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ABSTRACT 

This study investigates the availability of lithium (Li) imide salt based electrolytes for lithium ion batter-

ies (LIBs) and lithium metal batteries (LMBs) and the role of imide electrolytes on the interfacial reactions 

with electrodes. Li imide salts such as lithium bis(flourosulfonyl)imide (LiFSI) and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) are the promising candidate for LIBs and LMBs as compared 

with the widely used Li salt, lithium hexafluorophosphate (LiPF6) due to its improved solubility, thermal sta-

bility, HF contamination resistivity and comparable ionic conductivity. 

I firstly study the suitability of Li imide electrolytes in LIBs which consist of two electrodes, Li metal 

oxide cathode and graphite anode. In terms of graphite/electrolyte, it has been reported that Li imide electro-

lyte presents slightly/far better electrochemical performances at ambient/elevated temperature, resulting from 

reduced internal charge transfer resistance and thermally stable solid electrolyte interphase (SEI) formation on 

graphite/electrolyte interface.  

However, a severe corrosion issue of aluminum (Al) cathode current collector is a bottleneck for the use 

of Li imide salt with cathodes. Through a systematic comparison of Al corrosion behavior in the electrolyte 

with Li imide salt and various borate Li salt additives, Al corrosion is largely suppressed by the addition of 

those additives and the inhibition ability is revealed to be in the following order: lithium difluo-

ro(oxalato)borate (LiDFOB) > lithium tetrafluoroborate (LiBF4) ≈ LiPF6 > lithium bis(oxalato)borate. Particu-

larly, the corrosion inhibition ability of Li imide electrolyte with LiDFOB additive is comparable to Al corro-

sion-free LiPF6 electrolyte. As evidenced by X-ray photoelectron spectroscopy (XPS), such superior inhibition 

ability is attributed to the formation of a passive layer which consists of Al-F, Al2O3, and B-O species on 
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Al/electrolyte interface. A LiCoO2/graphite cell with 0.8 M LiFSI+0.2 M LiDFOB electrolyte exhibits a rate 

capability comparable to a cell with 1 M LiPF6 solution, whereas a cell with 0.8 M LiFSI solution without 

LiDFOB suffers from poor power performance resulting from severe Al corrosion. 

Li imide electrolytes feature comparable/better advantages in LIBs by prevention of Al corrosion. How-

ever, it is still insufficient to satisfy an urgent need in energy market demands. Thus, Li metal anode can pos-

sibly be a good candidate of graphite owing to its high theoretical capacity and low redox potential after suc-

cess of addressing issues such as low Li coulombic efficiency (CE) and dendrite formation. Recently, Li imide 

electrolytes were introduced with a non-coordinating fluorinated ether. However, very little is known about 

the performance of LHCEs under harsh temperature conditions. I investigate glyme-based LHCE over a wide 

temperature range (5−60 °C) with a focus on the beneficial role of the fluorinated ether. Compared to 4 M 

LiFSI dimethoxyethane (gHCE), 1 M LiFSI dimethoxyethane/fluorinated ether (gLHCE) displays improved 

physicochemical properties, good wettability toward polyethylene separators, and non-flammability due to the 

advantageous character of the fluorinated ether. In-depth analysis confirms that in gLHCE, most FSI-anions 

exist as contact ion pairs and agglomerates, leading to an inorganic-rich solid electrolyte interphase on the Li 

anode that mitigates the side reactions with the electrolyte and facilitates the interfacial charge transport. The 

formidable advantages of gLHCE enable an excellent Li cycling behavior and long-term stability of FeS2/Li 

and anode-free LiFePO4/Cu cells over 5−60 °C. 

Lastly, the superior rate capability of HCEs and LHCEs is scrutinized in comparison with conventional 

diluted electrolyte (DE). In LiCoO2/Li rate test, LiFSI-DMC based DE, HCE, and LHCE are compared at var-

ious discharge rates from 0.2C to 20C. Although discharge capacity retentions of LiCoO2/Li cells with HCE 

and LHCE are higher than the capacity retention of DE up to 10C, the capacity retention of HCE is drastically 

decreased at 15C, and eventually the capacity retention of HCE becomes lower than DE. Meanwhile, LHCE 

features great capacity retention after 15C as compared with HCE. The electrochemical impedance spectros-

copy (EIS) study reveals that HCE enables the lower charge transfer resistance (Rct) at LiCoO2/electrolyte 

interface. However, during ultrafast discharge, the ohmic resistance and ion transport resistance in the elec-

trode pores (Rsol and Rion) and concentration overpotential (ηconc) affect the cell performance to a higher extent 
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than the discharge process at low/moderate rates. Thus, LHCE is found to exhibit the highest rate capability 

due to the facile charge transfer (from lower activation energy for charge transfer and lower viscosity) and 

better mass transport (from better ionic conductivity and quite lower viscosity than HCE). 

This study indicates that the availability of electrolytes for batteries is not determined by only its physi-

cochemical natures, but it should be considered comprehensively with the nature of electrodes and interphase 

properties at electrode/electrolyte interface which can affect ionic and charge transport. 

 

 

Keywords: lithium bis(fluorosulfonyl)imide (LiFSI), lithium ion batteries, lithium metal batteries, passive 

layer, solid electrolyte interphase (SEI), interface 
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between 1.0 and 2.6 V. Cycling at 5 °C and 60 °C was performed at a 0.5 C constant current 

between 1.0 and 2.6 V after the cells were cycled three times at 25 °C with a 0.2 C constant 

current. 

Fig. 4.15 Specific capacity of the LFP/Cu cells with gHCE and gLHCE at (a) 5 °C, (c) 25 °C, 

and (e) 60 °C. Voltage profiles at the 4th and 100th (50th) cycles for the LFP/Cu cells with gHCE 

and gLHCE at (b) 5 °C, (d) 25 °C, and (f) 60 °C. Cycling at 25 °C was performed at a 0.2 C 

constant current between 2.8 and 3.8 V. Cycling at 5 °C and 60 °C was performed at a 0.5 C 

constant current between 2.8 and 3.8 V after the cells were cycled three times at 25 °C with a 

0.2 C constant current. 

Fig 4.16 Nyquist plots of the Li/Li cells with (a) gHCE and (b) gLHCE over 5−55 °C measured 

at a state-of-charge (SOC) 50. The Li/Li cells were cycled 3 times before the impedance meas-

urements. (c) An equivalent circuit for fitting of impedance data. (d) Arrhenius plots of the 

charge transfer resistance (Rct) for Li/Li cells with gHCE and gLHCE. Li deposition/dissolution 

capacity for the formation process was 1.0 mAh cm–2 at a current density of 0.2 mA cm–2. The 

experimental spectra were plotted as solid dots and the best-fitted data were solid lines. The pa-
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rameters, RS, RSEI, Rct, QSEI, Qct, and QD were determined by the curve fitting with the equiva-

lent circuit (Fig. 4.16c). QSEI and Qct are the constant phase elements (CPEs) coupled with RSEI 

and Rct, respectively. QD represents the finite diffusion of a Warberg element [45, 46].  

Fig. 5.1 Charge/discharge profiles of graphite/Li cells with 4.2 M LiTFSI-AN solution. The 

charge/discharge rate is 0.1C[1].  

Fig. 5.2 (a) Lithium intercalation voltage profiles of graphite/Li cells at various C-rates from 

0.05C to 2C. (b) Lithium deintercalation capacity of graphite/Li cells at various C-rates from 

0.05C to 5C. The current density during charge and discharge was set to the same C-rate and 

the cells were charged/discharged with only constant current mode[1].  

Fig. 5.3 Scheme for the types of resistance caused by the overpotential in the cells with porous 

electrodes. The ionic resistance in electrode pores (Rion) should be considered in the porous 

electrodes[2].  

Fig. 5.4 The effect of overpotentials in the electrochemical performance of the cells, adapted 

from the handouts of the “Electrochemistry” class. ηohm, ηion, and ηct affect at the early stage of 

discharge process due to the rapid time-scale of ionic conduction and charge transfer reactions 

while ηct significantly reduces the electrochemical performance at the late time of discharge 

process due to the cumulative concentration gradient.  

Fig. 5.5 Nyquist plots of LiNiO2 cathode symmetric cells in the conventional electrolyte at 20 

oC: (a) SOC 0, and (b) SOC 50. The solid lines are the best-fitted results from the equivalent 

circuit[3].  

Fig. 5.6 Illustration of concentration cell configuration. Li metal immersed in DE-filled glass 
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tube with porous vycor tip is a reference electrode, and the other Li metal is immersed in HCE 

or LHCE-filled beaker as a working electrode. EMFs between two Li metals were measured by 

a portable digital voltmeter.  

Fig. 5.7 (a) Ionic conductivities of DE, HCE, and LHCE at various temperatures. (b) Vogel-

Tammann-Fulcher (VTF) plots of ionic conduction for DE, HCE, and LHCE. Solid lines de-

note the best-fitting results of the VTF equation.  

Fig. 5.8 CVs of Al electrodes at the first, second, and third cycle in DE, HCE, and LHCE. The 

current density decreases in the subsequent cycles after first cycle, which indicates the passive 

film layer is formed on the Al electrodes.  

Fig. 5.9 The discharge capacity of LCO/Li cells with DE, HCE, and LHCE at various C-rates 

from 0.2C to 20C. 

Fig 5.10 Voltage profiles of LCO/Li cells at 0.2C, 5C, 10C, and 20C with DE, HCE, and 

LHCE.  

Fig. 5.11 Nyquist plots of LCO/LCO symmetric cells at SOC 50 for DE, HCE, and LHCE. 

Left and middle are expanded view of right plot. Each resistance is described as a bar with var-

ious length and thickness in Nyquist plots and accumulated column bar graph.  

Fig. 5.12 Arrhenius plots for Ea
ct of HCE and LHCE. The solid lines are the best-fitted result 

from the equivalent circuit in Fig. 4.16c.  

Fig. 5.13 Voltage profiles of LCO/Li cells at 5C with DE, HCE, and LHCE using CC only and 

GITT method. The intermittent rest time is 20 min. 
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I. INTRODUCTION  

 
Current Li-ion batteries (LIBs) are forced to achieve both higher energy density and extreme long-term 

stability for the reliable operation of IT devices and electric vehicles [1−4]. Most of the current LIBs are em-

ploying lithium hexafluorophosphate (LiPF6)-based electrolytes due to high ionic conductivity, decent safety, 

and innate immunity to aluminum (Al) current collectors [5]. Nevertheless, LiPF6 electrolytes are inevitably 

contaminated by hydrogen fluoride (HF), a byproduct of LiPF6 hydrolysis, which facilitates metal dissolution 

from cathode materials [6, 7] and exacerbates unwanted side reactions at the anode side [8]. 

As an alternative candidate to LiPF6, lithium bis(fluorosulfonyl)imide (LiFSI) has been reported to ex-

hibit comparable or higher ionic conductivity to LiPF6 while maintaining HF-free nature, which suggests that 

LiFSI can offer both the superior energy density and long-term stability of LIBs [9, 10]. LiFSI, however, is sub-

jected to severe corrosion of Al current collector [10, 11], a common chronic issue of lithium imide salts [1, 12]. 

To mitigate Al corrosion issue of LiFSI salt, thus, I performed a systematic comparison on the inhibition 

effects of Li-borate (LiBF4, LiDFOB, and LiBOB) and LiPF6 additives on Al corrosion in LiFSI EC/DEC 

(3/7, v/v) solutions. Among the additives, LiDFOB was revealed to be the most efficient inhibitor of Al corro-

sion in LiFSI-based electrolytes. The Al corrosion behavior in 0.8 M LiFSI+0.2 M LiDFOB was determined 

to be comparable to that of 1 M LiPF6 solution, an Al corrosion-immune medium. The excellent inhibition 

ability of LiDFOB additive was further examined using the X-ray photoelectron spectroscopy (XPS) analysis 

of the Al surface layer and was also confirmed through the rate capability/electrochemical impedance spec-

troscopy (EIS) measurements of LiCoO2 cells. 

Yet, these solutions for LiFSI electrolyte in LIBs are still insufficient to accomplish the improvement on 

the cell performances for rapidly increased demand on higher energy density in the batteries markets. There is 

an urgent need to replace current LIBs with Li metal batteries (LMBs) to exploit the high theoretical capacity 

(3860 mAh g–1) and low redox potential (–3.0 V vs. NHE) of the Li metal anode. However, the Li anode suf-

fers from poor cyclability due to low Coulombic efficiency (CE) and severe Li dendrite formation. 

In the previous reports, high-concentration electrolytes (HCEs) containing unconventionally high salt 
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content were introduced to resolve the aforementioned issues of the Li anode. HCEs feature critical ad-

vantages, including enhanced electrochemical stability and dendrite-free Li deposition with high CE [13−24]. 

Nevertheless, HCEs face several critical issues, including high salt concentration, high material cost, and high 

viscosity. 

Recently, localized high-concentration electrolytes (LHCEs) employing diluent co-solvents that hardly 

solvate Li-ions were thus introduced to address the drawbacks of HCEs [25−28]. Compared to the case with 

HCEs, LHCEs exhibit markedly low viscosity, which improves their ionic conductivity and wettability at am-

bient temperature. Despite their immense potential, LHCEs, however, have not been fully exploited. In partic-

ular, the possible benefits of LHCEs under harsh temperature conditions, which would drive LMBs closer to 

practical applications, are scarcely examined [25]. Moreover, the influence of the main solvent and co-solvent 

on the overall properties of LHCEs needs to be further elucidated. 

I investigated glyme-based HCE and LHCE over the temperature range relevant to practical applications 

(5−60 °C). A representative HCE consisting of a glyme solvent (1,2-dimethoxyethane, DME) with 4 M LiFSI 

(hereinafter denoted as gHCE) [14] was employed. DME and 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl 

ether (TTE) (1/2, v/v) with 1 M LiFSI was selected as a model LHCE (hereinafter denoted as gLHCE). It is 

found that compared to the case with gHCE, gLHCE enables stable Li cycling with a high Li CE at 5 °C, 

25 °C, and 60 °C. As evidenced by XPS and Raman spectroscopy, the beneficial impact of gLHCE was as-

cribed to increased fractions of ion pairs and agglomerates, which can help to derive an inorganic-rich solid 

electrolyte interphase (SEI) on the Li anode. Finally, it was confirmed that gLHCE markedly improves the 

long-term cyclability and rate capability of FeS2/Li and anode-free LiFePO4 (LFP)/Cu cells over 5−60 °C. 

Also, it has been reported that HCEs exhibited excellent capacity retention at high charge/discharge rate, 

contrast to the belief that such viscous electrolyte exhibits poor electrochemical performances as compared to 

the conventional electrolytes with high ionic conductivity and low viscosity. Nevertheless, the exact reason for 

excellent rate capability of HCEs still remains elusive.  

To assess the relation between the characteristics of the electrolyte and the rate capability of cells, LiFSI-

DMC DE, HCE, and LHCEs are utilized with electrochemical techniques including EIS, electromotive force 
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(EMF) of concentration cells, and galvanostatic intermittent titration technique (GITT). 
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II. THEORY 

 

2.1 Electrochemistry 

The electrochemistry theory is excellently presented in the book “ELECTROCHEMICAL METH-

ODS, Fundamentals and Applications” by Allen J. Bard and Larry R. Faulkner [1] and the handouts of the 

“Electrochemistry” course by Hochun Lee in DGIST. Here is a summary of the most important aspects of 

this paper. 

