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Abstract 

Lithium-ion batteries (LIBs) have become the most popular electrical power 

sources because of their high power, capacity, and energy density. As LIBs have 

been considered as the most promising candidates which meet both power and 

energy capabilities required for EVs, inevitable needs for electric vehicles (EVs) 

lead to the growing demands for LIBs.  

Many researchers have devoted their efforts to improve the performances of 

LIB such as power capability, energy density, and thermal stability. Regarding the 

power capability and energy density, active materials employed in electrodes are 

dominantly contributing factors. So, most of studies related to the enhancement of 

LIB performances have focused on the development of high power capacity 

materials for cathode and anode. 

However, particularly in the field of EV application, the themal stability will 

be a key issue to govern the safety of whole EV because of a huge amount of heat 

generated from the EV batteries. So, thermal properties of the electrolyte are 

crucial for LIB safeties. In fact, the carbonate electrolytes, which are used in the 

LIBs, have a poor thermal stability. Unsought reactions among the battery 

components and the electrolyte sparked by unforeseen local overheating can 

produce a rapid increase in battery temperature and, eventually, trigger a fire or 

explosion. 
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Ionic liquids(ILs) have been proposed as electrolyte of LIBs because of their 

physicochemical properties such as low vapor pressure, high thermal stability, 

good ionic conductivity and a wide electrochemical stability window. Also, they 

are often classified as non-flammable materials. 

One of the approach to thermally stable LIBs may be the use of ILs-carbonate 

mixed electrolytes with the aim to decrease the amount of flammable components. 

The replacement of part of the organic electrolyte with ILs could reduce the risk 

of thermal runaway. Also, the advantage of the use of mixed electrolytes instead 

of pure ILs in term of cost is evident. 

I investigated the thermal, physical and electrochemical properties of mixed 

electrolytes with  20, 40, 60, 80 weight percents of IL; 1-ethyl-2-methoxy-

pyrrolinium bis(fluorosulfonyl)imide (E(OMe)Pyrl-FSI) with 1 M lithium 

bis(trifluoromethanesulfonyl)imide(LiTFSI) and carbonate (1M LiPF6 in 

EC/EMC=3/7(v/v) +3.0% VC). Then, I tested flammability of mixed electrolytes 

using torch and candle. And, I measured viscosity and conductivity of mixed 

electrolytes at 25  and 60 ℃. Also, I performed linear sweep voltammetry of the 

miex electrolytes at room temperature. Finally, to evaluate the performance of cell 

using mixed electrolytes, I carried out cycle tests(1 C) for 50 cycles with 

Li/LiFePO4 coin cell at 25  and 60 ℃. At 25 ℃, carbonate cell showed the best 

retention ratio (100%), but, at 60 ℃, the retention ratio of cells using mixed 
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electrolytes and IL was more than that using carbonate. 

 

Keywords : Lithium ion battery, thermal stability, mixed electrolyte, Ionic 

liquid, 1-ethyl-2-methoxy-pyrrolinium bis(fluorosulfonyl)imide, carbonate 
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Introduction 

1. Lithium-ion batteries 

1.1. Introduction of lithium-ion batteries 

Today the world faces energy challenges which is ground transportation 

towards electrical propulsion, namely, using electric vehicles (EVs) instead of 

cars driven by internal combustion engines (ICEs). Because of very limited 

resources, it is important to reduce the use of oil for transportation as quickly as 

possible for modern society In the future, it seems that lithium-ion batteries(LIBs) 

may have reasonable energy density and cycle life for EVs.
1
                              

During the 1970s, primary lithium-ion batteries became a commercial reality. 

Efforts to develop rechargeable batteries with Li-metal anodes have accompanied 

the R&D of Lithium-ion batteries from their early stages. However, few 

commercial products of secondary Li-metal batteries appeared during the early 

1990s. These included Li–TiS2,
2
 Li–MoS2

3
 and Li–LixMnO2 systems.

4
 Li–MoS2 

and Li–TiS2 systems did not take off due to safety problems. The Li–LixMnO2 

system, which was considered to be safe,
5
 failed due to the prolonged time 

required for charging Li-metal batteries in order to obtain prolonged cycle life.
6
  

From the early stages of R&D of Lithium-ion batteries, it was clear that transition 

metal oxides and sulfides can serve as excellent reversible cathode materials for 



 

 

2 

rechargeable Li ion batteries.
7,8 

The Lithium-ion battery technology evolution, 

which enabled the commercialization of the rechargeable, high energy density 

batteries that are conquering the market, emerged due to the introduction of 

graphite as the anode material instead of Li metal, and the use of lithiated 

transition metal oxide cathode materials: LiMO2 as the source of lithium in the 

cell.
9
 Graphite–LiCoO2 became the leading Lithium-ion battery system. 

