Therefore, 

the Raman band at 730 cm-1 for 1 mol/l LiFSI electrolyte solution is ascribable not only 

to the ring deformation mode of solvating EC but also to the stretching mode of FSI- in 

CIP. These results indicate that FSI- anions with a CIP structure are also present in the 

LiFSI-containing electrolyte solution, in addition to free anions (solvated FSI- anion) 

and those with a SSIP structure. In the Raman spectra of 1 mol/l LiBF4 electrolyte 

solution, the B-F stretching vibration mode shows broad bands between 760 and 780 

cm-1, which suggests a mixture of SSIP, CIP and aggregate structures of LiBF4 at 762, 
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770 and 780 cm-1 respectively29. The relative area ratios of these peaks are evaluated to 

be 39, 55, and 6 % for SSIP, CIP, and aggregate structures, respectively (Figure 4.3). 

 

Figure 4.3 Raman spectra of the B-F symmetric stretching vibration band of 1 mol/l 
LiPF6/EC+DEC (1:1, by vol.), and peak separation analysis with three components of 
SSIP, CIP, and aggregate structures (Agg). 

 

The structure of solvates that were determined by Raman spectroscopy was 

optimized by DFT calculation. Solvation structures were modeled using DFT by a 

B3LYP density functional with a 6-311G+** basis set. Though B3LYP does not give 

completely accurate and geometrically relaxed structures like other theoretical 

calculations30, it is qualitatively valid to compare the calculated results with similar 

chemical structures. The geometrically relaxed structures were calculated using a 
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polarizable continuum model (PCM) where we hypothesized a continuous dielectric 

media with a dielectric constant ( ) of a solvent around the calculated solvation 

structure; that is, was set to 32 for EC+DEC systems in this study31. LiPF6 and LiFSI 

dissociate to form free Li+-(EC)4 ions and those with a SSIP structure in the 1 mol/l 

electrolyte solutions, as was proved from the Raman spectra in Figure 4.1. Hence, 4 EC 

molecules solvate a Li+ cation to form a Li+-(EC)4, and a PF6
- or FSI- anion exists in the 

vicinity of the solvate to form a SSIP structure (Figure 4.4 (a), (b), (c)). CIP structures 

are also formed in 1 mol/l LiFSI electrolyte solution, which has 3 (Figure 4.4 (d)) or 2 

EC molecules. On the other hand, 1 mol/l LiBF4 electrolyte solution contains CIP and 

aggregate structures as well as a SSIP structure, and hence three types of solvation 

structures were considered; one is SSIP in Figure 4.4 (e), and another is CIP of LiBF4 

with 3 (Figure 4.4 (f)) or 2 EC molecules. The other is Li2BF4
+ with an aggregate 

structure (Figure 4.4 (g)). All the calculated conformations are representatives for 

solvation structures, and there possibly exist slightly different conformation for them, 

whereas the difference in conformation does not affect the order of electron affinity 

(Figure 4.5).   
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Figure 4.4 Geometrically optimized solvation structures and their LUMO distribution of 
(a) EC-solvated Li cation, (b) SSIP of 4 EC + LiPF6, (c) SSIP of 4 EC + LiFSI, (d) CIP 
of 3 EC + LiFSI, (e) SSIP of 3 EC + LiBF4, (f) CIP of 3 EC + LiBF4, (g) Aggregate 
(Li2BF4

+), isosurface value for LUMO distribution is set to 0.02. 

 

Figure 4.5 Different conformers with aggregate structures. Electron affinity for different 
conformations of Li2BF4

+, which is models for aggregation, was calculated to check the 
effect of conformation on electron affinity. 

 

Electron affinity and LUMO distribution of solvates were calculated to evaluate 

the reductive stability and to elucidate the decomposition reaction pathways of them31. 

Reductive stability of electrolyte solutions is often discussed by LUMO energy level, 

but it depends on the basis function employed for theoretical calculation. On the other 
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hand, dependence of electron affinity on the basis set is low32-34, and in fact we have 

demonstrated that electron affinity can predict the reductive stability of LiPF6-

containing electrolyte solutions with different concentrations32. In addition, the spatial 

distribution of LUMO can indicate a decomposition pathway of the solvates because 

LUMO is anti-bonding molecular orbital which accepts an electron upon reduction. 