 

2.1.1 Electromotive Force 

The term electromotive force (EMF), was introduced to describe the force that the current flows 

through a conductor in a closed loop in the early 1800s. This can come from many sources, but for the 

scope of this paper only describes in terms of galvanic cells. In the case of galvanic cells, Faraday as-

sumed that the chemical reactions taking place at the electrodes are the `seat of the EMF', i.e. these reac-

tions induce currents. The term is used to describe the cell potential, E, of a battery system. This is meas-

ured in volts (V) where the SI unit is Joule/Coulomb (J/C=[kgm2/s3A]). When the total reaction occurs in 

an electrochemical cell with negative △G (−△G), it is termed a galvanic cell and the corresponding EMF 

of that reaction would be; 

                                       (2.1) 

where n is the charge transfer in a reaction and nF is the total charge, in C (coulomb), produced per M 

(mol).  

 

2.1.2 Electrode Potential 

A total reaction can be divided to at least two reactions in an electrochemical cell, one happening at 

the positive electrode (the cathode), and the other happening at the negative electrode (the anode). By 
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convention, these reactions are used as reduction reactions and the corresponding electrode potentials are 

associated with each of these reactions. The electrode potential cannot be measured in absolute quantity, 

but is always measured relative to a reference electrode, such as SHE (standard hydrogen electrode), the 

reaction of H+/½H2. 

For example, for the potential of lithium we have the reaction 

Li+ + e− → Li(s)                               (2.2) 

where the electrode potential (E) at standard conditions is −3.00 V vs. SHE. When Li+/Li itself is used as 

a reference in a Li-ion battery system, E of this reaction is 0.0 V.  

For most reactions, standard electrode potential (E0) has been defined. The actual electrode potential 

of a reaction usually differs from E0, and several factors influences the actual electrode potential, such as; 

concentration, solvent and temperature. These factors are summarized in the literature as activity (a) and 

the corresponding electrode potential is 

                           (2.3) 

where aO and aR denotes the activity of the oxidation and reduction, respectively.  

The total EMF at zero current, also called the open circuit voltage (OCV) of a galvanic cell would 

then be 

E = Ea – Ec                                (2.4) 

where Ea and Ec denotes the electrode potential of the anode and the cathode, respectively. In this paper, 

the activity of a given specie will not be discussed, since only electrode potentials of systems are being in-

vestigated.  

 

2.1.3 Energy Storage 

The energy of a galvanic cell is operated by having two reactants separated by a media with low 

voltage and high voltage. The energy will be released after an electronic pathway is created between the 



- 8 - 
 

reactants completing the circuit. Fig. 2.1 shows a general overview of a galvanic cells (△Gc < △Ga and Ec 

> Ea). The total cell potential of this cell is E=Ec−Ea. The electrons are released through the external cir-

cuit as the chemical reaction of electrical work. 

 

 

Fig. 2.1 A general overview of a galvanic cell. 

 

The total amount of charge that can be stored depends directly on the amount of electrode material in 

the battery. 

 

2.2 Battery Theory 

A battery generally refers to one or more electrochemical cells capable of storing chemical energy 

and releasing it as electrical energy. They are divided into two types (primary and secondary batteries). 

Primary batteries are commonly known as disposable batteries. It is based on irreversible electrochemical 

reactions and should be replaced after one discharge. These types of batteries include very common alka-

line batteries and more speculative zinc/air batteries. However, secondary batteries are composed of re-

versible cells and are also referred to as rechargeable batteries. Common types of secondary batteries in-

clude lithium-ion, lead-acid, and nickel-metal hydride batteries. 
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Fig. 2.2 Comparison of the different battery technologies in terms of volumetric and gravimetric energy densi-

ty.[2] 

 

2.3 Lithium Batteries 

The normal operation of a lithium-ion batteries will be a good basis for the understanding of re-

chargeable batteries. Fig. 2.2 shows a typical lithium-ion cell which contains three basic elements: the an-

ode, the cathode and the electrolyte. In most modern batteries, a porous membrane is also present between 

the anode and the cathode to eliminate the possibility of electronic short-circuit, minimize the electrolyte 

usage and increase the structural integrity of the batteries. The anode and cathode are the negative and 

positive electrodes, respectively, meaning that upon discharge, electrons and cations w from the anode to 

the cathode. Connecting the electrodes to the complete circuit is what is collectively called current collec-

tors.  
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Fig. 2.3 Schematic of a general Li-ion battery cell with cathode (ex. LiCoO2), anode (ex. C6) and electro-

lyte. The electrons in the external circuit is driven by a voltage source on charge and performs work on 

discharge. Adapted from the handouts of the “Electrochemistry” class. 

 

Li-ion batteries are a so-called structural or ion-transfer batteries, meaning that they have a structure 

that allows ions to enter and exit the electrode material in the process called intercalation. When the Li-ion 

battery is charged, Li-ions are de-intercalated from the cathode, through the electrolyte and onto, or into, 

the anode. When the Li-ions flow out of the cathode, the cathode material itself must be oxidized to sup-

ply the charge. For example, for a LiCoO2 cathode, one Co ion should be oxidized from +III to +IV for all 

Li ions leaving the structure. This occurs at an electrode potential of about 3.8 V (vs. Li). At the other end, 

in the anode, Li ions are reduced to Li atoms. When the anode is pure Li metal, it happens at the electrode 

potential of Li+/Li, 0 V (vs. Li). If a more commonly used graphite anode is used, the reduction occurs at a 

slightly higher potential than Li metal, around 0.1−0.3 V (vs. Li). The overall applied voltage should be 

higher than the combined voltage required to reduce Li ions and oxidize cathode material due to the over-

potential. So for example, a standard cell with a LiCoO2 cathode and a graphite anode has an approximate 
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voltage of 0 V − −3.8 V = 3.8 V using the Equation 2.4. This voltage is influenced by various factors such 

as the electrolyte, the state of charge (SOC) and etc. 

The last ion removed from the cathode requires much more energy than the initial ion and the oxida-

tion voltage increases. Furthermore, as the graphite is more intercalated, the reduction potential of Li-ions 

in graphite drops towards the electrode potential of Li+/Li and further increases the total voltage. 

 

2.3.1 Anode Materials 

Anode material is the material that stores the reduced lithium atom. The performance of the electrode 

is affected by several factors: (1) the voltage to store lithium, (2) the kinetics of electron transfer, (3) the 

ability to store lithium, (4) the available surface area, and (5) the structural integrity of the material. 

 

2.3.1.1 Metal 

The most obvious choice for an anode of LIB system is pure Li metal. This is the densest material of 

the Li atoms and the reduction potential for Li+/Li is zero (0) V. There was a limit to the use of pure Li 

metal in consumer products. Li re-deposition is inherently difficult because the best electrolytes for a LIB 

creates an SEI-layer on the electrodes. The redeposited Li has been shown to grow dendritic structures, 

which ultimately pose a risk of short-circuit and explosion [3]. This dendrite is created by the uneven re-

deposition of the metal. During cycling, the elevated structure of the metal will have a higher current den-

sity than the lower part, so more metal will be deposited on the elevated structure. This is a self-

reinforcing mechanism that promotes the growth of the dendrites. The reactivity of dendrites in water and 

air is also very high and dangerous for use in consumer products. 

 

2.3.1.2 Graphite 

The most common anode material is carbon in the form of graphite. The average reduction potential 

for Li+ in graphite is 50–250 mV versus Li+/Li. This reduces the energy and power output by slightly re-

ducing the overall battery voltage, but the cyclability and stability of graphite is much greater than the Li 
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metal anodes that overcome the drawback of the voltage reduction. The charging of these materials is 

based on intercalation, which means that the material does not alloy with Li and stores only Li atoms be-

tween the graphene sheets. The fully lithiated graphite generally represented by the formula LiC6, which 

stores one Li atom per six C atoms (Li+ + C6 → LiC6), and the theoretical gravimetric capacity is 372 

mAh/g. 

 

2.3.2 Electrolytes 

The electrolyte consists of two parts, a solvent and a Li-containing salt. 

 

2.3.2.1 Salt 

There are three main factors that determine the choice of salt; Conductivity, chemical and thermal 

stability and toxicity. To achieve high conductivity, it is important that the salt completely dissociates and 

dissolves, and that the solvated ions, especially the Li cations, have high mobility. Multiple electrolyte 

salts can be used in LIBs, among others, LiBF4, LiClO4, LiAsF6, LiFSI, LiPF6, and etc. 

 

2.3.2.2 Solvent 

Since Li and the Li salts have high reactivity to water, organic solvents should be used and several 

factors, such as salt, determines the choice of solvent. The primary selecting factor is that it needs to be 

polar to dissolve sufficient amounts of lithium salts, such as organic compounds with either carbonyl 

groups, nitrile groups, sulfonyl groups or ether-linkages. In addition, it should exhibit high stability, both 

thermally and electrochemically, and as LIBs often operate at voltage differences of up to 4.5 V it requires 

a wide operating voltage. Finally, the composition of the solvent also determines the composition of the 

SEI layer. 

Ethylene carbonate (EC) was used for the first time as a battery co-solvent by Elliot (1964) due to its 

low viscosity and high dielectric constant. Until the early 1970s, it was considered unusable for the pur-

pose due to its high melting point (ca. 36 °C) when it was found that a co-solvent would lower the melting 
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point and after Sony's initial launch of LIBs (1993), it was found that mixing EC with a linear carbonate 

would provide the required electrochemical and temperature window [4]. Linear carbonates such as dime-

thyl carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate (DEC) have proved a good 

match and most batteries uses a 1:1 or a 3:7 mixture of EC:linear cabonate as the solvent. 

 

Table 2.1 Properties of commonly used solvents in LIBs. All data from the handouts of the “Electrochemis-

try” class. 

 EC DMC EMC DEC 

Molecular weight 88.07 90.08 104.11 118.13 

Boiling point (℃) 244 90 107 126 

Melting point (℃) 39 0.5 -55 -74 

Density 1.32 1.07 1.007 0.975 

Dielectric constant 90 3.1 2.8 2.8 

Viscosity (cP) 1.92 (40℃) 0.625 (20℃) 0.665 (25℃) 0.736 (25℃) 

 

 

2.3.3 Solid Electrolyte Interphase (SEI) 

Li metal anodes are known to react with both liquid and polymer electrolytes and are covered with a 

passive film that delays Li corrosion and decomposition of the electrolyte. This film is called solid electro-

lyte interphase (SEI) because it acts an interface between the anode and the electrolyte. The SEI thickness 

is limited by the electron tunneling range because this film is electronically non-conductive and electrons 

are required for the decomposition and deposition of the SEI[5]. The film is conductive for Li ions, but has 

a certain resistivity, so a very thick SEI layer can increase cell resistance. In a normal LIBs, the SEI layer 

is formed on the anode (Li or graphite) electrodes when Li ions is first applied to the anode during the first 

charge. The chemistry of SEI layer formation is inherently complex and not well understood. The SEI 
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composition is not fully understood but it generally consists of decomposed electrolyte, solvent and salt. 

Generally, the SEI layer contains LiPF6, LiF, Li2O, Li2CO3, (CH2OCO2Li)2, and ROCO2Li[6]. 

 

2.3.4 Additives 

Use of electrolyte additive is one of the most effective and economic methods for the improvement 

of Li-ion battery performance. Usually, the amount of an additive in the electrolyte is no more than 5% 

either by weight or by volume while its presence significantly improves the cycle life and rate perfor-

mance of Li-ion batteries. For better LIBs performance the additives are able to: (1) facilitate formation 

of SEI on the surface of graphite. (2) reduce irreversible capacity and gas generation for the SEI for-

mation and long-term cycling, (3) enhance thermal stability of LiPF6 against the organic electrolyte sol-

vents, (4) protect cathode material from dissolution, and (5) improve physical properties of the electro-

lyte such as ionic conductivity, viscosity, wettability to the polyolefin separator, and so forth. For better 

battery safety, the additives are able to: (1) lower flammability of organic electrolytes, (2) provide over-

charge protection or increase overcharge tolerance, and (3) terminate battery operation in abuse condi-

tions.  

 

2.3.5 Cathode Materials 

Cathodes in a secondary LIBs are so-called intercalation cathodes. The cathode material is a crystal 

structure containing lithium, which is one of the main components. The key factors for cathode materials 

are high ionic conductivity of Li, high electronic conductivity, favorable volume expansion at discharge, 

high energy density, and excess tension remaining in the structure when Li ions are removed from the 

structure. As you can see, the high ionic conductivity and electronic conductivity of the cathode are very 

important for the charging rate. For each Li ion de-intercalated in the structure, electrons must move from 

the cathode material to the current collector to complete the charge balance. This is significant because 

many of the best cathode materials are very poor electronic conductors. The electronic conductivity is in-

creased by adding small amounts of electrical conductors, such as carbon black, to the cathode in most 
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commercial LIBs. When Li ions are de-intercalated from the cathode material, the internal stress of the 

structure increases for two reasons. First, the residual ions must be oxidized to balance the charge and 

change the extent of the electron orbitals of these ions. Second, the space previously occupied by a Li ion 

is now a defect, for which the structure itself must compensate for this. 

 

 

Fig. 2.4 Voltage versus capacity for cathode- and anode-electrode materials presently used or under serious 

considerations for the next generation of rechargeable Li-based cells[2]. 
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III. Comparative study on lithium borates as corrosion inhibitors of alu-

minum current collector in lithium bis(fluorosulfonyl)imide electrolytes 

 

3.1 Introduction 

Nowadays, Li-ion batteries (LIBs) are forced to achieve both higher energy density and extreme long-

term stability for the reliable operation of IT devices and electric vehicles [1−4].  Most of the current LIBs are 

employing lithium hexafluorophosphate (LiPF6)-based electrolytes due to high ionic conductivity, decent safe-

ty, and innate immunity to aluminum (Al) current collectors [5]. Nevertheless, LiPF6 electrolytes are inevitably 

contaminated by hydrogen fluoride (HF), a byproduct of LiPF6 hydrolysis, which facilitates metal dissolution 

from cathode materials [6, 7] and exacerbates unwanted side reactions at the anode side [8]. 

As an alternative candidate to LiPF6, various Li salts that are inherently free from HF contamination 

(e.g., lithium bis(oxalato)borate (LiBOB), lithium difluoro(oxalato)borate (LiDFOB), lithium 

bis(pentafluoroethanesulfonyl)imide (LiBETI), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)) 

have been extensively investigated [9−16]. None of the Li salts, however, have been successful to replace LiPF6, 

mainly due to their low ionic conductivity. Recently, lithium bis(fluorosulfonyl)imide (LiFSI) has been re-

ported to exhibit comparable or higher ionic conductivity to LiPF6 while maintaining HF-free nature, which 

suggests that LiFSI can offer both the superior energy density and long-term stability of LIBs [17, 18]. LiFSI, 

however, is subjected to severe corrosion of Al current collector [18, 19], a common chronic issue of lithium 

imide salts [1, 20]. 