 

1.2. Basics of lithium-ion batteries 

The three primary functional components of lithium-ion batteries are the 

anode, cathode, and electrolyte. The anode of a conventional lithium-ion batteries 

is a carbon material, the cathode is a metal oxide, and the electrolyte is a lithium 

salt in an organic solvent. The most commercially popular anode material is 

graphite. The cathode is generally a layered oxide (LiCoO2), a polyanion 

(LiFePO4) or a spinel (LiMn2O4). The electrolyte is typically a combination of 

organic carbonates such as ethylene carbonate (EC) or ethyl methyl carbonate 

(EMC) containing complexes of lithium ions. These non-aqueous electrolytes 

generally use non-coordinating anion salts such as lithium hexafluorophosphate 

(LiPF6), lithium hexafluoroarsenate monohydrate (LiAsF6), lithium perchlorate 

(LiClO4), and lithium tetrafluoroborate (LiBF4). A separator is necessary to 

separate the anode and cathode. The separator is a very thin sheet of micro porous 



 

 

3 

polymer. It is located between the cathode and the anode and separates the 

positive and negative electrodes while allowing ions to pass through.
10

 

When a lithium-ion battery is charged, lithium ions move from its cathode to 

its anode, while electrons flow in through an external electrical circuit. The 

process is reversed during discharge, as shown in Fig. 1.
11

 The more lithium the 

electrodes can take in, the more total energy the battery can store, and the longer it 

can last. Most types of batteries are based on the C/LiPF6 in EC–DMC/LiMO2 

sequence and operate on a process.
12,13 
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Figure 1. Schematic of the principle of LIBs 

 

 

 

 



 

 

5 

1.3. Safety in lithium-ion batteries 

Perhaps lithium itself has problems of safety. In fact, safety is a recurring 

issue even with lithium-ion batteries where metallic lithium is replaced with 

lithium-insertion active materials. Because of a poor understanding of the 

beginner level lithium-ion battery technologies, what manufacturers and 

consumers fear is accidents in use. In 2000, Dell voluntarily recalled 27,000 

lithium-ion batteries, manufactured by Sanyo Electric Co. Ltd., and sold in 

notebook computers. Compaq also recalled 55,000 notebook lithium-ion batteries 

manufactured by Sony Corporation because of a defect in the circuit board that 

controls the recharge and discharge processes. In 2002, because of batteries 

overheating, EV Global Motors Company announced the recall of 2000 batteries 

in their electric bicycles.
11

 

Lithium-ion batteries combine highly energetic materials with a flammable 

electrolyte based on organic solvents. In any conditions which lithium-ion 

batteries are never designed for, they can suffer unsuspected failure. Any abuses, 

including a disposing in fire, an overcharging, an external short circuiting or 

crushing, can trigger spontaneous heat-evolving reactions, which can lead to fire 

and explosion. Before they can be certified for use by a consumer, lithium-ion 

batteries must pass a number of safety tests. The tests include electrical tests such 

as external short circuit, mechanical tests such as nail penetration, crushing, 
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dropping to the ground, and environmental tests such as heating in a microwave 

oven, throwing into a hot liquid, and leak tests in a vacuum. Several techniques 

have been devised to improve safety. They include use of safety vents, shutdown 

separators, more oxidation-tolerant or less flammable electrolyte constituents.
11

 

The temperature of a cell is determined by the heat balance between the 

amount of generated heat and dissipated heat by the cell. When a cell gets heated 

above a certain temperature, exothermic chemical reactions between the 

electrodes and electrolytes set in and internal temperature rises. If the cell can 

dissipate heats, the temperature of cell will not rise abnormally. However, if the 

generated heats are more than what can be dissipated, the exothermic processes 

would proceed under adiabatic-like conditions and the temperature of cell will 

increase rapidly. The rises of temperature will further accelerate the chemical 

reactions, causing even more heat to be produced, eventually resulting in thermal 

runaway
12,13,14

. Any pressure generated in these processes can cause mechanical 

failures within cells, triggering short circuits, premature death of the cell by 

irreversible interruptions in the current path, distortion, swelling and rupture of 

cell casing. 

Possible exothermic reactions that trigger a thermal runaway include
14,15

; (i) 

thermal decomposition of the electrolyte; (ii) reduction of the electrolyte by the 

anode; (iii) oxidation of the electrolyte by the cathode; (iv) thermal decomposition 
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of the anode and cathode; and (v) melting of the separator and the consequent 

internal short. Moreover, high-voltage metal cathodes are known to release 

oxygen at elevated temperatures.
16,17

 A thermal runaway is often caused under 

abuse conditions, which can be thermal (overheating), electrical (overcharge, high 

pulse power) or mechanical (crushing, internal or external short circuit).
14,18

 

 

  1.4. Electrolytes 

A key to a safe lithium-ion cell lies in the identification of a suitable electrolyte. 