Electron affinity is summarized in Figure 4.6 and Table 4.1. In 1 mol/l LiPF6 

electrolyte solution, free Li+-(EC)4 ions and those with a SSIP structure are dominant, 

whose electron affinities are close to each other ranging from 39 to 41 kcal/mol. LUMO 

distributes on the EC molecules in a free Li+-(EC)4 ion (Figure 4.4 (a)), and both on PF6
- 

anion and EC molecules in a SSIP structure (Figure 4.4 (b)). These results suggest that 

reductive decomposition reactions should proceed through both EC ring opening and 

PF6
- anion decomposition. LiFSI-containing solvates with SSIP and CIP structures 

possess a quite high electron affinity about 85 - 88 kcal/mol, and LUMO distributes 

almost only on FSI- anion. Therefore, FSI- anions will reductively decompose in 

preference. 1 mol/l LiBF4 electrolyte solution has free Li+-(EC)4 ions, SSIP, CIP and 

aggregate structures. Electron affinity is relatively low for SSIP (25 kcal/mol), and 

increases as the number of EC molecules decreases; 39 - 42 kcal/mol for CIP, and the 

highest value of 48 kcal/mol for an aggregate structure. These values indicate that the 
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aggregate is reductively decomposed in preference to produce BF4
- anion-derived 

products. The other solvates, free Li+-(EC)4 ions and CIP, should be also subject to 

reductive decomposition because of only a slight difference in electron affinity and the 

relatively high proportion; the LUMO distributions in free Li+-(EC)4 ions (Figures 4.4 

(e)) and those with a CIP structure (Figures 4.4 (f)) suggest the preferential 

decomposition of EC molecules. 

 

 
Figure 4.6 Comparison of electron affinity of solvates. The solvent molecules used are 

EC.  
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Table 4.1  HOMO, LUMO, their gaps, and electron affinity of solvent and solvates. 

 

Species Solvation 
structure HOMO [eV] LUMO 

[eV] 
HOMO-LUMO  

[eV] 
Electron Affinity 

[kcal/mol] 
EC - -8.686  -0.005  8.68  34.7  
DEC - -8.275  0.166  8.44  27.5  
Li+-(EC)4 - -9.015  -0.604  8.41  41.3  

Li+ - EC4 - PF6
- SSIP -8.757  -0.528  8.23  39.4  

LiPF6 - EC3 CIP -8.915  -0.520  8.40  39.5  
LiPF6 - EC2 CIP -9.045  -0.588  8.46  44.2  
Li+ - EC4 - FSI- SSIP -8.291  -0.686  7.61  85.0  
LiFSI - EC3 CIP -8.514  -0.784  7.73  88.0  
LiFSI - EC2 CIP -8.808  -0.893  7.92  91.5  
Li+ - EC3 - BF4

- SSIP -8.664  -0.563  8.10  25.0  
LiBF4 - EC3 CIP -8.898  -0.512  8.39  39.7  
LiBF4 - EC2 CIP -8.958  -0.509  8.45  42.3  
Li2BF4

+ Aggregate -11.30  -0.963  10.34  47.9  

 

To verify the DFT prediction stated above, cyclic voltammetry was performed 

using Li | graphite cells (Figure 4.7). During the initial cathodic scan from 3.0 to 0.3 V, 

a broad cathodic current peak is observed at around 1.2 - 0.5 V for all the electrolyte 

solutions, indicating the reduction of electrolyte solutions accompanied by formation of 

SEI on the graphite negative electrode. 1 mol/l LiFSI electrolyte solution gives a peak at 

0.6 V (Figure 4.7 (b)), which would result from the decomposition of FSI- anion in SSIP 

and CIP structures because of their high electron affinities. Such a cathodic current is 
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not observed in the 2nd cycle, which suggests that a protective SEI can effectively form 

on the graphite surface and further decomposition reactions are suppressed below a 

voltage of 0.4 V. On the other hand, a continuous cathodic current was seen until 0.3 V 

in 1 mol/l LiBF4 electrolyte solution (Figure 4.7 (c)); the decomposition reaction 

proceeds until the lower voltages than that for other two electrolyte solutions. These 

results indicate that protective SEI cannot form facilely on graphite electrodes in the 