So far, a vast amount of effort has been directed toward the prevention of Al corrosion in imide-based 

electrolytes [20−29]. Some recent studies have tried to inhibit the Al corrosion by employing new types of sol-

vents other than carbonates. It was reported that Al corrosion in LiTFSI solutions is significantly suppressed 

in solvents, such as adiponitrile, tetrahydrofuran, dimethoxyethane, methyl difluoroacetate, and γ-

butyrolactone, compared to conventional ethylene carbonate (EC)-based electrolytes [20−23]. These solvents 

commonly show low dielectric constants compared to EC, which suggests a possibility that low solubilities of 
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corrosion products (Al(TFSI)n
n−3, n=1−3) are beneficial in Al corrosion suppression [24−26]. It was also claimed 

that fluorinated solvents such as methyl difluoroacetate, fluoroethylene carbonate (FEC), and fluorodiethyl 

carbonate (FDEC) exhibit suppressed Al corrosion by forming a protective fluoride surface layer [23, 27]. In 

addition, the concentration of Li salts has been found to have substantial influence on Al corrosion behavior. It 

was reported that Al corrosion is alleviated in highly concentrated (> 1.8 M) LiTFSI solutions [28, 29]. Even 

though these studies are quite informative, altering the solvent nature and salt concentration are bound to af-

fect not only Al corrosion behavior, but also the other physicochemical properties of the electrolyte (e.g., ionic 

conductivity, wettability, compatibility with active materials), which significantly depreciates their practical 

potential. 

In this regard, employing electrolyte additive is a promising strategy because it hardly affects the bulk 

properties of original electrolyte systems. In particular, it has widely been known that the addition of LiPF6 to 

LiTFSI electrolytes can notably suppress Al corrosion [5]. LiPF6 was also used as an Al corrosion inhibitor in 

FSI-based ionic liquids [30]. The presence of LiPF6, however, even if the amount is limited (ca. 0.1–0.2 M), can 

cause unwanted HF generation, which again raises all of the drawbacks of LiPF6-based electrolytes. The addi-

tion of Li-borate salts like LiBF4 and LiBOB were also claimed to mitigate Al corrosion [31−33], but the inhibi-

tion abilities of the borates seem to be inferior to that of LiPF6 additive. Moreover, quantitative comparison 

among the borate additives has been deterred because prior studies employed different experimental condi-

tions (e.g., solvent composition, additive content, Al pretreatment method, electrochemical measurement con-

ditions). Also, the study on the corrosion inhibition of Al in LiFSI solutions is scarce in contrast to that in 

LiTFSI ones [30, 34]. 

In this work, we performed a systematic comparison on the inhibition effects of Li-borate (LiBF4, LiD-

FOB, and LiBOB) and LiPF6 additives on Al corrosion in LiFSI EC/DEC (3/7, v/v) solutions. Among the ad-

ditives, LiDFOB was revealed to be the most efficient inhibitor of Al corrosion in LiFSI-based electrolytes. 

The Al corrosion behavior in 0.8 M LiFSI+0.2 M LiDFOB was determined to be comparable to that of 1 M 

LiPF6 solution, an Al corrosion-immune medium. The excellent inhibition ability of LiDFOB additive was 

further examined using the X-ray photoelectron spectroscopy (XPS) analysis of the Al surface layer and was 
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also confirmed through the rate capability/electrochemical impedance spectroscopy (EIS) measurements of 

LiCoO2 cells. 

 

3.2 Experimental 

3.2.1 Chemicals 

Battery grade LiFSI, LiDFOB, LiBOB, EC, dimethyl carbonate (DMC), and diethyl carbonate (DEC) 

were provided by LG Chem. Reagent grade LiBF4 and Al rod (99.999%, 3 mm diameter) were purchased 

from Aldrich. The studied electrolytes are 0.8 M LiFSI (hereafter called LiFSI), 0.8 M LiFSI+0.2 M LiBF4 

(LiFSI+BF4), 0.8 M LiFSI+0.2 M LiBOB (LiFSI+BOB), 0.8 M LiFSI+0.2 M LiDFOB (LiFSI+DFOB), 0.8 M 

LiFSI+0.2 M LiPF6 (LiFSI+PF6), and 1 M LiPF6 (LiPF6) in EC/DEC (3/7, v/v). All the electrolytes were pre-

pared in an Ar-filled globe box (H2O and O2 levels < 5 ppm and 25 ± 1 ºC). The water content of the electro-

lytes was in the range of 18–45 ppm. 

 

3.2.2 Electrochemical experiments  

All the electrochemical experiments were carried out using a three-electrode system with a flooded cell 

(polyethylene round bottle) with 2.5 ± 0.1 mL of electrolyte in an Ar-filled glove box. An Al rod (0.07 cm2) 

was used as a working electrode. Li foil and Pt wire were used as a reference electrode and counter electrode, 

respectively. 

Before investigation of the corrosion inhibition abilities of additives, the effects of surface roughness on 

the Al corrosion behavior were examined (Fig. 3.1). One side of Al rod was polished with emery papers 

(#1200, 15 μm grit size, and #3000, 7 μm grit size), and with alumina slurry (0.3 μm grit size) on a polishing 

pad. 
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Fig. 3.1 (a) Cyclic voltammograms (CVs) of 1 M LiFSI EC/DMC (3/7, v/v) to examine the effects of polish-

ing method of Al working electrode and (b) expanded viewof (a). Emery paper (#1200, 15 μm grit), Emery 

paper (#3000, 7 μm grit), and alumina slurry (0.3 μm grit). 

 

To compare the extent of Al corrosion quantitatively, the corrosion onset is assumed to be the potential 

value at which the anodic current reaches 1 mA cm−2. In this manner, the extent of Al corrosion can be ordered 

in the following order: emery #1200 > emery #3000 > alumina (Fig. 3.1b). Also, the maximum current at the 

first cathodic scan follows the same order. 

In this study, the Al working electrode was polished on emery paper (#1200, 15 μm grit size) to examine 

the Al corrosion/inhibition behaviors under relatively harsh conditions. After polishing, the Al electrode was 
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sonicated in double-distilled water for 5 min to remove any residuals. Finally, Al electrode was dried using 

dry nitrogen flow at room temperature. Cyclic voltammetry (CV) was performed over 3–6 V (vs. Li/Li+) with 

a scan rate of 10 mV s−1. Chronoamperometry (CA) was carried out by applying a potential step from the open 

circuit voltage to 4.8 V (vs. Li/Li+) for 2 h at 45 ºC. The ionic conductivities of electrolytes were measured 

over 10−60 ºC with an ionic conductometer (Thermo Scientific). The deviations in the temperature and the 

ionic conductivity were ±0.2 ºC and ±0.04 mS cm−1, respectively. Before each measurement, the electrolyte 

sample was kept for 30 min at a given temperature. Although molality (mol kg−1) is the more appropriate unit 

than molarity (mol L−1) in determining the ionic conductivity over the temperature range, this study adopted 

molarity because it is more popular in the LIB society. In addition, the difference between molarity and molal-

ity was not significant (less than 5 % over 10−60 ºC). 

 

3.2.3 XPS 

XPS measurements were performed to examine the composition of the Al surface layer using ESCALAB 

250Xi (Thermo Scientific). For the preparation of samples, Al foils (battery grade, 45 μm thickness) were 

subjected to two cycles over 3−6 V (vs. Li/Li+) in four different electrolytes: LiFSI, LiFSI+BF4, LiFSI+BOB, 

and LiFSI+DFOB. After the cycling, the Al foils were rinsed in DMC to eliminate residual electrolyte and 

then dried for 24 h inside a glove box. For depth profiles measurements, the Al foils were sputtered for 100 s 

with an etching rate of 7 nm min−1 calibrated for SiO2. In the case of LiFSI+DFOB, the sputtering process was 

extended to 500 s due to the thick surface film compared to the others. 

 

3.2.4 LiCoO2 cell tests 

2032-type coin cells were employed to evaluate LiCoO2 cell performances. Al-coated coin cells were 

used at the cathode side to prevent the corrosion in LiFSI and LiFSI+DFOB electrolytes. The cathode elec-

trode was fabricated with 95 wt % LiCoO2 (18.26 mg cm−2), 2.5 wt % conductive carbon, and 2.5 wt % poly-

vinylidene difluoride (PVDF) binder. The anode electrode was prepared with artificial graphite (9.43 mg 
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cm−2), 2.0 wt % conductive carbon, and 3 wt % PVDF. These cathode and anode electrodes, polyethylene sep-

arator (Tonen), and three types of electrolytes (LiFSI, LiFSI+DFOB, and LiPF6) were used to assemble 

LiCoO2/graphite cells. All the cells were cycled initially at 25 ºC over 2.5−4.25 V three times with 0.1 C (first 

cycle) and 0.2 C (second and third cycles) constant current (CC) followed by 4.25 V constant voltage (CV) 

charging, and 0.2 C CC discharging to complete the formation process. A rate capability test was carried out 

with 0.5 C/4.25 V (CC/CV) charging and various CC discharging. 

 

3.2.5 EIS 

The EIS measurements were carried out for LiCoO2/LiCoO2 symmetric cells. For the fabrication of 

LiCoO2 symmetric cells, LiCoO2 electrodes with a state-of-charge (SOC) of 50 were collected from 

LiCoO2/Li cells, which had been cycled three times over 3−4.3 V. The frequency range was 100 kHz−10 

mHz, the ac amplitude 5 mV, and the dc bias voltage 0.0 V. 

  

3.3 Results and discussion 

3.3.1 Inhibitive effects of borate additives on Al corrosion in LiFSI electrolytes 

The CVs of Al in LiFSI, LiFSI+BF4, LiFSI+BOB, and LiFSI+DFOB at the first cycle are compared in 

Fig. 3.2. The CVs in LiFSI+PF6 and LiPF6 are also presented for comparison. In LiFSI (i.e., the LiFSI solu-

tion without any additive), the anodic corrosion current begins to rise steeply above 5.3 V at the first anodic 

scan and keeps growing even after the scanning direction is reversed at 6.0 V (Fig. 3.2a). After reaching the 

maximum, the anodic current decreases rapidly and nears zero at around 3.6 V. This counter-clockwise CV 

shape manifests severe Al corrosion behavior commonly observed in lithium imide solutions [5, 18−22, 33, 34]. 
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Fig. 3.2 (a) CVs of Al electrodes at the 1st cycle in LiFSI, LiFSI+BF4, LiFSI+BOB, LiFSI+DFOB, (b) ex-

panded view of (a), and (c) expanded view of (b). The CVs of LiFSI+PF6 and LiPF6 are also presented for 

comparison. 
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The huge Al corrosion current appearing in LiFSI is significantly reduced by the presence of borate and 

LiPF6 additives (Fig. 3.2a). From the expanded views (Fig. 3.2b and 3.2c), it is noted that the corrosion sus-

ceptibility decreases in the following order: LiFSI+BOB > LiFSI+PF6 > LiFSI+BF4 > LiFSI+DFOB. It is 

noteworthy that none of LiBOB, LiBF4, or LiPF6 additive, previously claimed as effective inhibitors for the Al 

corrosion in LiTFSI solutions [5, 25, 31−33], is revealed to be promising in LiFSI solutions. However, LiDFOB 

exhibits outstanding inhibition ability compared to the other borate and LiPF6 additives (Fig. 3.2c). 

The anodic behavior of Al in LiFSI+DFOB is compared in detail with that in LiPF6, which is an Al cor-

rosion-immune medium (Fig. 3.3). Unlike the other cases, LiFSI+DFOB and LiPF6 do not show the counter-

clockwise current response at the first cycle. In addition, the current at the subsequent cycles keeps decreasing 

in both solutions, manifesting their excellent passivating nature against Al oxidation [14, 33, 34]. 
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Fig. 3.3 CVs of Al electrodes at the first, second, and fifth cycles in (a) LiPF6 and (b) LiFSI+DFOB. 

 

The superior inhibition ability of LiDFOB is also confirmed through CA measurements at elevated tem-

perature (45 ºC) (Fig. 3.4). The anodic current at an applied potential of 4.8 V is in the following order: 

LiFSI+BOB > LiFSI+PF6 > LiFSI+BF4 > LiFSI+DFOB. The anodic current in LiFSI+BOB, LiFSI+PF6, or 

LiFSI+BF4 drops rapidly upon the potential step, but it increases back after an induction period (ca. 1 min). In 

sharp contrast, the current in LiFSI+DFOB or LiPF6 keeps decreasing and remains low up to 2 h. In brief, 

both the CV and CA results demonstrate that, among the borate and LiPF6 additives, LiDFOB is the most effi-

cient inhibitor for Al corrosion in LiFSI electrolytes. The corrosion resistance of Al in FSI+DFOB is found to 

be comparable to that of an Al corrosion-immune LiPF6 solution. 
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Fig. 3.4 (a) Chronoamperograms of Al electrodes in LiFSI+BF4, LiFSI+BOB, LiFSI+DFOB, LiFSI+PF6, and 

LiPF6 and (b) expanded view of (a). The potential was stepped from OCV to 4.8 V (vs. Li/Li+) at 45 oC. 

 

3.3.2 XPS study on surface composition of Al electrodes  

To elucidate the origin of the superior inhibition ability of LiDFOB, the surface compositions of Al elec-

trode were examined using XPS. The depth profiles of the Al2p spectra of Al foils cycled two times over 3−6 

V in LiFSI, LiFSI+BF4, LiFSI+BOB, and LiFSI+DFOB are examined (Fig. 3.5). 
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Fig. 3.5 Al2p XPS spectra for Al electrodes cycled in (a) LiFSI, (b) LiFSI+BF4, (c) LiFSI+BOB, and (d) 

LiFSI+DFOB. The Al electrodes were cycled two times over 3–6 V (vs. Li/Li+) before XPS measurements. 

The depth profiles with increasing sputtering time (20–100 s) are compared. 

 

The spectra before etching are not considered due to possible contamination during sample preparation. 

The Al electrode cycled in LiFSI shows two Al2p peaks at 73.0 and 76.2 eV (Fig. 3.5a), which are assigned to 

bare Al metal and Al2O3, respectively [5]. The presence of bare Al peak even after 20 s etching implies that the 

thickness of the surface layer is quite thin (less than 1 nm based on SiO2 etching rate). The ratio of Al2O3 to Al 

peaks decreases with the etching time, as expected. The Al electrodes cycled in LiFSI+BF4 and LiFSI+BOB 

show similar Al2p spectra (Fig. 3.5b and 3.5c) to that cycled in LiFSI (Fig. 3.5a), but somewhat increase the 

Al2O3/Al peak ratio. This implies that a slightly thicker Al2O3 layer is formed in LiFSI+BF4 or LiFSI+BOB, 

which may explain the partly mitigated Al corrosion in the corresponding solution. In contrast, the Al sample 
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subjected to LiFSI+DFOB (Fig. 3.5d) shows a new Al2p peak around 78 eV, which is attributed to Al-F species 

[5] while Al2O3 and Al peaks diminish significantly. In addition, bare Al peaks become discernable only after 

200 s etching (Fig. 3.6), indicating a much thicker surface layer (ca. 24.4 nm based on SiO2 etching rate) 

formed in LiFSI+DFOB than in the other three media. 

 

 

Fig. 3.6 Al2p XPS spectra for Al electrode cycled in LiFSI+DFOB for longer etching time (100–500 s). Bare 

Al peak becomes discernable only after 200 s etching. 
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All of the Al electrodes cycled in the borate-added solutions show a signal near 195 eV (Fig. 3.7), which 

is assigned to B-O/B-F species [35]. However, the B1s peak diminishes notably with etching time for the case of 

LiFSI+BF4 and LiFSI+BOB, while it remains, even after 100 s sputtering, for LiFSI+DFOB. This also indi-

cates that LiFSI+DFOB generates a thicker surface layer (ca. 24.4 nm) than the other solutions (less than 1 

nm). 