Lithium is intrinsically unstable with any commonly known electrolyte. Moreover, 

lithium-ion battery electrolytes based on carbonate solvents are known to react 

vigorously at elevated temperatures with lithiated graphite and delithiated 

cathodes.
19,20,21

 At elevated temperatures, the solid electrolyte interface(SEI) on 

the graphite anode gets destroyed, allowing rapid and direct reaction with 

underneath the passivating layer of the lithiated graphite. In their delithiated forms, 

cathodes are highly oxidizing and enter into exothermic reactions with  

carbonates, especially at elevated temperatures. Careful calorimetric studies have 

thus become mandatory to determine the safety of electrode–electrolyte 

combinations. Commonly used electrolytes such as LiPF6 in EC, DEC, DMC are 

only a compromise. They are flammable and their electrochemical windows are 

limited to about 4.5V.
23 
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Solvents used in lithium-ion batteries typically have low boiling and flash 

points. So, a major danger from a cell that vents or explodes occurs from the 

flammabilities of the hot electrolyte vapors that are spewed out. Although 

identification of a solvent–salt combination that not only possesses desirable 

properties for use in batteries but also has the ability to resist combustion under 

heat or in the presence of an external flame may only be a dream, it is possible to 

develop electrolytes that are not easily flammable.
24,25,26

 Thus, the aim is to look 

for “low flammability” or “flame retarding” electrolytes that do not support 

continued combustion when the source of heat, spark or flame is withdrawn. An 

important consideration here is that the heat of reaction of the electrolyte with the 

charged electrode materials should also be low so that a self-sustaining 

combustion reaction does not occur under accidental heating. Present-day 

electrolyte formulations are a trade-off between the electrolyte’s flammability and 

performance in the cell. The reduced batteries performance is due either to 

electrochemical instability (which leads to capacity fading) or increased viscosity 

of the additive (which affects capacity utilization and power). Since performance 

cannot be sacrificed, studies mostly focus on flame-retardants as the additives or 

co-solvents in known electrolytes.
24,25,27

 However, it is important to note that 

since electrolytes react with the active materials in lithium-ion batteries, the 

surface chemistry at the anode and cathode is a key factor that decides cell 
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performance. Therefore, the design of new electrolytes must also consider the 

properties of the SEI formed with the electrolyte. 

 

2. Ionic liquids 

2.1. Introduction of ionic liquids 

A salt may be melted down by providing a heat to counterbalance the salt 

lattice energy. Such a system, called molten salts or ionic liquids (ILs), consists of 

ions and their combinations. Relatively high melting points of many salts 

determine the temperature range of classical ionic liquids. These temperatures can 

be lowered by the addition of other salts forming a eutectic. Salts having a low 

melting point are liquid at room temperature, or even below, and form a new class 

of liquids usually called room temperature ionic liquids (RTILs).
28

 During the last 

decade an increasing number of new ionic liquids have been prepared and used as 

solvents. There are review articles devoted to RTILs available in the literature, 

including application of RTILs in electrochemistry.
29

  

   

2.2. Applications of Ionic liquids as electrolyte 

  Recently, room temperature ionic liquids (RTILs) have received considerable 

interest as electrolytes for lithium-ion batteries due to their favorable properties 

such as wide electrochemical window, high conductivity, non-flammability, and 
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wide operating temperature range.
30

 

Ionic liquids (ILs) or molten salts are liquids that are composed entirely of ions, 

simply. The term molten salt, which was previously used to describe such 

materials, evokes an image of high melting, viscous and highly corrosive media. 

In contrast, the term ionic liquid implies a material that is colorless and less 

viscous fluid at ambient temperature. Room temperature ionic liquids are 

generally salts of organic cations such as tetraalkylammonium, 

tetraalkylphosphonium, trialkylsulfonium, Nalkylpyridinium, 1,3-

dialkylimidazolium, N,N-dialkylpi peridinium, and N,N-dialkylmorpholium 

cations.
31

  

RTILs have been employed as solvents in a variety of research applications, 

including electrochemistry, spectroscopy, gas separations, and homogeneous 

catalysis. The RTILs possess several properties that make them candidates for 

lithium-ion baterries lectrolytes
32

; 

 

(1) Non-volatile 

The low vapor pressure allows the ionic liquid electrolytes to be operated in 

sealed cells at elevated temperatures without venting. In addition, the lack of 

organic vapors eliminates the possibility of vapor ignition, increasing the overall 

safety of lithium-ion batteries. 
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(2)  Non-flammable 

  When a direct flame is applied to an ionic liquid soaked in a glass separator, it 

burns with a flame characteristic of the anion. However, upon removing the flame 

source, the ionic liquid immediately extinguishes. 

(3)  Wide Electrochemical Windows  

The cations and anions of ionic liquids are extremely resistant to 

electrochemical reduction and oxidation, respectively. 

(4)  High Inherent Conductivities 

Ionic liquids are single component electrolytes that possess ionic 

conductivities equivalent to the best current electrolytes of lithium-ion battery. 

Also, the manufacture of these electrolytes is easier than conventional organic 

electrolytes that contain both an organic solvent and an ionic salt. 

(5)  Wide Thermal Operating Range 

RTILs are thermally stable to over 200°C and, in some cases, maintain liquid 

electrolyte properties at temperatures well below -40°C.
30
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Figure 2. Various species of cations and anions of ionic liquids 
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Results and Discussion 

1. Synthesis of pyrrolinium-based ionic liquids and preparation of mixed 

electrolytes 

   1.1. Previous research of ionic liquid  

There have been many attempts to design cations and anions of ionic liquids. 