LiBF4-containing electrolyte solution. The SEI formation is followed by Li+ 

intercalation into the graphite at voltages ranging from 0.3 to 0.01 V. The strong 

cathodic current peaks correspond to the formation of stage structures of Li-graphite 

intercalation compounds. The anodic currents in the voltage range from 0.01 to 2 V are 

identified as de-intercalation reactions of Li+ cation from graphite.  
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Figure 4.7 Cyclic voltammograms of Li | graphite coin cells using EC + DEC (1 : 1 by 
vol.)-based electrolyte solutions with (a) 1 mol/l LiPF6, (b) 1 mol/l LiFSI, and 1 mol/l 
LiBF4. 

  

     SEM-EDX and XPS measurements were conducted after three CV cycles to prove 

the reaction pathway of SEI formation that is predicted by DFT calculations. SEM 

images and elemental distribution of fluoride and oxygen are shown in Figure 4.8. A 

uniform distribution of oxygen and particles including fluoride less than 500 nm in 

diameter are observed when LiPF6 is used as an electrolyte salt. Oxygen derives from 

the solvent decomposition and fluoride from the decomposition of PF6
-. Thus, both 

solvent and PF6
- anions decompose, as predicted from LUMO distribution, and these 

results are quite consistent with well-known reaction schemes shown below35.  

(4-1)  2 EC + 2 e- + 2 Li+  (CH2OCOOLi)2 + C2H4 

(4-2)  EC + 2 e- + 2 Li+  Li2CO3 + C2H4 

(4-3) PF6
- + 3Li+ + 2e-  3LiF + PF5 
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When LiFSI-containing electrolyte solution was used, particles containing 

fluoride have smaller sizes than those obtained for LiPF6-containing one and distributed 

more homogeneously on the graphite surface. Hence, these particles are formed through 

reductive decomposition of FSI- anions. In addition, uniform distribution of oxygen 

suggests that free Li+-(EC)4 ions should reach the graphite surface, and the EC 

molecules reductively decompose to form oxygen-containing precipitates, such as 

carbonate / carboxylate. 

Quite different results are obtained when LiBF4 is used as an electrolyte salt. A 

number of particles as large as 1 µm in diameter, containing fluoride and oxygen, are 

observed at the surface of graphite. The electron affinity and LUMO distribution do not 

predict the decomposed compounds containing both fluoride and oxygen; Li2BF4
+ 

aggregates release fluorine to form LiF, and EC molecules in free Li+-(EC)4 ions and 

CIP decompose to form oxygen-containing products. In addition, the concentration of 

fluoride in particulate deposits is quite high. Fluorine should be released from 

aggregates, but its atomic concentration (Figure 4.8 (c)) is quite higher than expected 

from the concentration of aggregates in the electrolyte solution (5%). These unexpected 

results appear to assert the invalidity of DFT calculations for LiBF4-containing 

electrolyte solutions.  
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Figure 4.8 (upper) SEM and EDX images of (middle) oxygen and (down) fluorine of 
graphite negative electrodes after three cycles in EC+DEC (1:1 by vol.) electrolyte 
solution containing (a) 1 mol/l LiPF6, (b) 1 mol/l LiFSI, and (c) 1 mol/l LiBF4 

 

To resolve the inconsistency between theoretical prediction and SEM-EDX 

results, a chemical structure of SEI on graphite electrodes after CV was further analyzed 

by XPS. C1s spectra for 1 mol/l LiPF6 and LiFSI electrolyte solutions were almost the 

same, indicating the formation of carbonate and carboxylate (Figure 4.9 (a)). These 

compounds derive from the reductive decomposition of EC, as predicted by DFT 

calculation of Li+-(EC)4 solvates in both electrolyte solutions and SSIP for the LiPF6. 
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On the other hand, C1s spectrum for 1 mol/l LiBF4-containing electrolyte solution has 

quite different features compared to the other two solutions; C=O and C-O peaks are 

mainly detected, while peaks identified as carbonate and carboxylate are very weak. 