 

 

Fig. 3.7 B1s XPS spectra for Al electrodes cycled in (a) LiFSI, (b) LiFSI+BF4, (c) LiFSI+BOB, and (d) 

LiFSI+DFOB. The Al electrodes were cycled two times over 3–6 V (vs. Li/Li+) before XPS measurements. 

The depth profiles with increasing sputtering time (20–100 s) are compared. 
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Based on the analysis of surface composition, a possible explanation for the surface layer formation by 

borate additives is schematized in Fig. 3.8. It is assumed that LiBF4 or LiBOB addition forms the surface layer 

mainly consisted of Al2O3 and B-O/B-F species on top of the native Al2O3 film. In contrast, LiDFOB additive 

induces a much thicker surface layer containing Al-F species in addition to Al2O3 and B-O/B-F components. 

Both the increased thickness and the corrosion resistive nature of Al-F/B-O/B-F species seem to contribute to 

the superior inhibition ability of LiDFOB. 

 

 

Fig. 3.8 Schematic diagram of passive layer formation on an Al electrode cycled in (a) LiFSI+BF4 or 

LiFSI+BOB and (b) LiFSI+DFOB. 
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3.3.3 LiCoO2 cell performances  

Before performing the LiCoO2 cell tests, the ionic conductivities of LiFSI, LiFSI+DFOB, and LiPF6 so-

lutions are examined over 10−60 ºC (Fig. 3.9).  

 

 

Fig. 3.9 Ionic conductivities for LiFSI, LiFSI+DFOB, and LiPF6 measured over 10−60 ºC. 

 

LiFSI solution shows the higher ionic conductivity than LiPF6 electrolyte which is consistent with the 

prior results [18, 34]. Moreover, the ionic conductivity of LiFSI+DFOB electrolyte is still higher than that of 

LiPF6 solution indicating that LiDFOB addition does not significantly impair the highly conductive nature of 

LiFSI-based electrolytes. 

The rate capabilities of LiCoO2/graphite cells were evaluated for LiFSI, LiFSI+DFOB, and LiPF6 (Fig. 

3.10). The specific discharge capacities of the cells are not appreciably altered by the types of the electrolyte 

up to 0.5 C current (Fig. 3.10a). 
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Fig. 3.10 Rate performances of LiCoO2/graphite cells with LIFSI, LiFSI+DFOB, and LiPF6 (a) specific dis-

charge capacities at various C-rates and (b) cell voltage profiles at 0.1 C and 2 C discharge currents. 

 

In a cell with LiFSI, however, the capacity decay becomes much more severe, especially above 1.5 C. In 

contrast, a LiFSI+DFOB and a LiPF6 cells show much better rate performance than a LiFSI cell. In the dis-

charge profiles (Fig. 3.10b), no significant difference is noted for the three electrolytes at a low current of 0.1 

C. As the current density increases, however, a LiFSI cell suffers from huge overpotential, ending up with 

greatly reduced discharge capacity at 2 C current. Considering the facts that the ionic conductivity of LiFSI is 

higher than other two electrolytes (Fig. 3.9), and that LiFSI was reported to improve the charge transport rate 

of a graphite and Li metal anode [17, 36, 37], the poor rate capability of a LiFSI cell is supposed to be due to 
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sluggish charge transport kinetics at the cathode side. 

 

3.3.4 Internal resistance analysis of LiCoO2 cell  

To confirm this, the charge transport behavior at the cathode was investigated using EIS. LiCoO2/LiCoO2 

symmetric cells were employed for the EIS measurements to exclude interference from anode responses (Fig. 

3.11a). The impedance spectra of a LiCoO2/LiCoO2 symmetric cell with LiFSI+DFOB and with LiPF6 exhibit 

two semi-circles in the high (characteristic frequency of ca. 4 kHz) and middle (ca. 10 Hz) frequency regions, 

and an inclined line at the low frequency end (inset in Fig. 3.11a). On the other hand, a LiFSI cell shows a 

huge semi-circle in a low (ca. 50 mHz) frequency region in addition to one in a high (ca. 10 Hz) frequency 

regime. The EIS spectra were fitted with an equivalent circuit (Fig. 3.11b), where Rs is the ohmic resistance, 

R1 the resistance related to the migration of the Li+ ion through the surface film, and R2 the interfacial charge 

transfer resistance [38, 39]. The capacitances associated with R1 and R2 are represented by the constant phase 

elements (CPEs), Q1 and Q2, respectively. The finite diffusion by a CPE, QD, is used to replace a Warberg el-

ement to fit the inclined line at the lowest frequency region [40, 41]. The fitted resistance values are given in 

Table 3.1. 
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Fig. 3.11 Electrochemical impedance spectra of (a) LiCoO2/LiCoO2 symmetric cell with LiFSI, LiFSI+DFOB, 

and LiPF6, and (b) equivalent circuit employed for the fitting of impedance spectra. The experimental spectra 

are denoted with circles and the best-fitted results using the equivalent circuit with solid lines. 
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Table 3.1 Fitted parameter values for the impedance spectra of Fig. 3.11 

Resistance (Ω) LiFSI LiFSI+DFOB LiPF6 

RS 6.0 8.0 6.3 

R1 8.7 11.3 8.3 

R2 >1500 16.7 16.3 

 

All the three types of cells show similar Rs and R1 values. A LiFSI cell, however, shows much larger (ca. 

two order of magnitude) R2 value than the other cells. In contrast, a LiFSI+DFOB cell shows quite similar R2 

value to a LiPF6 cell, which is consistent with the comparable rate performances of the two cells. Therefore, it 

is evident that the poor rate capability of a LiFSI cell is mainly due to the enlarged R2 value and, thus, the 

slow interfacial charge transfer at the LiCoO2 cathode. Based on these results, it can be concluded that the 

addition of LiDFOB prevents Al corrosion and, thus, the contact loss at Al collector/active material interface, 

thereby suppressing an increase in the EIS of the cathode and eventually enabling the facile charge transport 

of LiCoO2 cells. 
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3.3.5 Discussion  

All the results obtained in this study indicate that the innate highly conductive and HF-free nature of 

LiFSI solutions and the Al corrosion-immunity can be successfully integrated with the aid of LiDFOB addi-

tive. This crucial finding is expected to eventually lead to the superior long-term stability of the current LIBs 

without compromising the energy/power densities. LiDFOB additive is also expected to be effective in the 

prevention of Al corrosion in FSI-based ionic liquids as well. In addition, the absence of LiPF6 may ease the 

strict regulation of the moisture level in the present fabrication processes, which will contribute to a reduction 

in LIB manufacturing cost. All of these points could be interesting topics for future study. 

As expected, the inhibition effect of LiDFOB additive is proportional to its content: as LiDFOB concen-

tration is reduced below 0.2 M in 0.8 M LiFSI solution, the Al corrosion becomes worse accordingly (Fig. 

3.12). 

 

 

Fig. 3.12 CVs of Al electrodes at the first cycle in 0.8 M LiFSI+0.03 M LiDFOB (black), 0.8 M LiFSI+0.07M 

LiDFOB (red), and 0.8 M LiFSI+0.2 M LiDFOB (blue) in EC/DEC (3/7, v/v).  

 

This study, however, was not intended to define the threshold concentration of LiDFOB, above which Al 

corrosion is completely suppressed, because the Al corrosion behavior is subjected to significant variation by 

the experimental parameters (e.g., the influence of Al surface condition as already confirmed in Fig. 3.1). In-
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stead, this study tried to emphasize that, since LiDFOB exhibits the best inhibition ability when used at the 

same concentration (0.2 M in this study), the threshold amount of LiDFOB will be obviously less than those 

of the other additives, which will minimize the loss of the ionic conductivity of LiFSI-based electrolytes 

caused by introducing the additive.  

While this study demonstrates the remarkable inhibition ability of LiDFOB, which is seemingly associat-

ed with the distinct composition of the surface layer, the fundamental reason for the prominent effect of LiD-

FOB compared to its borate analogues (i.e., LiBF4, LiBOB) may well deserve further study. In this context, 

we could learn lessons from the recent studies on the protective layer formation by LiDFOB on the high volt-

age cathodes [42−45]. It was reported that LiDFOB decomposes at 4.35 V (vs. Li/Li+) and facilitates passivation 

film formation on LiCoPO4 electrodes [42]. In addition, an oxidative decomposition mechanism of LiDFOB 

was proposed to explain a marked improvement in the electrochemical performance of cells containing 

Li1.2Ni0.15Mn0.55Co0.1O2-based cathode [43−45]. It was also claimed that LiDFOB can passivate the metal oxide 

cathode electrodes much more efficiently than LiBOB due to the formation of oxidation-resistant difluorobo-

rane (CO2BF2)2 dimer [44]. In a similar manner, it can be assumed that LiDFOB is oxidized to passivate the Al 

surface more easily than the other borates, and the resulting surface layer has superior passivating ability. An-

other possibility is the higher chemical reactivity of LiDFOB. Recent studies have reported the ligand ex-

change reaction of LiDFOB, which establishes a thermally-induced equilibrium as follows: 2LiDFOB ↔ 

LiBF4 + LiBOB [46, 47]. The released ligands (i.e., fluorine and oxalate moiety) from DFOB− anion, owing to 

their reactive natures, would result in increased surface layer formation. However, the extent of the ligand 

exchange reaction is supposed to be insignificant at room temperature considering the high activation barrier 

for the conversion reaction of LiDFOB (ca. 137 kJ mol−1) [46], which causes us to exclude this possibility. 
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3.4 Conclusions 

We systematically investigated the inhibition effects of borate (LiBF4, LiDFOB, and LiBOB) and LiPF6 

additives on anodic Al corrosion in LiFSI-based electrolyte. Among the additives, LiDFOB was revealed to be 

an excellent Al corrosion inhibitor through CV and CA experiments. The anodic corrosion behavior of Al in 

0.8 M LiFSI+0.2 M LiDFOB EC/DEC (1/2, v/v) was comparable to that of a corrosion-free 1 M LiPF6 solu-

tion. The XPS depth analysis revealed that, compared to the other borate additives, LiDFOB additive derives a 

thick surface layer composed of Al-F, B-O/B-F, and Al2O3, which is suggested to contribute the superior inhi-

bition ability against Al corrosion in LiFSI-based electrolyte. The rate performance and EIS measurements 

confirmed that a cell with 0.8 M LiFSI+0.2 M LiDFOB electrolyte exhibits a comparable rate capability to a 

cell with 1 M LiPF6 due to the excellent inhibition ability of LiDFOB for Al corrosion. This study suggests a 

promising strategy to tune LiFSI-based electrolytes to be free from Al corrosion, a major bottleneck for the 

wide use of LiFSI. 
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IV. Wide-temperature operation of lithium metal batteries enabled by lo-

calized high-concentration electrolytes 

 

4.1 Introduction 

There is an urgent need to replace current Li-ion batteries (LIBs) with Li metal batteries (LMBs) to exploit 

the high theoretical capacity (3860 mAh g–1) and low redox potential (–3.0 V vs. NHE) of the Li metal anode. 

However, the Li anode suffers from poor cyclability due to low Coulombic efficiency (CE) and severe Li den-

drite formation. Recently, high-concentration electrolytes (HCEs) containing unconventionally high salt content 

were introduced to resolve the aforementioned issues of the Li anode. HCEs feature critical advantages, includ-

ing enhanced electrochemical stability and dendrite-free Li deposition with high CE [1−12]. In HCEs, most sol-

vent molecules are engaged in the solvation of Li-ions so that unwanted side reactions of uncoordinated free 

solvents are markedly suppressed, leading to improved Li cyclability without dendrite formation [2]. Neverthe-

less, HCEs face several critical issues, including high salt concentration, high material cost, and high viscosity. 

The high viscosity of HCEs results in low ionic conductivity and poor wettability of the separators and thick 

electrodes, which jointly impair the rate capability, particularly below room temperature [13]. 

Recently, to address the drawbacks of HCEs, localized high-concentration electrolytes (LHCEs) employing 

diluent co-solvents that hardly solvate Li-ions were introduced [13−16]. Compared to the case with HCEs, LHCEs 

exhibit markedly low viscosity, which improves their ionic conductivity and wettability at ambient temperature. 

A series of LHCE systems employing linear carbonate, trialkyl phosphate, sulfone, and glyme as the main sol-

vent and fluorinated ether as the co-solvent ensured stable Li cycling, and thus excellent cyclability of practical 

high-energy LMBs. Furthermore, the flammability of LHCEs can be readily regulated by adopting non-

flammable main or co-solvents, which can greatly mitigate the safety concerns associated with LMBs [13−15, 17−19]. 

Thus far, LHCEs have not been fully exploited, despite their immense potential. In particular, the possible bene-

fits of LHCEs under harsh temperature conditions, which would drive LMBs closer to practical applications, are 

scarcely examined [13]. Moreover, the influence of the main solvent and co-solvent on the overall properties of 
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LHCEs needs to be further elucidated. 

Therefore, in this study, we investigated glyme-based HCE and LHCE over the temperature range relevant 

to practical applications (5−60 °C). We employed a representative HCE consisting of a glyme solvent (1,2-

dimethoxyethane, DME) with 4 M LiFSI (hereinafter denoted as gHCE) [2]. DME and 1,1,2,2-tetrafluoroethyl 

2,2,3,3-tetrafluoropropyl ether (TTE) (1/2, v/v) with 1 M LiFSI was selected as a model LHCE (hereinafter de-

noted as gLHCE). We found that compared to the case with gHCE, gLHCE enables stable Li cycling with a 

high Li CE at 5 °C, 25 °C, and 60 °C. As evidenced by X-ray photoelectron spectroscopy (XPS) and Raman 

spectroscopy, the beneficial impact of gLHCE was ascribed to increased fractions of ion pairs and agglomerates, 

which can help to derive an inorganic-rich solid electrolyte interphase (SEI) on the Li anode. Finally, it was 

confirmed that gLHCE markedly improves the long-term cyclability and rate capability of FeS2/Li and anode-

free LiFePO4 (LFP)/Cu cells over 5−60 °C. 

 

4.2 Experimental 

4.2.1 Chemicals 

LiFSI and TTE (battery grade) were provided by Panax Etec (Korea). Anhydrous DME and FeS2 powder 

(325 mesh) were purchased from Sigma-Aldrich. LFP powder (D50 = 11 μm) was provided by LG Chem. The 

preparation of gHCE and gLHCE was conducted in an Ar-filled globe box (H2O and O2 levels < 5 ppm and 25 ± 

1 ºC), and their water contents, measured by Karl-Fisher (Metrohm), were less than 20 ppm. FeS2 and LFP 

powders were dried at 120 °C under vacuum for over 12 h prior to use. 

 

4.2.2 Physicochemical properties 

The ionic conductivity and viscosity of the electrolytes were measured at various temperatures using an 

ionic conductivity meter (MCS 10, Biologic) and a viscometer (A&D), respectively. Prior to each measurement, 

the electrolytes were maintained for at least 30 min at a given temperature. To assess the wettability of the elec-

trolytes, the contact angle on the polyethylene (PE) separator (Tonen) and surface free energies of the electro-
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lytes were measured using a DSA100 drop shape analyzer and K100 tensiometer (KRUSS), respectively. To 

evaluate the flame resistance, glass filters (Whatman) soaked in gHCE and gLHCE were directly exposed to a 

torch flame. 