To improve physical and electrochemical properties of ionic liquids, our group 

also has researched several types of ILs such as imidazolium,
33,34

 

piperidinium,
35

pyrrolidinium,
35

 ammonium.
36

 We realized that the structure of 

cations is crucial to physical and electrochemical properties. Imidazolium-based 

ILs showed poor cathodic stability due to an acidic proton on the C-2 position of 

imidazolium. Piperidinium-based ILs showed higher viscosity and low 

conductivity compared to pyrrolidinium-based ILs, because piperidinium has one 

more carbon than pyrrolidinium. Bulky cations increase Van Der Waals 

interation
37,38

 and non-planarity structure of cations does not allow facile slip 

between molecules.
39

 Because ionic conductivity is proportional to the number of 

charge carrier ions and their mobility, bulky piperidinium cations cause higher 

viscosity and low conductivity. Also, ILs containing alkoxy group have smaller 

size and are easier to free rotarion than ILs containing methylene group. For these 

reasons, pyrrolinium cations are expected to show better properties.;  
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(1)  There is no acidic proton. 

(2)  The structure is reatively planar due to doble bond between N-1    

position and C-2 position. 

(3)  There are alkoxy groups at C-2 position. 

Bis(fluorosulfonyl)imide (FSI) anion was selected as a counter anion of 

pyrrolinium cation due to its lower melting point and viscosity, higher stability in 

water and air.
35 

Three types of pyrrolinium-FSI showed cyclic 

performance,(Figure 3.) and among three type of pyrrolinium-FSI, E(OMe)Pyrl-

FSI showed the highest conductivity.
40 

 

 

 

Figure 3. Three types of pyrrolinium-FSI 
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    1.2. Preparation of mixed electrolyte 

 I selected 1-ethyl-2-methoxy-pyrrolinium bis(fluorosulfonyl)imide 

(E(OMe)Pyrl-FSI) which showed the highest conductivity and 1 M LiPF6 in 

EC/EMC=3/7(v/v) +3.0% VC as components of mixed electrolytes. E(OMe)Pyrl-

FSI was made 1 M  lithium bis(trifluoromethanesulfonyl)imide(LiTFSI). After 

that, I mixed ILs and carbonate into 2:8, 4:6, 6:4, 8:2 ratio of weight. The main 

purpose of mixed electrolytes is reducing the amount of flammable components. 

These mixed electrolytes are expected to have less flammable and more thermally 

stable than carbonates. Also, elecetrochemical properties and cycle performance 

of mixed electrolytes are fully expected not to fall behind carbonates. 

 

 

Figure 4. Components of mixed electrolytes 

 



 

 

16 

1.3. Synthesis of 1-ethyl-2-methoxy-pyrrolinium 

bis(fluorosulfonyl)imide 

1-ethylpyrrolinium bis(fluorosulfonyl)imide was synthesized through two 

steps, O-methylation and anion exchange. 1-ethyl-2-pyrrolidone reacted with 

dimethyl sulfate in a neat condition at room temperature. When the reaction was 

finished, the crude mixture of 1-ethyl-2-methoxy-pyrrolinium sulfate (1) was 

washed by diethyl ether and ethyl acetate with several times. After that, organic 

solvents were removed by rotary evaporator. 1-ethyl-2-methoxy-pyrrolinium 

sulfate (1) is subjected to anion metathesis reactions with lithium 

bis(fluorosulfonyl)imide(LiFSI) in water at room temperature. When the reaction 

was completed, the mixture was extracted with dichloromethane and distilled 

water. The desired product went to dichloromethane layer from water layer. After 

repeating extractions with several times, 1-ethyl-2-methoxy-pyrrolinium 

bis(fluorosulfonyl)imide (2) was obtained with 86% overall yield.  

Scheme 1. Synthesis of E(OMe)Pyrl-FSI 
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2. Thremal properties and flammability test of mixed electrolytes 

  2.1. Thermal properties of mixed electrolytes 

Thermogravimetric analysis(TGA) of mixed electrolytes was carried out with 

a Perkin Elmer /TGA 4000 under N2 flux at 20cc/min between 25 and 550 ℃. 

The TGAs in N2 flux of the pure carbonate electrolyte, E(OMe)Pyrl-FSI 

electrolyte and mixed electrolytes with IL contents of 20, 40, 60 and 80% are 

reported in Figure. 6. While the pure cabonate electrolyte showed a 46% weight 

loss whenheated to 100 ℃ and a 94% loss at 200 ℃, the mixed electrolytes 

containing 20, 40, 60 and 80% of E(OMe)Pyrl-FSI displayed a weight loss of 35, 

36, 17 and 6% at 100 ℃. The curves show that EMC and EC evaporated at 

different stages depending on their boiling temperature (110 ℃ and 248 ℃).
41

 

In addition, LiPF6 started to decompose with the formation of LiF and PF5 at 

relatively low temperature (<100 ℃) 
42,43

. By contrast, pure E(OMe)Pyrl-FSI did 

not show any weight loss up to 100℃ and at 150 ℃ the loss was only 1%, thus 

demonstrating that volatile decomposition products were scarce. The TGA curves 

provide useful information regarding the stability of the electrolyte under heating. 