These results suggest that the reductive decomposition of EC similarly occurs in 1 mol/l 

LiBF4 electrolyte solution, but the decomposition products are different from those 

obtained for the other two electrolyte solutions. 

Differences among the three electrolyte solutions are also observed in F1s spectra. 

As for LiPF6- and LiFSI-containing electrolyte solutions, LiF and a residue of 

electrolyte salts are detected. Of these two solutions, 1 mol/l LiFSI electrolyte solution 

gave a stronger signal of LiF on the graphite electrode surface (Figure 4.9 (b)). This is 

because the solvation structures with an FSI- anion possess a higher electron affinity. 

On the other hand, when LiBF4 was used, a very strong B-F signal is mainly observed 

with a relatively weak signal of LiF. In general, the solubility of LiBF4 to carbonate 

solvents is higher than that of LiPF6
36, while a larger amount of a residue exists on the 

graphite surface after rising with DMC; atomic concentration of fluorine (19.9% for 

F1s) is about 10 times larger than those for the other two electrolyte solutions, as shown 

in Table 4.2. Based on these results, the strong B-F signal does not simply derive from a 
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residue of LiBF4, but results from decomposed products that has a different chemical 

composition from LiBF4 and possesses the lower solubility in carbonate ester solvents. 

O1s spectra of graphite electrodes that are cycled in LiPF6- and LiFSI-containing 

electrolyte solutions are quite similar to one another, and the signals are attributed to 

organic compounds which mainly produced by solvent decomposition (Figure 4.10 (a)). 

As for the LiBF4 electrolyte solution, a B-O bond is clearly observed in O1s and B1s 

spectra (Figure 4.10 (b)) in addition to the organic compounds. Oxygen derives only 

from the solvent decomposition in the Li | graphite cell, and hence the product needs to 

react with LiBF4 to form a B-O bond. Based on the SEM-EDX images (Figure 4.8) and 

by considering the F1s and O1s spectra (Figure 4.9), the particulate precipitates on 

graphite electrodes should contain both B-O and B-F bonds.  

 
Figure 4.9 (a) C1s and (b) F1s spectra of graphite negative electrodes after the 3rd CV 
cycle. 
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Figure 4.10 (a) O1s and (b) B1s spectra of graphite negative electrodes after the 3rd CV 
cycle. 

 

Table 4.2 Surface atomic composition of graphite negative electrodes after three cycles 
between 2 and 0.01 V at 0.1 mV/s. 

 

Electron affinity and LUMO distribution predict that EC decomposition proceeds 

through CIP and/or free Li+-(EC)4 ions in 1 mol/l LiBF4 electrolyte solution to generate 

carbonate and carboxylate, as is the case in 1 mol/l LiPF6 and LiFSI electrolyte 
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  Li1s B1s C1s N1s O1s F1s P2p S2p Cl2p 

LiPF6 16.2 － 46.8 － 33.0 2.3 0.7 － 1.0 

LiFSI 15.7 － 44.3 1.5 33.3 1.6 － 2.7 0.9 

LiBF4 22.9 7.4 29.7 － 20.2 19.9 － － － 
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solutions. However, only a smaller amount of carbonate and carboxylate was detected 

and large particles containing F, O, and possibly B precipitated on the graphite surface. 

These results were not predicted by DFT calculations. Hence, subsequent reactions 

should be considered at a graphite electrode in 1 mol/l LiBF4 electrolyte solution. It is 

reported that LiBF4 decomposes to generate LiF and BF3 through the following reaction 

(4-4) 35,37 ;  

(4-4)  LiBF4  LiF + LixBFy and/or LiF + BF3 

 

Because BF3 is a highly reactive Lewis acid, it may easily react with Lewis bases, 

such as carbonate and carboxylate that dissolve in electrolyte solution and/or precipitate 

as SEI on the graphite surface. BF3 is known to form stable carbonate solvent adducts38, 

such as BF3-EC, BF3-DMC, and hence they can revert to LiBF4 and a solvent by the 

following reaction (4-5).  