 

4.2.3 Electrochemical and cell tests 

A three-electrode system was employed to determine the anodic stability and Al corrosion behaviors of the 

electrolytes. A Pt disk (1.6 mm diameter) electrode or Al rod (99.999% purity, 3.0 mm diameter) was used as 

the working electrode, and a Li chip and Pt wire were employed as the reference and counter electrodes, respec-

tively. To evaluate the oxidative stability of the electrolytes, linear sweep voltammetry (LSV) was conducted at 

a scan rate of 1 mV s–1 from OCV to 5.5 V (vs. Li/Li+), and the Al corrosion behavior was examined via chron-

oamperometric measurements by applying 4.5 V (vs. Li/Li+) for 20 min. 

Battery tests were carried out using 2032-type coin cells assembled in an Ar-filled glove box. Li/Cu cells 

were fabricated with a Cu disk (1.54 cm2), Li disk (2.01 cm2, 450 μm thickness), PE separator, and electrolyte 

(100 μL). During the Li/Cu cells cycling, a fixed amount of Li was deposited on Cu and subsequently stripped 

up to a cutoff voltage of 1 V with a designated current density. The Li CE was calculated at each cycle, and each 

CE value was averaged over the total cycles to obtain an average CE. Li/Li cells were employed by integrating 

two identical Li disks. The cycle test of Li/Li cells was performed with a current density of 1.0 mA cm–2 and a 

capacity of 0.5 mAh cm–2. 

The FeS2/Li cells were composed of an FeS2 electrode (1.54 cm2) and Li disk. The composition of the 

cathode electrode was 75 wt% FeS2 (ca. 4.3±0.1 mg cm–2), 10 wt% conductive carbon (super-C), and 15 wt% 

polyvinylidene difluoride (PVDF) binder. The slurry was coated on a Cu foil and dried at 80 °C in a vacuum 

oven for 24 h. The cells were cycled three times at 25 °C with a 0.2 C current over a voltage range of 1−2.6 V 

for the formation process. A current density of 0.2 C was employed for the cycling tests at 25 °C, 0.5 C for the 

cycling tests at 5 °C and 60 °C, and 0.1–5 C for the rate capability tests. 

For the anode-free LFP/Cu cells, coin cells with Al-clad cases (Welcos) were employed. LFP/Cu cells were 

composed of an LFP cathode (1.54 cm2) and a Cu disk (2.01 cm2). The cathode was fabricated on an Al foil 
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using LFP (ca. 13.9±0.1 mg cm–2) with 5 wt% conductive carbon (super-C) and 5 wt% PVDF binder, followed 

by drying at 100 °C under vacuum for 24 h. The cells were cycled three times at 25 °C with a 0.2 C current 

within a cutoff voltage range of 2.8−3.8 V to complete the formation process. A current density of 0.2 C was 

employed for the cycling tests at 25 °C, 0.5 C for the tests at 5 °C and 60 °C, and 0.1−5 C for the rate capability 

tests. 

 

4.2.4 Microscopy and spectroscopy 

The surface morphologies of the Li electrodes were characterized by high-resolution field-emission scan-

ning electron microscopy (HR FE-SEM, Hitachi) at 3 kV and 10 μA. XPS measurements were performed to 

analyze the composition of the Li electrode surface using ESCALAB 250Xi (Thermo Scientific). For the sur-

face analysis, Li electrodes were collected from Li/Cu cells cycled 30 times at a current density of 0.5 mA cm–2 

with a capacity of 1.0 mAh cm–2, rinsed with DME to remove residual electrolyte, and dried for 24 h inside a 

glove box.  

Raman spectroscopy studies of the electrolytes were conducted using a monochromator (Thermo Scientific, 

Nicolet Almeca XR). Excitation was performed with a 780 nm line of Ar ion laser at room temperature with a 

resolution of 0.5 cm–1.  

Electrochemical impedance spectroscopy (EIS) measurements were carried out for the Li/Li cells cycled 

three times with a current density of 0.2 mA cm–2 and a capacity of 1.0 mAh cm–2 The frequency range was 300 

kHz−500 mHz, AC amplitude was 10 mV, and the DC bias voltage was 0.0 V. 
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4.3 Results and discussion 

4.3.1 Physicochemical properties 

Compared to the case with gHCE, gLHCE presented enhanced mass transport, wettability, and non-

flammability due to the preferable nature of the TTE co-solvent; TTE features negligible solvating ability to-

ward Li-ions, low viscosity (2.15 cP at 25 °C), and excellent fire-resistance. First, the ionic conductivities of 

gHCE and gLHCE were compared over –25−60 °C (Fig. 4.1a). gLHCE notably displayed higher ionic conduc-

tivity than that of gHCE below 30 °C. In particular, gLHCE presented ca. seven times higher ionic conductivity 

than that of gHCE at –25 °C (1.5 vs. 0.2 mS cm–1, respectively). The ionic conductivity of gLHCE was lower 

than that of gHCE over 30 °C, but it was still high enough for practical applications (7.6 mS cm–1 at 30 °C and 

10.9 mS cm–1 at 60 °C). In addition, gLHCE exhibited a much lower viscosity than that of HCE over the inves-

tigated temperature range (5−55 °C), as seen in Fig. 1b (4.9 cP vs. 36.2 cP at 25 °C, respectively). According to 

the Vogel-Tammann-Fulcher (VTF) plots (Fig. 4.2), gLHCE exhibited relatively low activation energies for the 

ionic conductivity (Ea
ic) and viscosity (Ea

vis) (1.80 vs. 4.21 for Ea
ic and 0.29 vs. 0.49 kJ mol–1 for Ea

vis), suggest-

ing that the enhanced ion conduction and fluidity of gLHCE may be associated with the transport mechanism 

altered by the presence of the TTE co-solvent. 

Besides the improved transport properties, gLHCE exhibited markedly improved wettability toward con-

ventional PE separators compared with the case of gHCE (Figs. 4.1c and 4.1d). Notably, gLHCE penetrated into 

the separators more rapidly than gHCE did and showed a lower contact angle on the separator (21.2° vs. 59.4°). 

The enhanced penetration and spreading of gLHCE can be attributed to its low viscosity (Fig. 4.1b) and low 

surface free energy (43.2 vs. 55.5 mJ m–2, Table 4.1), respectively [20, 21]. 
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Fig. 4.1 (a) Ionic conductivities and (b) viscosities of gLHCE and gHCE at various temperatures. Photos of (c) 

gHCE and (d) gLHCE on a PE separator. Photos of a glass filter soaked with (e) gHCE and (f) gLHCE after the 

flame test. 

 

 

Fig. 4.2 Vogel-Tammann-Fulcher (VTF) plots of (a) Ionic conductivity and (b) viscosity of gHCE and gLHCE. 

Solid lines denote the best-fitting results of the VTF equation. 
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Table 4.1 Contact angle and surface tension of the electrolytes.  

Electrolyte Contact angle (degree) Surface free energy (mJ m–2) 

gHCE 59.4 55.5 

gLHCE 21.2 43.2 

 

4.3.2 Thermal and electrochemical stability 

In addition, gLHCE inherited the non-flammable nature of TTE. After being exposed to the torch flame, 

the gHCE content contained in a glass filter was ignited immediately and burnt out completely (Fig. 4.1e). By 

contrast, gLHCE took a much longer time to be ignited, and exhibited self-extinguishing behavior when the 

torch was removed (Fig. 4.1f). 

The oxidation behavior of gLHCE was comparable or slightly better than that of gHCE (Fig. 4.3). The cor-

rosion of Al current collectors, a chronic issue associated with the Li-imide salt, was also examined (Fig. 4.3b). 

It was claimed that HCEs markedly suppress the Al corrosion [22]. However, in gHCE, the corrosion current at 

an applied potential of 4.8 V (vs. Li/Li+) was gradually revived as the polarization time increased above 5 min. 

By contrast, the Al oxidation remained insignificant in gLHCE up to 20 min, indicating a superior corrosion 

inhibition ability of gLHCE compared to that of gHCE. 

 

 

Fig. 4.3 (a) Linear sweep voltammograms in an anodic region on a Pt working electrode. (b) Chronoam-

perograms on an Al working electrode with an applied potential of 4.8 V (vs. Li/Li+). 
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4.3.3 Electrolyte optimization for Li cycling 

To select an optimum combination of the main and co-solvent of gLHCE, we investigated the effects of the 

types of glyme and fluorinated ether solvents on the Li cycling performance using Li/Cu cells (Fig. 4.4). When 

DME in gLHCE was replaced with diglyme or triglyme, the Li cyclability deteriorated significantly (Fig. 4.4a), 

implying a negative influence of the long-chain glyme solvents. In addition, fluorinated ethers other than TTE, 

shorter (TTrE and BTFE) or longer (TOE), were found to be inferior to TTE (Fig. 4.4b). Recently, it was report-

ed that fluorinated ethers could be divided into three groups based on their Li-solvating power [23]. According to 

their classification, TTE and TTrE belong to the same group, displaying the lowest Li-solvating ability, while 

BTFE belongs to the group with the highest solvating power. This can rationalize the lowest Li CE value of 

BTFE observed in our study. However, the high Li CE in TTE compared to that in TTrE is not consistent with 

the classification, implying that the Li-solvating ability cannot be the only factor that determines the Li CE. The 

relative ratio of DME to TTE was also found to be a critical factor: 1:2 volume ratio (i.e., in gLHCE) displayed 

better Li cycling performance, resulting in lower accumulated Coulombic inefficiency (∑(100–CEi); CEi is the 

CE at the ith cycle) [24, 25] compared to the cases with 1:1 and 1:4 ratios (Fig. 4.5). While the Li cycling behavior 

associated with the 1:3 ratio was comparable to that associated with the volume ratio in gLHCE, gLHCE pre-

sented a relatively high ionic conductivity (6.9 vs. 5.4 mS cm–1), and thus, it was employed in the following 

tests. 
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Fig. 4.4 The Li CE of the Li/Cu cells cycled in (a) various glymes with TTE and (b) fluorinated ethers with 

DME. Li deposition capacity was 1.0 mAh cm–2 with a current density of 0.5 mA cm–2. The chemical structure 

of (c) DME, diglyme, triglyme and (d) fluorinated ethers: 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether 

(TTE), 1,1,2,2-tetrafluoroethyl 2,2,2-trifluoroethyl ether (TTrE), 1,1,2,2-tetrafluoroethyl 2,2,3,3,4,4,5,5-

octatetrafluoropentyl ether (TOE), and bis(2,2,2-trifluoroethyl) ether (BTFE). All the electrolytes contain 1 M 

LiFSI. 
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Fig. 4.5 (a) The Li CE and (b) accumulated Coulombic inefficiency of the Li/Cu cells cycled in DME/TTE with 

the volume ratio from 1:1 to 1:4. Li deposition capacity was 1.0 mAh cm–2 with a current density of 0.5 mA cm–

2. All the electrolytes contain 1 M LiFSI. 

 

4.3.4 Li cycling performances at various conditions 

At the next step, the Li cycling behaviors of the Li/Cu cells using gHCE and gLHCE were compared under 

various conditions. As seen in Fig. 4.6, the CE values of the Li/Cu cells increased initially and stabilized at the 

following cycles. At a current density of 0.2 mA cm–2 (Fig. 4.6a), the CE value averaged over the 200 cycles 

was 99.09% for a Li/Cu cell with gHCE, which is close to the previously reported value [2]. Notably, the CE 

value of a cell with gLHCE was stabilized relatively rapidly and attained a relatively high average value of 

99.40%. Even a slight difference in the CE value, during accumulation, would cause a significant disparity in 

the long-term cycling of the LMBs [24, 25]. Indeed, as shown in Fig. 4.7a, the accumulated Coulombic inefficien-

cy during the 200 cycles was much lower in a cell with gLHCE than in that with gHCE (120.4% vs. 180.4%). 

The improved Li cycling efficiency in gLHCE was also confirmed at a relatively high current density of 2.0 mA 

cm–2 (Fig. 4.6b); a higher average CE (99.07% vs. 98.71%) and lower accumulated Coulombic inefficiency 

(186.3% vs. 258.5%) were obtained in gLHCE (Fig. 4.7b). 
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Fig. 4.6 Coulombic efficiency (CE) of Li/Cu cells at 25 oC cycled with a current density of (a) 0.2 mA cm–2 and 

(b) 2.0 mA cm–2. CE of the Li/Cu cells cycled at (c) 5 °C and (d) 60 °C with a current density of 0.1 mA cm–2. 

The Li deposition capacity was 0.5 mAh cm–2. The cell with gHCE failed during the 135th cycle at 5 °C and 

during the 132nd cycle at 60 °C. 
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Fig. 4.7 Accumulated Coulombic inefficiency of the Li/Cu cells cycled at 25 °C with a current density of (a) 0.2 

mA cm–2, (b) at 25 °C with 2.0 mA cm–2, (c) at 5 °C with 0.1 mA cm–2, and (d) at 60 °C with 0.1 mA cm–2. Li 

deposition capacity was 0.5 mAh cm–2. The cell with gHCE failed during the 135th cycle at 5 oC and during the 

132nd cycle at 60 °C. 

 

Along with the high CE, gLHCE presented a low overpotential during the Li cycling (Fig. 4.8). The over-

potential difference (the voltage difference at a normalized capacity of 50%) in a cell with gHCE was 68.3 mV 

at the 1st cycle and 42.0 mV at the 100th cycle; however, that with gLHCE was reduced to 28.8 mV at the 1st 

cycle and 13.1 mV at the 100th cycle. Consistent with the Li/Cu cell tests, the voltage profiles of the Li/Li cells 

with gLHCE (Fig. 4.9) showed stable cycling behaviors over 600 h (i.e., 600 cycles) without any sign of inter-

nal short-circuiting. A cell with gLHCE presented much lower overpotential (54.8 mV vs. 112.2 mV at the 600th 

cycle). 
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Fig. 4.8 Voltage profiles at the 1st, 50th, and 100th cycle in the Li/Cu cells: (a) gLHCE and (b) gHCE. Overpoten-

tial difference was defined as the voltage difference at a normalized capacity of 50%. 

 

 

 

Fig. 4.9 (a) Voltage profiles of the Li/Li cells cycled 600 times in gHCE and gLHCE. Li deposition/dissolution 

capacity was 0.5 mAh cm–2 with a current density of 1.0 mA cm–2 (2 C). (b) Enlarged region of the voltage pro-

files for the last 10 cycles. 
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Importantly, the outstanding Li cycling behavior in gLHCE was preserved at both 5 °C and 60 °C. As seen 

in Fig. 4.6c, the cell with gLHCE enabled a higher average CE than that with gHCE at 5 °C (99.22% vs. 

98.49%). Moreover, the cell with gHCE displayed marked fluctuation in the CE value and failed abruptly dur-

ing the 135th cycle, possibly due to internal short-circuiting owing to Li dendrite formation. At the 60 °C test 

(Fig. 4.6d), gLHCE still exhibited better Li cycling performance than gHCE did, higher average CE (99.16% vs. 

98.75%), and no drastic fading during 200 cycles. Once more, the outstanding Li cycling behavior in gLHCE at 

5 °C and 60 °C was reflected in the relatively low accumulated Coulombic inefficiency (Figs. 4.7c and 4.7d, 

respectively). 

 

4.3.5 Surface and ionic species analysis 

The surface morphologies of the Li electrodes cycled with gHCE and gLHCE were compared using HR 

FE-SEM. A spherical morphology was observed in the Li electrode cycled in gHCE (Fig. 4.10a), which was 

consistent with the literature [2]. Similarly, the electrode cycled in gLHCE exhibited round-shape Li deposits 

with no dendrite formation (Fig. 4.10b). 