However, a battery may be placed in more hazardous conditions, such as in the 

presence of fire or sparks. So we also carried out flammability tests. 
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Figure. 5 TGA curves of electrolytes 

   2.2. Flammability tests of mixed electrolytes 

Two types of flammability tests were performed with gas torch and candle. In 

the flammability test using a gas torch, flames of a torch directly get in contact 

with mixed electrolyts for 3 seconds. In second flammability test using a candle, 

flames of a candle did not get in contact with glass fiber matrixes soaked with 

mixed electrolytes for 3 seconds.  

When mixed electrolytes were exposed to flames for 3 seconds, carbonate, IL 

20 wt%, IL 40 wt% and IL 60 wt % were flammable. After removing flames, 
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carbonate and IL 20 wt% still burned furiously for more than 20 seconds. But, 

flames of IL 20 wt%, IL 40 wt% and IL 60 wt % were slowly extinguished.  

When glass fiber matrixes (2 cm × 4 cm) soaked with mixed electrolytes (0.5 

g) were exposed to flames for 3 seconds, carbonate and IL 20 wt% were 

flammable. But, carbonate burned for 13 s and IL 20 wt% burned for 4 s. This 

result indicates that IL components increase flame retardancy. I carried out two 

types of flammability tests to know difference of flammable tendency in contact 

or non-contact with flames. And to conclusion, as the IL components increase, the 

mixed electrolyates are less flammable. When mixed electrolytes ignite, mixed 

electrolytes of more IL components showed flame retardancy. 
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Figure 6. Flammability of electrolytes by direct conatact with flames 
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Figure 7. Flammability of electrolytes by non-conatact with flames 
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3. Physical and electrochemical properties of mixed electrolytes 

   3.1. Viscosity of mixed electrolytes 

The viscosity measurements were carried out using a viscometer 

(BROOKFIELD DV-Ⅱ Pro). The measurements were performed at 25 and 

60 ℃. As expected, viscosity of mixed electrolytes increases according to adding 

IL. At 60 ℃, 40 wt% mixed electrolyte showed lower viscosity compared to 

carbonate at 25 ℃. 

 

 

Figure 8. Viscosity of electrolytes 
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3.2. Conductivity of mixed electrolytes 

 The conductivity of the mixed electrolytes ranges between 10
-3

 and 10
-2

 S/cm 

in the 25 ℃ and 60 ℃: this value is suitable for lithium-ion battery applications. 

The addition of the 20, 40 and 60 wt% ionic liquid electrolytes to the commercial 

carbonate electrolytes does not reduce the overall ionic conductivity. Slightly 

higher conductivity values are obtained in the case of 20, 40 and 60 wt% mixed 

electrolytes.  

 

Figure 9. Conductivity of electrolytes 
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3.3. Linear sweep voltammetry of mixed electrolytes 

The electrochemical windows of mixed electrolytes determined from their 

linear sweep voltammograms are shown in Figure 10. All mixed electrolytes are 

electrochemically stable in range of 1.0 ~ 4.0 V. It is expected that all mixed 

electrolytes has an electrochemical stability suitable for allowing the 

electrochemical operation of Li/LiFePO4 cells.  

 

Table 1. Electrochemical windows of electrolytes 

Electrolyte 

Voltage limite (V, vs. Li/Li
+
) Electrochemical 

window (V) Cathodic Anodic 

Carbonate 0.4 5.0 4.6 

IL 20 wt% 0.5 4.7 4.2 

IL 40 wt% 0.3 4.7 4.4 

IL 60 wt% 0.4 4.8 4.4 

IL 80 wt% 0.4 4.4 4.0 

Pure IL 0.4 4.7 4.3 
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Figure 10. Electrochemical windows of electrolytes 
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4. Cycling performance of half cells 

Cycling performance of Li/LiFePO4 cells prepared with mixed electrolyte 

were evaluate at 25 and 60 ℃. After two preconditioning cycles at low current 

rate (0.1 C rate), the cell was charged at a constant current (CC) of 1 C rate up to 

the target voltage of 3.9 V. This was followed by a constant voltage (CV) charge. 

Then the cell was discharged down to a cut-off voltage of 2.5 V at the same 

current density (1 C). The operating cycling condition of 1 C has been rarely 

reported. Generally, a high C rate causes life of cells to be shortened because the 

electrolyte is decomposed due to its instability and irreversible reaction. So, it 

causes fading discharge capacity. Figure 11, 12, 13, 14, 15 and 16 show the 

charge-discharge curves of the 1
st
, 2

nd
, 5

th
, 10

th
, 20

th
 and 50

th
 cycle of a half cell 

assembled with a carbonate electrolyte, mixed electrolytes and a ionic liquid 

electrolyte at 25 ℃. The charge and discharge curves of mixed electrolytes and a 

ionic liquid electrolyte are almost identical to those for the cell using a carbonate 

electrolyte, indicating that the basic electrochemical process, involving the 

cycling lithium ions ocurrs when the ionic liquid is added into the carbonate 

electrolyte. 
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Figure 11. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the carbonate electrolyte at 25 ℃ 

 

Figure 12. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the mixed electrolyte of 20 wt% IL electrolyte at 25 ℃ 
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Figure 13. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the mixed electrolyte of 40 wt% IL electrolyte at 25 ℃ 

 

Figure 14. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the mixed electrolyte of 60 wt% IL electrolyte at 25 ℃ 
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Figure 15. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the mixed electrolyte of 80 wt% IL electrolyte at 25 ℃ 

 

Figure 16. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the pure ionic liquid electrolyte at 25 ℃ 
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The cell shown in Figure 11. exhibited the first discharge capacity of 159 

mAh/g based on the LiFePO4 active cathode material. The discharge capacity 

remained steady for 50 cycles. The other cells assembled with mixed electrolytes 

and ionic liquid electrolyte showed slightly reduced discharge capacity at 50
th

 

cycle compared to its initial discharge capacity. In Table 2, discharge capacity and 

retention ratio are listed.  