(4-5)  LiF + BF3-solvent  LiBF4 + solvent 

Thus, the adducts are involved in equilibrium reactions, and BF3 does not attack and 

decompose solvent molecules in the above reactions. It is also reported that BF3 

irreversibly reacts with carbonate and carboxylate in SEI through the following 

reactions (6), (7), and (8)37. As these reactions proceed, BF3 is consumed to promote the 
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reaction (4), and as a result carbonate and carboxylate decompose to form LiF, various 

gaseous compounds, and methoxy radical in reactions (4-6) - (4-8). Methoxy 

compounds, such as lithium methoxide, are often pointed out as one of the reaction 

intermediates in the reductive decomposition process of electrolyte solutions. It causes 

further decomposition of a carbonate solvent to produce C-O, and C=O bond containing 

compounds, which was detected by XPS (Figure 4.9 (a))39,40. 

(4-6)  BF3 + Li2CO3  2 LiF + BOF +CO2 

(4-7) BF3 + (CH2OOOLi)2  2 LiF + BOF + CO2 + C2H4 + 1/2 O2 

(4-8) BF3 + CH3OOOLi  2 LiF + BOF + CO2 + CH3O･ 

BOF, boron fluoride oxide, is a gaseous compound, and hence the reactions (6) ~ 

(8) are one of the formation reactions of particulate compounds containing oxygen, 

fluoride, and a B-O bond. Chemical composition of these products is not clear, but they 

are likely to be inorganic materials, such as LiBxFyOz which is insoluble to carbonate 

solvents. Thus, carbonate and carboxylate in SEI are not stable in LiBF4-containing 

electrolyte solutions, and further decompose through acid-base reactions (6) ~ (8). The 

resultant coarse particles have a low protective capability as SEI, and therefore the 

decomposition reactions would continue interminably to increase the amount of 

precipitates.  
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The compositional change of SEI in 1 mol/l LiBF4 electrolyte solution is verified 

by electrochemical ac impedance measurements (Figure 4.11). The kinetics of lithium 

ion transfer between a graphite surface and an electrolyte solution is influenced by two 

factors; one is solvent species, and the other is the composition of SEI on graphite 

negative electrodes41,42. Because a mixture solvent system of EC and DEC (1:1, by vol.) 

is used commonly in this study, the impedance of lithium ion transfer depends on an 

SEI composition. Two semi-circles are observed in each Nyquist plot (Figure 4.11), 

assigned to a lithium ion transfer in SEI (RSEI), and lithium ion transfer at graphite 

interface (RCT). Lithium ion transport resistance in an electrolyte solution is determined 

at an intercept on a real axis of the semi-circle (designated as Rs). RSEI and RCT are 

evaluated by use of an equivalent circuit shown in Figure 4.11, and the fitting results are 

summarized in Table 4.3. 

 
Figure 4.11 Nyquist plots of Li | graphite cells at 0.2 V after the 1st and 3rd CV cycle. 
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Table 4.3 Fitting results of Nyquist plots shown in Figure 4.11. 

 

RSEI and RCT shows almost the same value after the initial CV cycle irrespective 

of electrolyte salt. These results indicate that SEI on the graphite surface possesses 

electrochemically similar characteristics. After two more cycles, the values of RSEI and 

RCT remain about the same for a LiPF6-containing electrolyte solution, and decrease a 

little bit for LiFSI. As for LiPF6, both the prediction by DFT calculation and the 

analyses by SEM-EDX and XPS consistently demonstrated the formation of LiF, 

carboxylate and carbonate. Such an inorganic/organic-component mixture flawlessly 

forms a protective SEI during the initial cycle, and thereby RSEI and RCT does not 

increase in Figure 4.11. On the other hand, the decrease in RSEI and RCT for 1 mol/l 

LiFSI electrolyte solution implies an increase in lithium-ion conductivity of SEI and 

that in an interfacial area for lithium ion transfer through SEI, respectively. FSI- anion 

with a higher electron affinity preferentially decompose to generate LiF, as proved by 

DFT calculation, SEM-EDX, and XPS, but the inorganic particles cannot form a dense 

protective film. Accordingly, in the subsequent cycles, the fragmentary SEI is put 

  1st cycle   3rd cycle 
  Rs (Ω) RSEI (Ω) RCT (Ω)   Rs (Ω) RSEI (Ω) RCT (Ω) 