 

 

Fig. 4.10 SEM images of the Li electrodes collected from Li/Cu cells cycled 30 times in (a) gHCE and (b) 

gLHCE. The Li deposition capacity was 1.0 mAh cm–2 with a current density of 0.5 mA cm–2. 

 

Since the similar morphologies of Li after cycled with both electrolytes did not give a clear interpretation 

of great performance of gLHCE compared to gHCE, the outstanding Li cycling behavior enabled by gLHCE 
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was assumed to be owing to the different nature of the SEI layers in the XPS measurements (Fig. 4.11 and Table 

4.2). In both of the SEI layers induced in gHCE and gLHCE, distinct peaks of C-C in C1s, LiF, S-F/C-F in F1s, 

and salt-derivatives in S2p spectra [26−30] were observed, suggesting that both the DME solvent and FSI-anion 

participate in the SEI formation (Figs. 4.11a−c). 

 

 

Fig. 4.11 (a) C1s, (b) F1s, and (c) S2p XPS spectra of the Li electrodes collected from the Li/Cu cells cycled 30 

times in gHCE and gLHCE. The Li deposition capacity was 1.0 mAh cm–2 with a current density of 0.5 mA cm–

2. Raman spectra of (d) gHCE and (e) gLHCE. (f) Fractional composition of the ionic species. The ionic specia-

tion of 1 M LiFSI DME is also presented for comparison. 

 

Table 4.2 Atomic composition, determined from XPS spectra, of the Li electrodes collected from the Li/Cu 

cells cycled 30 times in gHCE and gLHCE. 

 C1s F1s S2p N1s 

Species 
Position C-C C-O C=O -CF2 LiF S-F/C-F -SO3 NSO2 Li2SO3 Li2S/S-S Li2N2O2 Li3N 

eV 285 287 288.7 290.5 685 688 170.6 169 167.3 Under 166 400 399 

gHCE 52.1 2.3 0 0 20.3 5.5 4.2 3.4 3.3 3.6 2.4 2.8 

gLHCE 36.7 2.3 4.1 5.7 24.7 4.7 4.8 1.6 5.3 6.3 1.5 2.2 
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Arguably, however, the SEI induced in the gLHCE contained lower fraction of C-C species (36.7% vs. 

52.1%), but higher fraction of LiF and S-F/C-F in the F1s spectra (29.4% vs. 25.8%), and FSI-anion related spe-

cies in the S2p spectra (18% vs. 14.6%), compared to those in gHCE. This indicates that the contribution of the 

Li salt becomes significant in gLHCE, leading to an inorganic-rich SEI formation [13, 16]. Accordingly, the excel-

lent Li cycling performance observed in gLHCE is probably due to the inorganic-rich SEI derived in the electro-

lyte. In particular, the high fraction of LiF in the SEI layer appears to play a key role in the stability of Li over 

the wide temperature range. Arguably, it was confirmed that a high LiF content is beneficial in the operation of 

the graphite and silicon anodes of LIBs both at low and elevated temperatures [31−36]. 

In turn, the inorganic-rich SEI derived in gLHCE appears to be associated with its unique solution structure. 

To confirm this, the ionic speciation of gHCE and gLHCE was investigated by Raman spectroscopy (Figs. 

4.11d and 4.11e). Three Raman peaks located at 720, 735, and 745 cm–1 were assigned to the FSI-anions in the 

forms of solvent-shared ion pair (SIP), contact ion pair (CIP), and agglomerate (AGG), respectively [37, 38]. The 

fractional compositions of the ionic species are compared in Fig. 4.11f. The ionic speciation of 1 M LiFSI DME 

is also presented for comparison. Notably, SIP (64.1%) was the dominant species, and CIP (28.5%) and AGG 

(7.4%) appeared as minor ones in 1 M LiFSI DME. In contrast, gHCE contained higher portions of CIP (46.0%) 

and AGG (43.6%) rather than SIP (10.4%), indicating the extensive participation of FSI-anions in the Li-ion 

solvation. The unique solvation structure in HCEs was revealed to cause a shift of the lowest unoccupied mo-

lecular orbital (LUMO) toward the FSI-anions, thus increasing the propensity of the anion reduction during the 

SEI formation [16, 37]. Arguably, in gLHCE, most FSI-anions exist as AGG (53.5%), while the fractions of CIP 

and SIP were further decreased (41.4% and 5.4%, respectively). This suggests that the presence of TTE leads to 

more extensive participation of FSI-anions in the Li-ion solvation, which will promote the participation of FSI-

anions in the SEI formation in gLHCE. Based on the results of the XPS and Raman measurements, a possible 

scheme of the SEI formation in gHCE and gLHCE is presented in Fig. 4.12. 
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Fig. 4.12 Possible scheme of the participation of ionic species in the SEI formation. The presence of TTE in 

gLHCE increases the population of CIP and AGG, resulting in more FSI-driven SEI formation. 

 

4.3.6 FeS2/Li and anode free LFP cell performances 

Subsequently, we determined if LMBs could benefit from the Li cycling performance improved by gLHCE. 

Fig. 4.13a summarizes the discharge capacities at the 4th and 100th cycles of FeS2/Li cells using gHCE and 

gLHCE during the cycling at 5 °C, 25 °C, and 60 °C (see Fig. 4.14 for a detailed comparison of the cyclability 

and voltage profiles). The 4th cycle was selected because all the cycling tests were performed after three for-

mation cycles at 25 °C. During the 25 °C cycling, an FeS2/Li cell with gLHCE presented higher initial capacity 

and better retention than the cell with gHCE: 574 vs. 535 mAh g−1 at the 4th cycle, and 253 vs. 194 mAh g−1 at 

the 100th cycle. Importantly, the merit of gLHCE appeared more clearly at 5 °C and 60 °C tests; a cell with 

gLHCE retained significantly high capacities after the 100th cycle (218 vs. 122 mAh g–1 at 5 °C, and 292 vs. 190 

mAh g–1 at 60 °C). A closer look at the voltage profiles of the FeS2/Li cells reveals that the increase in the over-

potential with the cycling is far less in the cell with gLHCE than in that with gHCE (Fig. 4.14). 
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Fig. 4.13 Discharge capacities at the 4th and 100th cycle of the (a) FeS2/Li and (b) LFP/Cu cells with gHCE and 

gLHCE at 5 °C, 25 °C, and 60 °C cycling. Discharge capacities of the (c) FeS2/Li and (d) LFP/Cu cells with 

gHCE and gLHCE at discharge rates in the range of 0.1−5 C at 25 °C. 
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Fig. 4.14 Specific capacity of FeS2/Li cells with gHCE and gLHCE at (a) 5 °C, (c) 25 °C, and (e) 60 °C. Voltage 

profiles at 4th and 100th cycle for the FeS2/Li cells with gHCE and gLHCE at (b) 5 °C, (d) 25 °C, and (f) 60 °C. 

Cycling at 25 °C was performed at a 0.2 C constant current between 1.0 and 2.6 V. Cycling at 5 °C and 60 °C 

was performed at a 0.5 C constant current between 1.0 and 2.6 V after the cells were cycled three times at 25 °C 

with a 0.2 C constant current. 
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Recently, the anode-free cell with zero-excess Li was suggested as a rapid and effective platform to evalu-

ate the Li CE in a full cell condition [39, 40]. Therefore, we evaluated the cycle performance of anode-free 

LFP/Cu cells at 5 °C, 25 °C, and 60 °C (Fig. 4.13b, see Fig. 4.15 for a detailed comparison of the cyclability and 

voltage profiles). Analogous to the results of the FeS2/Li cells, the LFP/Cu cell with gLHCE exhibited superior 

cyclability to that of the cell with gHCE at 25 °C, and the advantage of gLHCE was more apparent in the 5 °C 

and 60 °C tests. In particular, during the 60 °C test, the cell with gLHCE presented decent cycle retention up to 

the 50th cycle, whereas that with gHCE suffered from severe side reactions from the 20th cycle and failed before 

the 40th cycle (Fig. 4.15e). 

Besides the excellent cycle performance over a wide temperature range, 5−60 °C, gLHCE enabled fast op-

eration of the LMBs as well. Fig. 4.13c presents the discharge behavior at 25 °C of the FeS2/Li cells at various 

current densities in the range of 0.1−5 C. While the cell with gLHCE exhibited a similar capacity to that with 

gHCE at 0.1 C, the former retained a much higher capacity than that of the latter at a relatively high current rate. 

The cell with gLHCE delivered 384 mAh g–1 at a 2 C rate, whereas the cell with gHCE achieved only 157 mAh 

g–1. In addition, the outstanding rate capability of gLHCE was preserved in the LFP/Cu cells as well (Fig. 

4.13d).  
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Fig. 4.15 Specific capacity of the LFP/Cu cells with gHCE and gLHCE at (a) 5 °C, (c) 25 °C, and (e) 60 °C. 

Voltage profiles at the 4th and 100th (50th) cycles for the LFP/Cu cells with gHCE and gLHCE at (b) 5 °C, (d) 

25 °C, and (f) 60 °C. Cycling at 25 °C was performed at a 0.2 C constant current between 2.8 and 3.8 V. Cycling 

at 5 °C and 60 °C was performed at a 0.5 C constant current between 2.8 and 3.8 V after the cells were cycled 

three times at 25 °C with a 0.2 C constant current. 
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4.3.7 Internal resistance analysis 

To better understand the interfacial kinetics of the Li electrodes, EIS measurements were conducted. Figs. 

4.16a and 4.16b present the Nyquist plots of the Li/Li cells with gHCE and gLHCE measured over 5−55 °C. 

The fitted resistance values derived from the impedance spectra with an equivalent circuit (Fig. 4.16c) are pre-

sented in Table 4.3, where Rs, RSEI, and Rct are the ohmic resistance, SEI resistance, and interfacial charge trans-

fer resistance, respectively [41, 42]. Rs is expected to be inversely proportional to the ionic conductivity of the 

electrolytes. Indeed, the Rs values of gHCE and gLHCE are inversely proportional to their ionic conductivities, 

as shown in Fig. 4.1a; the Rs (ionic conductivity) of gLHCE was smaller (higher) than that of gHCE from 5 °C 

to 25 °C, and increased (lower) over 35 °C. Importantly, the RSEI and Rct values of gLHCE were notably smaller 

than those of gHCE over the whole temperature range. Notably, over 35−55 °C, the lower RSEI and Rct of 

gLHCE overcompensates its slightly higher Rs. Therefore, the low internal resistance of Li anode in gLHCE, 

together with its excellent wettability account for the outstanding rate capability of the FeS2/Li and LFP/Cu 

cells. With this respect, the lower overpotential of Li/Cu, Li/Li, FeS2/Li, and LFP/Cu cells with gLHCE (Fig. 

4.8, 4.9, 4.14, and 4.15, respectively) can be understood. The low internal resistance in LHCE compared to that 

in HCE was also reported in the previous studies [14, 18], of which origin deserves further study. As a tentative 

conclusion, we suppose that the lower RSEI in gLHCE is associated with the inorganic-rich SEI layer derived in 

the electrolyte [33−35]. It appears that the low Rct in gLHCE stems from the unique solvation structure of gLHCE. 

Reportedly, the desolvation process of Li-ions at the electrode/electrolyte interface was identified as a deci-

sive contributor to this type of resistance, demonstrating the important role of ion-solvent interactions in the 

interfacial kinetics [43, 44]. Indeed, as deduced from the Arrhenius plots (Fig. 4.16d), the activation energy of the 

charge transfer reaction (Ea
ct) of the Li/Li cell with gLHCE was found to be lower than that with gHCE (30.6 kJ 

mol–1 vs. 36.5 kJ mol–1). This reflects that gLHCE mitigates the activation barrier for Li-transfer at the interface, 

which should be associated with the favorable solvation structure of gLHCE. 
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Table 4.3 Fitted resistance values from Nyquist plots of the Li/Li cells measured at a SOC 50 shown in Fig. 

4.16. 

Temperature 

(°C) 

Li/Li cell with gHCE Li/Li cell with gLHCE 

Rs (Ω) RSEI (Ω) Rct (Ω) Rs (Ω) RSEI (Ω) Rct (Ω) 

5 1.64 3.87 34.78 1.45 3.52 19.83 

15 1.48 3.84 25.68 1.35 3.25 16.82 

25 1.27 3.11 15.57 1.19 2.13 9.18 

35 0.97 2.67 10.09 1.14 1.68 6.58 

45 0.75 1.90 5.91 1.00 1.31 4.62 

55 0.60 1.11 3.09 0.83 0.66 2.71 
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Fig. 4.16 Nyquist plots of the Li/Li cells with (a) gHCE and (b) gLHCE over 5−55 °C measured at a state-of-

charge (SOC) 50. The Li/Li cells were cycled 3 times before the impedance measurements. (c) An equivalent 

circuit for fitting of impedance data. (d) Arrhenius plots of the charge transfer resistance (Rct) for Li/Li cells 

with gHCE and gLHCE. Li deposition/dissolution capacity for the formation process was 1.0 mAh cm–2 at a 

current density of 0.2 mA cm–2. The experimental spectra were plotted as solid dots and the best-fitted data were 

solid lines. The parameters, RS, RSEI, Rct, QSEI, Qct, and QD were determined by the curve fitting with the equiva-

lent circuit (Fig. 4.16c). QSEI and Qct are the constant phase elements (CPEs) coupled with RSEI and Rct, respec-

tively. QD represents the finite diffusion of a Warberg element [45, 46]. 
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4.3.8 Comparison 

Finally, we compared gLHCE with various LHCEs reported thus far in the literature (Table 4.4). Arguably, 

gLHCE is comparable to or better than the other LHCEs in terms of the Li CE, ionic conductivity, viscosity, 

non-flammability, and electrochemical stability. Moreover, this study suggests that gLHCE markedly improves 

the cycle performance of LMBs over a wide temperature range. 

 

Table 4.4 Comparison of the Li cycle test, ionic conductivity, viscosity, non-flammability, and electrochemical 

stability of various LHCEs and HCEs. The values of HCEs are denoted in parenthesis. 