 

Figure 17. Discharge capacities as a function of cycle number for 

Li/LiFePO4 cells assembled with carbonate, mixed electrolytes and ionic liquid 

electrolyte at 25 ℃ 
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Table 2. Discharge capacities and retention ratio of Li/LiFePO4 cells 

assembled with carbonate, mixed electrolytes and ionic liquid electrolyte at 25 ℃ 

Electrolyte 

Discharge capacity (mAh/g) 

Retention ratio 

1
st
  50

th
  

Carbonate 159 159 100 

IL 20 wt% 161 160 99.4 

IL 40 wt% 164 163 99.4 

IL 60 wt% 165 164 99.4 

IL 80 wt% 164 162 98.8 

Pure IL 151 150 99.4 
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Figure 18, 19, 20, 21, 22 and 23 show the charge-discharge curves of the 1
st
, 

2
nd

, 5
th

, 10
th

, 20
th

 and 50
th

 cycle of a half cell assembled with a carbonate 

electrolyte, mixed electrolytes and a ionic liquid electrolyte at 60 ℃. 

Unfortunately, mixed electrolytes with IL 60 and 80 wt% did not perform 50 

cycles and the last cycle number of each mixed electrolyte was 30
th

 and 28
th

.  

Also, the charge and discharge curves of mixed electrolytes and a ionic liquid 

electrolyte are almost identical to those for the cell using a carbonate electrolyte, 

indicating that the basic electrochemical process, involving the cycling lithium 

ions ocurrs when the ionic liquid is added into the carbonate electrolyte. The cell 

shown in Figure 18 exhibited the first discharge capacity of 176 mAh/g based on 

the LiFePO4 active cathode material. The discharge capacity slightly reduced from 

176 mAh/g to 173 mAh/g for 50 cycles. Comparing to a cell assembled with 

carbonate at 25 ℃, a retention ratio of a cell assembled with carbonate at 60 ℃ 

is reduced from 100% to 98.3%. But, retention ratio of the other mixed 

electrolytes and ionic liquid electrolytes maintained or slightly reduced. In Table 3, 

discharge capacity and retention ratio at 60 ℃ are listed. 
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Figure 18. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the pure ionic liquid electrolyte at 60 ℃ 

 

Figure 19. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the mixed electrolyte of 20 wt% IL electrolyte at 60 ℃ 
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Figure 20. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the mixed electrolyte of 40 wt% IL electrolyte at 60 ℃ 

 

Figure 21. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the mixed electrolyte of 60 wt% IL electrolyte at 60 ℃ 
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Figure 22. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the mixed electrolyte of 80 wt% IL electrolyte at 60 ℃ 

 

Figure 23. Charge and discharge curves of Li/LiFePO4 cell assembled with 

the pure ionic liquid electrolyte at 60 ℃ 
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Figure 24. Discharge capacities as a function of cycle number for 

Li/LiFePO4 cells assembled with carbonate, mixed electrolytes and ionic liquid 

electrolyte at 60 ℃ 
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Table 3. Discharge capacities and retention ratio of Li/LiFePO4 cells 

assembled with carbonate, mixed electrolytes and ionic liquid electrolyte at 60 ℃ 

Electrolyte 

Discharge capacity (mAh/g) 

Retention ratio 

1
st
  50

th
  

Carbonate 176 173 98.3 

IL 20 wt% 167 165 99.4 

IL 40 wt% 172 171 99.4 

IL 60 wt% 172 169(30
th

)   98.3 

IL 80 wt% 167 166(28
th

) 99.4 

Pure IL 172 171 99.4 
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Conclusion 