LiPF6 4.2  4.3  10.8   5.5  4.0  8.1  
LiFSI 3.1  3.3  10.5   3.6  2.1  6.4  
LiBF4 5.0  2.5  8.6    6.2  6.7  53.4  
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together by the formation of organic compounds such as carbonate and carboxylate 

through further decomposition of EC molecules in free Li+-(EC)4 ions. In fact, solvent-

derived SEI shows higher lithium-ion conductivity than anion-derived one43. Thus, the 

formation of dense SEI during the first several cycles result in a gradual decrease in RSEI 

and RCT. Impedance drastically increases during three CV cycles when LiBF4 is used as 

an electrolyte salt, which is quite different behavior from those obtained for the other 

two electrolyte solutions. The increased RSEI would be ascribed to the loss of organic 

precipitates in SEI, such as carbonate and carboxylate, and the formation of inorganic 

LiF and LiBxFyOz particles by the reactions (6) ~ (8). Such a sparse inorganic-rich SEI 

should show low lithium ion conductivity, and have low protective capability. Hence, 

further decomposition of the electrolyte solution occurs to increase RSEI. In addition, 

these inorganic particles should cover the electrode active area to impede lithium ion 

transfer at an electrode/electrolyte solution interface. Therefore, both RSEI and RCT 

increased in the first three cycles in 1 mol/l LiBF4 electrolyte solution. Thus, the 

compositional change of SEI was deduced from the changes in resistance in this study, 

while calculation of the time evolution in SEI composition by AIMD would also be the 

most promising candidate to deduce and reveal it in the future44. 
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4.4. CONCLUSIONS 

The composition of SEI that forms on negative electrodes is predicted by 

theoretical calculation of solvates of which the solvation structure is determined 

experimentally. The resultant electron affinity and LUMO distribution are used to 

predict reduction reactivity and reduction sites, respectively, of the solvates which 

constitute the electrolyte solutions. These prediction on SEI are proved experimentally 

by morphological observation by SEM-EDX, chemical composition analyses by XPS, 

and electrochemical characterization by impedance spectroscopy. 1 mol/l LiPF6 and 

LiFSI electrolyte solutions form a surface film containing carboxylate, carbonate, and 

LiF, as is predicted by DFT calculation. On the other hand, as for 1 mol/l LiBF4 

electrolyte solution, the experimental results, including a specific increase in internal 

resistance of RSEI and RCT, can be explained by a theoretically predicted decomposition 

reaction followed by a subsequent acid-base reaction. Thus, the SEI formation 

mechanisms and its electrochemical properties are comprehensively understood by the 

appropriate combination of DFT prediction and experimental analyses at a laboratory 

level. These are quite effective approaches, and should be applicable to the effective 

survey of new electrolyte solvents, salts, additives, and their optimal concentrations. 
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Chapter 5 

 

General conclusions and publication list 

 

5.1 General conclusions 

In Chapter 2, we have established the qualitative and quantitative analysis of 

surface film formed on the electrode, and it was confirmed that those results can be 

correlated with electrochemical performance, such as irreversible capacity, and 

interfacial resistance. The charge and discharge performance of graphite negative and 

LiNi0.5Co0.2Mn0.3O2 (NCM523) positive electrodes in highly concentrated 4.45 mol/kg 

LiPF6/ PC electrolyte solution was investigated to clarify the chemical species in the 

surface film formed on both electrode surfaces, and compared with those obtained with 

conventional 1 mol/l LiPF6/ EC + DMC electrolyte solution. For the graphite negative 

electrode, the total electrons consumed to form surface film was well correlated with 

irreversible capacity, and total mole number and chemical species of the surface film 
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were also correlated with interfacial resistance. In the conventional electrolyte solution, 

the reductive decomposition of solvents progressed preferentially, while LiPF6 

decomposed to form surface film in the concentrated electrolyte solution. While both 

organic- and inorganic-based surface films can achieve high coulombic efficiency and 

high capacity retention over charge/discharge cycles, the inorganic-based surface film 

resulted in a significant increase in interfacial resistance. As for the NCM523 positive 

electrode in the concentrated electrolyte solution, the formation of inorganic-based 

surface film and a remarkable increase in interfacial resistance were observed clearly, as 

with the graphite electrode. However, there was no direct correlation among mole 

number of chemical species in surface films formed, their chemical composition and 

interfacial resistance. The increase in interfacial resistance is estimated due to the 

crystal structural changes proceeded at the surface of NCM523. 