LHCE 
(HCE) 

Li CE, cycles, 
current density, 
areal capacity 

Ionic con-
ductivity 
(mS cm–1) 

Vis-
cosity 
(cP) 

Non-
flamm-
ability 

Oxidation 
potential (V) 
/Al corrosion 

Cell 
Types 

LiFSI/3TMS/3TTE 
(LiFSI/3TMS) [13] 

98.8 % (98.2 %), 
150 cycles,  

0.5 mA cm–2,  
1 mAh cm–2 

ca. 3 (ca. 2) 14.1 
(99.5) O (O) NA 

/X (O) LNMO/Li 

1.2 M LiFSI DMC/BTFE (1/2 by 
mol) 

(5.5 M LiFSI DMC) [14] 

99.3 % (99.2 %), 
200 cycles,  

0.5 mA cm–2,  
5 mAh cm–2 

2.67 (1) 2.7 
(180) X (X) NA 

/X (X) NMC/Li 

1.2 M LiFSI TEP/BTFE (1/3 by 
mol) 

(3.2 M LiFSI TEP) [15] 

99.2 % (97.3 %), 
10 cycles,  

0.5 mA cm–2,  
1 mAh cm–2  

after formation 
with 5 mAh cm–2 

1.29 (0.52) 2.9 
(150) O (O) NA 

/X (X) NMC/Li 

LiFSI/1.2DME/3TTE 
(LiFSI/1.2 DME) [16] 

99.3 % (99.2 %), 
300 (200) cycles, 

0.5 mA cm–2, 
1 mAh cm–2 

2.44 (4.18) 4.8 
(48) O (X) 4.5 (4.5) 

/NA 
NMC/Li 
NMC/Cu 

LiFSI/DME (1/1 by mol) + 50 
wt% HFME 

(LiFSI/DME (1/1 by mol)) [17] 

99.46 % (99.22 %), 
500 cycles,  
1 mA cm–2,  
1 mAh cm–2 

3.18 (1.74) ca. 10 
(82.6) O (X) 4.8 (4.7) 

/NA Sulfur/Li 

1 M LiFSI DME/TTE (1/2 by vol) 
(4 M LiFSI DME) 

99.4 % (99.09%), 
200 cycles,  

0.2 mA cm–2,  
0.5 mAh cm–2  

6.9 (5.7) 4.9 
(36.2) O (X) 4.86 (4.85) 

/X (O) 
FeS2/Li 
LFP/Cu 

 



- 69 - 
 

4.4 Conclusions 

This study demonstrates the significant advantages of gLHCE over gHCE in the operation of LMBs under 

harsh temperature conditions. The TTE co-solvent exhibiting favorable properties, including non-solvating abil-

ity toward Li-ions, low viscosity, and non-flammability, played a crucial role in fulfilling the key requirements 

of LMB electrolytes: stable and reversible Li cycling, fast ion transport, facile wetting toward polyethylene sep-

arators, and thermal stability. In addition, among various combinations of glymes and fluorinated ethers, a pair 

of DME and TTE (1/2, v/v), i.e., gLHCE, was revealed to present the best Li cycling performance. Importantly, 

gLHCE exhibited Li CEs higher than those of gHCE, not only under ambient condition (25 °C) but also at low 

(5 °C) and elevated (60 °C) temperatures. XPS and Raman measurements evidenced that the excellent Li cy-

cling performance in gLHCE is attributed to the dominance of associative solution species (AGG and CIP), 

which facilitate the formation of inorganic-rich SEI on the Li anode. The excellent compatibility with the Li 

anode together with the outstanding physicochemical properties of gLHCE led to the markedly improved long-

term cyclability of the FeS2/Li and anode-free LFP/Cu cells over the wide temperature range. In addition, 

gLHCE displayed the facile kinetics at the Li/electrolyte interface, which together with the high ionic conduc-

tivity and good wettability, resulted in the enhanced rate capabilities of the FeS2/Li and LFP/Cu cells compared 

to the case with gHCE. Our findings indicate that LHCEs can expand the operating temperature range of LMBs, 

thus propelling LMBs one-step closer to the standard of the state-of-the-art Li-ion batteries. 
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V. Analysis of rate performance of high-concentration electrolytes and lo-

calized high-concentration electrolytes 

 

5.1 Introduction 

It has been reported that LiFSI-acetonitrile (AN) HCEs exhibited excellent capacity retention at high 

charge/discharge rate in graphite cells, contrast to the belief that LiFSI-AN electrolytes undergo severe cycling 

failure with Li metal anode owing to poor reductive stability[1].  

In the report, reversible cycling behaviors were shown in LiTFSI-AN HCEs unlike AN based diluted elec-

trolytes (DEs) (Fig. 5.1). In HCEs, a stable anion-derived SEI layer could be formed because anions are prefer-

ably reduced rather than AN solvents during the Li intercalation process of the graphite in such HCEs[1]. Also, 

LiFSI-AN HCEs provided a great capacity retention at fast charging of graphite/Li cells compared to the con-

ventional electrolytes (Fig. 5.2). 

 

 

Fig. 5.1 Charge/discharge profiles of graphite/Li cells with 4.2 M LiTFSI-AN solution. The charge/discharge 

rate is 0.1C[1]. 
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Fig. 5.2 (a) Lithium intercalation voltage profiles of graphite/Li cells at various C-rates from 0.05C to 2C. (b) 

Lithium deintercalation capacity of graphite/Li cells at various C-rates from 0.05C to 5C. The current density 

during charge and discharge was set to the same C-rate and the cells were charged/discharged with only 

constant current mode[1]. 

 

As shown in Table 5.1, the physicochemical properties of LiFSI-AN HCEs (> 4 M) are revealed to be very 

poor than LiFSI-AN DEs (1 M) and it is also widely known that the conventional electrolytes exhibited much 

greater ionic conductivity and lower viscosity than such HCEs. Nevertheless, the exact reason for excellent rate 

capability of HCEs still remains elusive.  

 

Table 5.1 Physicochemical properties of LiFSI-AN electrolytes at 30 oC[1]. 

Concentration 

(mol dm-3) 

Density 

(g cm-3) 

Ionic conductivity 

(mS cm-1) 

Viscosity 

(cP) 

1 0.89 50 0.69 

3 1.14 29 4.0 

4 1.26 16 9.0 

5 1.37 7.1 37.7 

6 1.48 3.3 153 
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To assess the relation between the characteristics of the electrolyte and the rate capability of cells, LiFSI-

DMC DE, HCE, and LHCEs are utilized with electrochemical techniques including EIS, electromotive force 

(EMF) of concentration cells, and galvanostatic intermittent titration technique (GITT). 

 

5.1.1 Overpotential 

In electrochemistry, overpotential (η) is the additional voltage for the reactions to occur in experimental 

conditions. The reactions are driven by applying more potential than thermodynamically determined potential. 

There are three types of overpotentials during charge/discharge of cells, and they influence the electrochemical 

performance of cells severely. As shown in Table 5.2 and Fig. 5.3, charge transfer overpotential (ηct) is related to 

kinetics and presented due to charge transport at the interfaces. It depends on rate constant such as charge trans-

fer activation energy (Ea
ct) and exchange current (io). Ohmic, ionic, and concentration overpotential are related 

to mass transport in batteries and presented owing to the ohmic losses in the electrical and ionic conductors, 

ionic losses in electrode pores, and mass depletion/accumulation, respectively. Influencing parameters on mass 

transport related overpotential are ionic conductivity, contact resistance, porosity, thickness, transference num-

ber, Li salt diffusion and Li salt activity. These overpotentials closely affect the electrochemical performances 

of the cells as shown in Fig. 5.4. ηohm, ηion, and ηct affect at the early stage of discharge process due to the rapid 

time-scale of ionic conduction and charge transfer reactions while ηct significantly reduces the electrochemical 

performance at the late time of discharge process due to the cumulative concentration gradient. It is noted that 

when cycled slowly the influence of overpotentials is not severe but it becomes much critical during fast cycling. 

This means for the accomplishment on the fast operation of the batteries the overpotentials should be taken care 

of precisely. Thus, I investigated the effects of these overpotentials on the rate capability of cells with DE, HCE, 

and LHCEs. 
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Table 5.2 Explanation of types of overpotential, adapted from the handouts of the “Electrochemistry” class. 

Overpotential type Due to Depends on 

Kinetics 
ηct 

:charge transfer, 
activation 

Charge (electron /ions/charged species) 
transport at the interfaces Rate constant (Ea

ct, io) 

Mass 
transport 

ηohm 
:ohmic 

Ohmic losses in the electrical and ionic 
conductors(=IR drop) 

Ionic conductivity, 
contact resistance 

ηion 
:ionic in pores Ionic resistance in electrode pores Ionic conductivity, porosity, thickness 

ηconc 
:concentration 

Mass (ions/charged species) deple-
tion/accumulation 

Transference number, Li salt diffu-
sion, Li salt activity 

 

 

 

Fig. 5.3 Scheme for the types of resistance caused by the overpotential in the cells with porous electrodes. The 

ionic resistance in electrode pores (Rion) should be considered in the porous electrodes[2]. 
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Fig. 5.4 The effect of overpotentials in the electrochemical performance of the cells, adapted from the handouts 

of the “Electrochemistry” class. ηohm, ηion, and ηct affect at the early stage of discharge process due to the rapid 

time-scale of ionic conduction and charge transfer reactions while ηct significantly reduces the electrochemical 

performance at the late time of discharge process due to the cumulative concentration gradient. 

 

 

5.2 Experimental 

5.2.1 Chemicals 

LiFSI (purity: 98.0%) was provided by TCI Co., Ltd., TTE (99.0%) was provided by Apollo scientific Ltd.. 

Anhydrous DMC (99.5%) was purchased from Samchun chemicals. LCO electrode (1.6 mAh, 1.54 cm2 area) 

was provided by Wellcos Corp. The preparation of LiFSI-DMC based electrolytes (1 M LiFSI DMC: DE, 5 M 

LiFSI DMC: HCE and 2.5 M LiFSI DMC/TTE (1/1, v/v): LHCE) was conducted in an Ar-filled globe box 

(H2O and O2 levels < 1 ppm and 25 ± 5 ºC), and their water contents, measured by Karl-Fisher (Metrohm), were 

less than 35 ppm. LCO electrode and PE separator (Tonen) were dried at 100 °C and 60 oC under vacuum for 

over 12 h prior to use, respectively. 

 

 

Kisung Park
삽입된 텍스트
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5.2.2 Methodology 

The ionic conductivities of the electrolytes were measured from 10 oC to 60 oC using an ionic conductivity 

meter (MCS 10, Biologic), and the viscosity of the electrolytes at 25 oC was measured by a viscometer (A&D). 

Prior to each measurement, the electrolytes were maintained for at least 30 min at a given temperature.  

A three-electrode system was employed to determine Al corrosion behaviors of the electrolytes. An Al rod 

(99.999% purity, 3.0 mm diameter) was used as the working electrode, and a Li chip and Pt wire were em-

ployed as the reference and counter electrodes, respectively. To evaluate the oxidative stability of the electro-

lytes, cyclic voltammetry (CV) was conducted at a scan rate of 10 mV s–1 from 2.7 to 4.7 V (vs. Li/Li+). 

Battery tests were carried out using 2032-type SUS coin cells (Wellcos Corp.) assembled in an Ar-filled 

glove box. To prevent SUS corrosion issues at the cathode side, an Al-deposited SUS cell case (Wellcos Corp.) 

was introduced. For the rate capability test, LCO/Li cells composed of an LCO cathode (1.54 cm2) and a Li foil 

disk (2.01 cm2) were assembled. The cells were cycled three times at 25 °C with a 0.2 C current within a cutoff 

voltage range of 2.5−4.25 V to complete the formation process. The current densities for rate capability test 

were 0.5C, 1C, 2C, 5C, 10C, 15C, and 20C for three cycles, respectively.  

GITT was introduced by placing the rest time in the middle of discharge process to eliminate Li salt con-

centration gradient. LCO/Li cells with DE, HCE, and LHCE were cycled for three times without intermission as 

the formation process, and then charged at 0.2C. The cells were discharged at 5C with 20 min rest for nine times. 

EIS was conducted with LCO/LCO symmetric cells in DE, HCE, and LHCE electrolytes. LCO/LCO coin 

cells were stored at 25 oC for 20 h after they were assembled with 150 μL of electrolytes and PE separator in the 

glove box to distinguish the ionic resistance in electrode pores (Rion). After measurement of Rion at SOC 0, the 

cells were disassembled and each LCO electrode was reused with fresh Li foils (e.g. LCO/Li coin half cells) to 

complete the three-cycles-formation process which was ended at SOC 50. Electrochemical impedance was then 

measured for SOC 50 LCO/LCO symmetric cells which were reassembled with three-cycle-cycled LCO/Li coin 

half cells. For those SOC 50 LCO/LCO cells, the overall impedances can be classified into Rsol (bulk electrolyte 

resistance), Rhf (high-frequency resistance related to film, SEI, contact resistance), Rion, and Rct. Especially, Rion 

can be precisely fitted due to the independence of Rion to the SOC changes[3] in LCO/LCO cells as shown in 
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Nyquist plots at SOC 0 and 50 (Fig. 5.5). The frequency range was 300 kHz to 0.1 Hz, and the ac voltage ampli-

tude was 5 mV with no dc potential polarization. 

To estimate the Li activity (aLi
+), EMFs of the concentration cell were measured by a portable digital volt-

meter in the glove box. The configuration of the concentration cell is illustrated in detail in Fig. 5.6. 
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Fig. 5.5 Nyquist plots of LiNiO2 cathode symmetric cells in the conventional electrolyte at 20 oC: (a) SOC 0, 

and (b) SOC 50. The solid lines are the best-fitted results from the equivalent circuit[3]. 

 

 

Fig. 5.6 Illustration of concentration cell configuration. Li metal immersed in DE-filled glass tube with porous 

vycor tip is a reference electrode, and the other Li metal is immersed in HCE or LHCE-filled beaker as a work-

ing electrode. EMFs between two Li metals were measured by a portable digital voltmeter. 
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5.3 Results and discussion 

5.3.1 Physicochemical properties 

As previously concluded, the physicochemical properties of the electrolyte crucially affect the electro-

chemical performance of LMBs. Fig. 5.7 and Table 5.3 display the ionic conductivities and activation energy for 

ionic conduction (Ea
sol) at various temperatures and the ionic conductivity and viscosity at 25 oC for DE, HCE, 

and LHCE. 

 

 

Fig. 5.7 (a) Ionic conductivities of DE, HCE, and LHCE at various temperatures. (b) Vogel-Tammann-Fulcher 

(VTF) plots of ionic conduction for DE, HCE, and LHCE. Solid lines denote the best-fitting results of the VTF 

equation. 

 

Table 5.3 Ionic conductivity and viscosity of DE, HCE, and LHCE at 25 oC. 

Electrolyte Ionic conductivity (mS cm-1) Viscosity (cP) 

DE 12 3.2 

HCE 1.7 145 

LHCE 2.5 21 
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DE exhibited superior ionic conductivity and quite lower viscosity, and also the activation barrier for ionic 

conduction is lowest (2.81 kJ mol-1) among the three electrolytes. Since the ionic conductivity of the electrolyte 

surely influences the mass transport, large ηohm and ηion (e.g. Rsol and Rion) of HCE and LHCE are expected to 

limit the cell performance. Importantly, LHCE appeared to have better mass transport by the fact that LHCE 

presented higher ionic conductivity and seven times lower viscosity.  

 

5.3.2 Al corrosion inhibition 

Before the electrochemical tests of LCO/Li cells, the oxidation stability of the electrolyte must be guaran-

teed to separate and interpret the origin of degradation in the cells from the electrolyte decomposition. Fig. 5.8 

presents CVs for an Al rod working electrode immersed in the three electrolytes. All CVs exhibited Al corrosion 

inhibition ability (For the detailed description of corrosion resistive behaviors, see Fig. 3.3 and explanation of 

Fig. 3.3). Thus, the cells with three electrolytes are not going to suffer from the oxidative decomposition of the 

electrolytes or Al current collector of cathodes. 

 

 

Fig. 5.8 CVs of Al electrodes at the first, second, and third cycle in DE, HCE, and LHCE. The current density 

decreases in the subsequent cycles after first cycle, which indicates the passive film layer is formed on the Al 

electrodes. 
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5.3.3 LCO/Li rate performance 

Rate capability of LCO/Li cells with DE, HCE, and LHCE was investigated from the cycling of LCO/Li 

cells at 0.2C‒20C. Fig. 5.9 shows the discharge capacity of LCO/Li cells with DE, HCE, and LHCE. At low 

rate (i.e. 0.5C), the capacity retentions of HCE and LHCE were superior to DE. The higher capacity retention 

was observed up to 10C for both HCE and LHCE. However, the discharge capacity at 15C for HCE was dra-

matically decreased, and even became lower than DE. It is noted that the capacity of LCO/Li cells with LHCE 

was retained highest as the discharge rate was fastest (20C). 