  In this study, mixed electrolytes composed of pyrrolinium-based ionic liquid 

and carbonate were characterized in terms of thermal, physical and 

electrochemical properties. Also, flammability tests and cycling performance at 

25 and 60 ℃ were carried out. The thermal analysis with TGA showed that 

mixed electrolytes were more stable and less volitile than carbonate. While the 

pure cabonate electrolyte showed a 46% weight loss whenheated to 100 ℃ and a 

94% loss at 200 ℃, the mixed electrolytes containing 20, 40, 60 and 80% of 

E(OMe)Pyrl-FSI displayed a weight loss of 35, 36, 17 and 6% at 100 ℃. The 

ionic conductivity of mixed electrolytes of 20, 40 and 60 wt% IL was higher than 

carbonate at 25 ℃. Furthermore, all mixed electrolytes showed higher ionic 

conductivity than carbonate at 60 ℃. The viscosity of mixed electrolytes was 

higher than carbonate, but, at 60 ℃ mixed electrolytes of 20 and 40 wt% IL 

showed reasonable viscosity(2.6 cP, 3.8 cP) compared to carbonate. In 

flammability tests, 20, 40 and 60 wt% were flammable, but they showed flame 

retardancy compared to carbonate. Also, all mixed electrolytes are 

electrochemically stable in range of 1.0 ~ 4.0 V. It is expected that all mixed 

electrolytes has an electrochemical stability suitable for allowing the 

electrochemical operation of Li/LiFePO4 cells. In cycling performance tests at 

25 ℃, the half cell assembled with carbonate showed the best retention ratio 
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(100 %). But, in cycling performance tests at 60 ℃ retention ration of the half 

cell assembled with carbonate decreased (98.3%). At 60 ℃ the other mixed 

electrolyte showed similar retention ratio compared to that at 25 ℃. This cycling 

performance result indicated that mixed electrolytes are electrochemically better 

stable at 60 ℃ than carbonate and SEI was well formed. Overall, mixed 

electrolytes of 20 ~ 60 wt% IL were better in terms of themal, physical and  

electrochemical properties, flame ratardancy and cycling performance. In order to 

make thermally stable electrolytes, I replaced carbonate of ionic liquids. This 

concept is efficient in terms of safety and cost. These results could be considered 

as a first step toward safer and more economical solutions for the lithium-ion 

battery technology. 
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Experimental Details 

General Procedures 

Materials were prepared from commercial suppliers and were used with further 

purification by distillation under reduced pressure before their usage. All 

experimental glassware, syringes, and magnetic bars were oven-dried at 120 ℃ 

for at least 4 hours and stored in desiccator before use. Upon workup, solvents 

were removed with a rotary evaporator and a high vacuum pump. 
1
H and 

13
C 

NMR spectra were obtained using CDCl3 as a solvent on a Bruker Avance III 

spectrometer (400 MHz for 
1
H and 100 MHz for 

13
C NMR). The 

1
H NMR data 

were reported as follows in ppm (δ) from the internal standard (TMS, 0.0 ppm). 

Thermal properties were analyzed by Perkin Elmer /TGA 4000. Thermograms 

were recorded during heating from 25 
o
C to 550 

o
C scanning at a heating rate of 

10 
o
C/min under N2 atmosphere. Viscosity measurements were carried out on a 

Brookfield DV-II+cone/plate viscometer. Ionic conductivity was determined 

using a TOA-DKK CM-30R benchtop conductivity meter.  

 

Flammability tests 

The first flammability tests were performed with a Kovea TKT-9607 gas torch 

over 1300 
o
C for 3 seconds directly contact with electrolytes on a petri dish. After 

that, flames were removed and electrolytes on a petri dish were taken a picture at 



 

 

41 

10 and 20 secconds later. In second flammability test, glass fiber matrixes (2 cm 

× 4 cm) soaked with electrolytes were exposed to flame of candles for 3 seconds. 

After that, flames were removed and burning time was measured. 

 

Preparation of electrodes and cells 

For preparation of a LiFePO4-containing composite electrode, a slurry mixture 

of LiFePO4 powder, Super-P (as a carbon additive for conductivity enhancement) 

and poly(vinylidenefluoride) (PVdF, as a binder) (8:1:1 wt% ratio) was coated on 

a piece of an Al current collector, which was followed by drying at 120 
o
C. Coin-

type half cells were fabricated with the composite electrode, Li foil as a counter 

and reference electrode, and a glass fiber matrix as a separator.  

 

Methods of electrochemical characterization  

Galvanostatic-charge-discharge cycling was made using a WBCS3000 cycler 

and the charge-discharge tests on the cells were performed at 2.5-3.9 V of cut-off 

voltage. After two precycles under 0.1 C and 25 ℃, the cells were fully charged 

and discharged in 1 C of current density by constant current/constant voltage 

(CC/CV) and constant current (CC) modes at 25 and 60 ℃, respectively. Linear 

sweep voltammetry was performed with a CHI660A electrochemical workstation 

for the electrochemical stability window measurement at a scan rate of 10 mV s
−1
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by using a glassy carbon electrode (7.07× 10
−2

 cm
2
) as a working electrode. The 

working electrode was polished before every measurement. Lithium electrode was 

used as both a counter electrode and a reference electrode. 

 

Preparation of mixed Electrolytes 

The pyrrolinium bis(fluorosulfonyl)imide with methoxy substituents was 

prepared according to the modified procedure described below.
35

 Basically, 

synthesis of Pyrrolinium-FSI was conducted through overall two steps, O-

alkylation and anion exchange. 1-ethyl-2-pyrrolindone is commercially available. 