In chapter 3, solid electrolyte interphase (SEI) formed on graphite in highly 

concentrated electrolyte solutions was thoroughly characterized by a combined 

experimental and computational study. The comprehensive understanding revealed that 

a chemical composition of SEI, as well as the chemical species unstable to reduction, 

can be predicted by a profound understanding of density functional theory (DFT) 

calculation results of the solvates containing a counter anion. Highly concentrated 



134 
 

LiPF6/carbonate ester electrolyte solutions were prepared using two kinds of carbonate 

ester solvents to obtain quite different types of SEI and different charge/discharge 

behavior of graphite negative electrodes. The solvation structures were determined by 

Raman spectroscopy to evaluate electron affinity and LUMO of the solvates containing 

a PF6
- anion by DFT calculation. The chemical composition of SEI was quantitatively 

analyzed by X-ray photoelectron spectroscopy (XPS), and the results were consistent 

with a prediction based on the calculation. In addition, the stability of the SEI against 

reduction was clarified by correlating the chemical composition with the 

charge/discharge behavior. These results indicate that electrolyte solutions can be 

efficiently designed by predicting the physicochemical properties of SEI through the 

more effective utilization of DFT calculation. 

In chapter 4, we have tried to verify the validity of the approaches established in 

chapter 2 and 3. Here, we have applied them to confirm the dependence on electrolyte 

salts. Solvation structures of ethylene carbonate (EC)-based electrolyte solutions 

containing 1 mol/l LiPF6, LiN(SO2F)2 (LiFSI), or LiBF4 are experimentally determined, 

and their electron affinity and LUMO distribution are calculated by Density Functional 

Theory (DFT). The stability of electrolyte solutions against reduction can be evaluated 

using electron affinity of the solvates, and the formation mechanism of solid electrolyte 
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interphase (SEI) can be predicted by their LUMO distributions. The calculation results 

suggest that 1 mol/l LiPF6 and LiFSI electrolyte solutions should form SEI consisting of 

carbonate and carboxylate which derives from solvent decomposition, and LiF 

originating from anion decomposition. These predictions are verified experimentally by 

SEM-EDX and XPS measurements. On the other hand, intriguingly, the reductive 

decomposition of 1 mol/l LiBF4 electrolyte solution does not simply proceed as 

theoretically predicted, and the subsequent reactions of SEI need to be considered; 

further decomposition of the organic SEI and formation of inorganic particles 

containing lithium, fluoride, oxygen, and boron. These results are consistent with an 

increase in resistances of SEI and interfacial lithium ion transfer at graphite negative 

electrode. Thus, a combination of DFT prediction and experimental analysis is proved 

to be a effective approach to reveal SEI formation mechanisms, and can be utilized as a 

versatile approach to develop new solvents, electrolyte salts, and additives, and to 

design electrolyte solutions with appropriate concentration. 
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5.2 Future perspectives 

In this study, the reduction and decomposition reactions that proceed at the 

negative electrode were mainly investigated, and it was shown that a combination of 

experiments and theoretical calculations can provide a lot of insight on the reaction at 

the interphase of electrolyte solution and electrodes. It is expected that the oxidative 

stability and reaction mechanism of electrolyte solutions at the positive electrode should 

be estimated using similar approaches. In Chapter 2, we have shown that extraction and 

surface analyses conducted on negative electrodes can be performed experimentally also 

on positive electrode, and it will be interesting to interpret the results combining with 

theoretical calculations. Here, it is necessary to predict oxidation stability using 

ionization potentials rather than electron affinity used for reduction stability. In the 

same way, other solvents than carbonate, such as ethers and sulfones, which have been 

difficult to put into practical use in conventional electrolytes, can also be the target to be 

studied. By analyzing the solvation structure and estimating its chemical stability, we 

believe it will be possible to get many insights on the reactions that proceed at the 

interface between the electrode and the electrolyte. 
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