 

 

Fig. 5.9 The discharge capacity of LCO/Li cells with DE, HCE, and LHCE at various C-rates from 0.2C to 20C. 

 

Voltage profiles can provide the information about the rapid decrease of discharge capacity retention of 

HCE at 10C and great capacity retention of LHCE up to 20C. Fig. 5.10 exhibits the voltage profiles of DE, HCE, 

and LHCE at 0.2C, 5C, 10C, and 20C. No discharge capacity difference among LCO/Li cells with three electro-

lytes was observed at 0.2C, but the overpotential in HCE increased at 5C, indicating ηohm, ηion, and ηct for HCE 

increased. These overpotentials became serious, inducing the decrease of discharge capacity and energy density 

while other two LCO/Li cells with DE and LHCE were governed by much mitigated overpotentials. At 20C, 

HCE suffered from all the overpotentials including ηconc, and thereby huge decrement of discharge capacity was 

exhibited. LHCE began to be influenced by increased ohmic, ionic, and charge transfer overpotentials but it still 
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provided higher discharge capacity than DE. However, the exact overpotential change is not able to be separated 

from the voltage profiles (Namely, the mass transport and kinetics at the early stage of discharge are not distin-

guishable). 

 

 

Fig 5.10 Voltage profiles of LCO/Li cells at 0.2C, 5C, 10C, and 20C with DE, HCE, and LHCE.  

 

5.3.4 Internal resistance and overpotential 

It was found that DE exhibits most favorable mass transport (e.g. highest ionic conductivity), LHCE shows 

better migration of ions in the cells than HCE, and ηohm, ηion, and ηct are seriously degrading the rate capability 

of HCE at higher rate. Since the overall overpotentials of DE at the beginning of discharge were similar to other 

two electrolytes with lowest ηohm, and ηion, ηct is predicted to contribute to the decrease in discharge capacity at 

low and moderate rate (0.2C‒5C). EIS then gives an insight into the overpotentials, and thus impedance spectra 

of LCO/LCO symmetric cells with DE, HCE, and LHCE was examined. The spectra and best-fitted resistances 

are displayed in Fig. 5.11. Rsol and Rion in the high frequencies were in the following order: DE << LHCE < 
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HCE, which is in good agreement with the ionic conductivities in Table 5.2 and Fig. 5.7. However, Rct was 

found to be highest in DE and lowest in LHCE, and thus the overall internal resistance is highest in DE. This 

indicates the capacity retention at low and moderate rate was poor in DE due to the sluggish charge transfer 

reactions and importantly it seems to be more affected by the kinetics than mass transport because HCE and 

LHCE presented better capacity retention owing to fine charge transfer reactions.  

 

 

Fig. 5.11 Nyquist plots of LCO/LCO symmetric cells at SOC 50 for DE, HCE, and LHCE. Left and middle are 

expanded view of right plot. Each resistance is described as a bar with various length and thickness in Nyquist 

plots and accumulated column bar graph.  

 

Meanwhile, it seems the sophisticated consideration of the origin of charge transfer for HCE and LHCE 

would be needed, despite poor mass transport, because it considerably affects the electrochemical performances 

of the cells at moderate rate (~5 or 10C). As mentioned in Table 5.2, the charge transfer is determined by the 

rate constant such as Ea
ct and io from the equation below[4, 5]: 
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where R is a gas constant, A is the solvent-independent pre-exponential factor, τL is the longitudinal relaxa-

tion time of the solvent which is proportional to the viscosity by the relation of Stokes-Einstein-Debye equation, 

aLi
+ is Li-ion activity, and ∆G* is the activation energy for charge transfer. To compare the kinetics quantitatively, 

the ratio of io is calculated from Rct ratio as displayed in Table 5.4.  

 

Table 5.4 The ratio of io,HCE to io,LHCE from Rct. 

Electrolyte Rct (Ω) io,HCE/io,LHCE  

HCE 66.1 
0.84 

LHCE 55.6 

 

The ratio of io,HCE to io,LHCE is revealed to 0.84, standing for the better kinetics of LHCE than HCE. This 

better kinetics of LHCE must be coming from the relation between viscosity, aLi
+, and ∆G*. Thus, the confirma-

tion of the same exchange current ratio calculated from these parameters will guarantee the better kinetics of 

LHCE and the exact origin of it. For the calculation of the io ratio, the ratio of viscosity, aLi
+, and ∆G* need to be 

calculated. Thus, Rct of LCO/LCO symmetric cells with HCE and LHCE at various temperatures was measured 

and Arrhenius plot is displayed in Fig. 5.12. First of all, the better kinetics of LHCE was ascertained by the re-

sult that Ea
ct of LHCE (note that Ea is the rate constant depending on the kinetics) was revealed to be lower than 

HCE, and the ratio of exp(‒Ea
ct

,HCE/RT) to exp(‒Ea
ct

,LHCE/RT) was 0.35. 
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Fig. 5.12 Arrhenius plots for Ea
ct of HCE and LHCE. The solid lines are the best-fitted result from the equiva-

lent circuit in Fig. 4.16c. 

 

Next, to assess the ratio of τL,HCE
‒1 to τL,HCE

‒1, the viscosity ratio of viscosity,HCE
‒1 to viscosity,LHCE

‒1 was 

calculated to be 0.15. Lastly, aLi
+ ratio was estimated from EMFs of the concentration cells by the following 

equation adapted from the handouts of “Electrochemistry” class. 

 

where t+ is the Li-ion transference number, aLi
+

ref is the Li-ion activity in the reference electrolyte (DE). 

The EMF of Li electrode in HCE and LHCE against the Li metal in DE reference electrolyte was measured to 

be 0.43 V and 0.29 V by a portable voltmeter, respectively. Assuming t+ of HCE and LHCE, such solvated ionic 

liquids[5], to be 0.5, aLi
+/aLi

+
ref is exp(EMFF/RT). Thus, the ratio of aLi

+
,HCE to aLi

+
,LHCE is equal to the ratio of 

exp(EMFHCEF/RT) to exp(EMFLHCEF/RT), which is calculated to be 15.6. Therefore, the ratio of io,HCE to 

io,LHCE is a product of these three ratios and it is eventually calculated to be 0.80, leading to very good agreement 

with the exchange current ratio from Rct (Table 5.5). 
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Table 5.5 The ratio of io,HCE to io,LHCE from Ea
ct of LCO/LCO symmetric cells with HCE and LHCE, viscosity, 

and EMF of the concentration cells. io ratio is obtained by a product of all factor ratios. 

Factor Relation Calculated ratio (HCE/LHCE) 

exp(‒Ea
ct/RT) Ea

ct 0.35 

Viscosity‒1 τL 0.15 

exp(EMFF/RT)  aLi
+ 15.6 

io kinetics 0.80 

 

In summary, the better kinetics of LHCE compared to HCE is attributed to lower activation energy for 

charge transfer reaction, considerably lower viscosity of the electrolyte, and therefore higher rate constant than 

HCE, resulting in the better capacity retention up to moderate rate (~10C). 

The effect of ηconc on the electrochemical performance of the cell was already confirmed in the voltage pro-

files in Fig. 5.10: largest ηconc for HCE. As shown in Fig. 5.13, the discharge capacity was, indeed, recovered by 

reducing the Li salt concentration gradient (e.g. ηconc) using GITT method in LCO/Li cells. The recovery was 

largest in HCE, and smallest in DE, which means the mass transport caused by Li salt concentration difference 

owing to the poor diffusion of HCE seriously diminished the capacity retention at high rate (> 15C) and thereby 

the energy density of the cells. 

 

 

Fig. 5.13 Voltage profiles of LCO/Li cells at 5C with DE, HCE, and LHCE using CC only and GITT method. 

The intermittent rest time is 20 min. 



- 91 - 
 

5.4 Conclusions 

The relation between the characteristics of the electrolyte and the rate capability of cells was assessed by 

utilizing LiFSI-DMC DE, HCE, and LHCEs with electrochemical techniques including EIS, electromotive 

force (EMF) of concentration cells, and galvanostatic intermittent titration technique (GITT). Despite the poor 

mass transport of HCE, the rate capability of LCO/Li cells with HCE exhibited quite better than DE at moderate 

C-rate because HCE presented much mitigated charge transfer overpotential as compared to DE, which means 

for better electrochemical performance of the cells the facile charge transfer should be basically guaranteed. 

Especially, LHCE exhibited the best charge transfer due to the lowest activation energy for charge transfer reac-

tion and lower viscosity of the electrolyte. 

However, at very high rate, HCE suffered from mass transport limit conditions, so the capacity retention 

was very poor at 15C. LHCE had strong advantages at such high rate since it has not only the lowest charge 

transfer overpotential but also much better physicochemical properties which is closely related to the mass 

transport of the cells. Lastly, the Li concentration gradient (e.g. concentration overpotential) was obviously con-

firmed to reduce the capacity retention and the energy density of the cells especially in HCE. Thus, the opti-

mized LHCE was eventually recommended owing to much improved mass transport as well as the facile charge 

transfer in the cells. 
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요 약 문 

전극과의 계면 반응에서 리튬 이온 전지 및 리튬 금속 전지용 

이미드 전해액의 역할 

본 논문은 리튬 이온 전지 및 리튬 금속 전지에서 리튬 이미드 염 기반 전해액의 가용성에 

대해 연구이다. 리튬 이미드 염, 그 중에서도 lithium bis(fluorosulfonyl)imide (LiFSI)나 

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 등의 경우 lithium hexafluorophos-

phate (LiPF6)보다 우수한 용해도, 열적 안정성, 좋은 이온 전도도와 HF 형성으로 인한 

문제점이 없다는 다양한 장점들로 인해 리튬 이온 전지 및 리튬 금속 전지에서의 활용방안이 

무궁무진하다. 따라서 본 논문은 상기된 장점을 가진 리튬 이미드 염을 활용하여 리튬 이온 

전지 및 리튬 금속 전지에 적용하고 분석을 진행하였다. 이를 정리하면 다음과 같다. 

우선적으로 리튬 이온 전지에서 리튬 이미드 염의 적합성에 대해 연구하였다. 상기된 

다양한 장점에도 불구하고 리튬 이미드 염은 양극의 집전체인 알루미늄의 부식 문제가 심하기 

때문에 활용에 큰 제한을 받고 있다. 리튬 이미드 염 기반 전해액 및 다양한 리튬 보레이트 염 

첨가제를 사용한 전해액에서의 체계적인 알루미늄 부식 거동 비교를 통해 알루미늄 부식이 

첨가제들에 의해 크게 감소하였으며, 부식 억제 능력은 다음 순서를 따른다. Lithium difluo-

ro(oxalato)borate (LiDFOB) > lithium tetrafluoroborate (LiBF4) ≈ LiPF6 > lithium 

bis(oxalato)borate (LiBOB). 특히, LiDFOB 첨가제를 사용한 리튬 이미드 전해액의 부식 억제 

능력은 알루미늄 부식이 없는 LiPF6 전해액과 유사하였다. X-ray photoelectron spectroscopy 

(XPS)를 통한 표면 분석에 의하면 LiDFOB 의 우수한 부식 억제 능력은 알루미늄/전해액 계면 

상에 Al-F, Al2O3, B-O 화합물로 이루어진 피막을 형성하기 때문으로 밝혀졌다. 이 전해액을 

활용하여 LiCoO2/흑연 전지의 율속 특성을 분석한 결과 LiPF6 와 비교 될만한 율속 성능을 

보였으며, LiDFOB 가 첨가되지 않은 LiFSI 전해액을 사용한 전지는 심각한 알루미늄 부식으로 

인해 출력 특성이 좋지 못함을 확인하였다. 

한편, 리튬 금속 음극은 높은 이론 용량 및 낮은 레독스 전위를 가지므로 낮은 쿨륭 

효율과 덴드라이트 형성으로 인한 안전성 문제만 해결되면 급속도로 발전하는 에너지 시장 

수요를 당장에 충족시킬 수 있는 흑연 음극의 대체제로서 각광받고 있다. 최근 리튬 이미드 

염과 비용매 불화 에테르 용매를 활용한 전해액이 우수한 리튬 수명 성능을 가진다는 보고가 

있었으나, 이러한 국부 고농도 전해액 (LHCE)의 보다 거친 조건 하에서 성능을 규명하는 

연구는 거의 없는 실정이다. 따라서, 본 논문에서는 넓은 온도 범위에 걸친 글라임 계 LHCE 

(gLHCE)의 성능을 불화 에테르의 유익한 역할에 초점을 맞춰 분석하였다. 글라임 계 고농도 
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전해액 (gHCE)과 비교하여 gLHCE 는 불화 에테르의 혼용을 통해 우수한 물성, 젖음성, 난연성 

등의 장점을 가진다. 상세 분석들을 통해 gLHCE 는 대부분의 FSI 음이온들이 접촉 이온 쌍 및 

agglomerate 형태로 존재하여 리튬 음극 상에 무기물이 풍부한 solid electrolyte interphase 

(SEI)를 형성함으로 인해 전해액과의 부반응을 줄임과 더불어 내부 전하 이동 또한 용이하게 

만듦을 밝혀냈다. 이러한 표면 피막의 우수성 때문에 gLHCE 는 뛰어난 리튬 수명 성능 및 

FeS2/Li, 음극이 없는 LiFePO4/Cu 전지 등에서의 저온 및 고온 장기 수명 안정성 확보를 

가능하게 하였다. 

뿐만 아니라, 통상적으로 더 높은 이온 전도도와 낮은 점도를 갖는 전해액에 비해 고농도 

전해액 (HCE)는 전기화학적 성능이 좋지 못할 것이라는 생각과는 달리 HCE 에서 우수한 율속 

특성이 나타난다는 보고를 토대로 디메틸 카보네이트 (DMC) 기반의 저농도 전해액 (DE), HCE, 

그리고 LHCE 에 대해 율속 특성을 파악하였다. 이어서 다양한 종류의 과전압을 분류하고 

전기화학적 임피던스 분석 및 농도차전지의 기전력 측정, 충방전 프로파일 분석, galvanostat-

ic intermittent titration technique (GITT) 등을 통하여 각 전해액에서의 LCO/Li 전지가 

갖는 과전압의 영향력을 파악하였다. 고속 방전 하에서도 가장 우수한 율속 특성을 보인 

LHCE 의 경우 가장 낮은 전하 이동 과전압 및 상대적으로 낮은 물질 전달 과전압을 

보유하였으며, 이를 통해 율속 특성에 영향을 미치는 과전압은 물질 전달 과전압 뿐만 아니라 

두 종류의 과전압이 모두 낮아야 함을 규명하였다. 

상기 리튬 이온 전지 및 리튬 금속 전지 분야 본 연구에서는 전지용 전해액의 활용 

가능성은 전해액 자체의 물성만의 영향보다는 이온 및 전하 이동에 영향을 줄 수 있는 전극 및 

전극/전해액 계면의 특성 또한 종합적으로 고려해야 한다는 결론을 도출하였다. 

 

핵심어: lithium bis(fluorosulfonyl)imide (LiFSI), lithium ion batteries, lithium 

metal batteries, passive layer, solid electrolyte interphase (SEI), interface 
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