O-alkylation of 1-ethyl-2-pyrrolidone (1 eq, 100 mmol) was conducted with 

appropriate distilled dimethyl sulfate (1.1 eq, 110 mmol) in a neat condition at 

room temperature for 24 hours to give corresponding 1-ethyl-2-methoxy-

pyrrolinium sulfate. After the reaction was finished, the crude mixture of 1-alkyl-

2-methoxy-pyrrolinium sulfate was washed with ethyl acetate and ether to remove 

organic impurities and remained dimethyl sulfate more than three times 

respectively. The resulting compound was added to dichloromethane (150 ml) and 

dried over MgSO4 to remove included water in solution. The solution was 

evaporated to obtain desired resulting pyrrolinium sulfate in high yield. The 

prepared 1-ethyl-2-methoxy-pyrrolinium sulfate (1 eq, 100 mmol) is subject to an 

anion metathesis reaction with lithium bis(fluorosulfonyl)imide (LiFSI) (1.1 eq, 
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110 mmol) in water at room temperature for 1 hour (100 ml). After this reaction 

was completed, distilled water (150 ml) was added to the mixture and the 

resulting mixture was extracted with dichlromethane (150 ml). The combined 

organic layers were washed with distilled water included several times then dried 

over MgSO4 to remove included water in solution. The organic solution was 

filtrated and concentrated by the removal of solvent under reduced pressure to 

afford the desired pyrrolinium bis(fluorosulfonyl)imide in high yield. Completion 

of reaction was confirmed by 
1
H and 

13
C NMR. The prepared 1-ethyl-2-methoxy-

pyrrolinium-FSI  was added to carbonate solvent (1M LiPF6 in 

EC/EMC=3/7(v/v) +3.0% VC) which is commercially available with different IL 

ratios respectively(20, 40, 60 and 80 wt%) and then stirred for 10 minutes at room 

temperature to obtain homogeneous solution of the electrolytes in the mixed 

solvents. The total weight of the each electrolytes prepared was fixed to 1 g (100 

wt%) in this work. 
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1-Ethyl-2-methoxy-pyrrolinium methylsulfate (1)                                              

1
H NMR 1.32 (t, J=7.4, 3H), 2.44 (m, 2H), 3.37 (t, J=7.9, 2H) 3.66 (qt, J=7.4, 

2H), 3.74 (s, 3H), 4.00 (t, J=7.9, 2H), 4.38 (s, 3H); 
13

C NMR 11.2, 17.1, 29.5, 

41.2, 51.9, 54.4, 62.6, 180.3. 

1-Ethyl-2-methoxy-pyrrolinium bis(fluorosulfonyl)imide (2)                                               

1
H NMR 1.31 (t, J=7.5, 3H), 2.42 (m, 2H), 3.23 (t, J=7.9, 2H) 3.62 (qt, J=7.5, 

2H), 3.95 (t, J=7.9, 2H), 4.32 (s, 3H); 
13

C NMR 
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Appendices 

List of 
1
H NMR Spectra of Selected Compounds 

1. 400 MHz 
1
H NMR Spectrum (chloroform-d) of compound 1…..…50 

1. 400 MHz 
1
H NMR Spectrum (chloroform-d) of compound 2…..…51 
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List of 
13

C NMR Spectra of Selected Compounds 

1. 100 MHz 
13

C NMR Spectrum (chloroform-d) of compound 1…..…53 

2. 100 MHz 
13

C NMR Spectrum (chloroform-d) of compound 2…..…54 
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국문 초록 

높은 출력, 큰 에너지 용량과 밀도를 가진 리튬이온전지는 전자장치

의 가장 보편적인 에너지원으로 사용되어 왔다. 또한, 리튬이온전지는 

전기자동차가 필요로 하는 출력과 에너지 용량을 충족시킬 수 있는 가

장 유력한 후보로 지목되어 왔다. 전기자동차에서는 엄청난 양의 열이 

발생되기 때문에, 리튬이온전지의 열 안정성이 전기자동차 전체 안전성

을 결정하는 가장 중요한 요소가 될 것이다. 따라서 리튬이온전지를 구

성하는 전해질의 열 안정성이 매우 중요하다. 현재 리튬이온전지에 사

용되는 전해질인 카보네이트는 열 안정성이 매우 떨어지기 때문에, 전

지를 구성하는 다른 요소들과 예상치 못한 반응을 일으킬 가능성이 있

고, 또한 전지의 부분적인 과열로 인해 화재나 폭발까지 도달할 수 있

다. 이에 따라, 불연성, 낮은 증기압, 높은 열 안정성과 이온 전도도, 넓

은범위에서의 전기화학적 안정성을 보이는 이온성 액체가 리튬이온전지

의 전해질로써 제안되어 왔다. 본 논문에서는 가연성인 카보네이트의 

사용양을 줄이는 것을 목표로 하여, 이온성 액체와 카보네이트를 혼합

시켜 열 안정성이 향상된 전해질을 개발하는데 초점을 두었다. 이온성 

액체를 도입함에 따라 카보네이트의 양이 줄어, 리튬이온전지의 열 폭

주 현상의 위험이 줄어들 뿐만 아니라, 이온성 액체의 가격측면의 단점
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을 보완해 줄 수 있을 것으로 생각된다. 이온성 액체 1-ethyl-2-methoxy-

pyrrolinium bis(fluorosulfonyl)imide (E(OMe)Pyrl-FSI)에 1 M lithium 

bis(trifluoromethanesulfonyl)imide(LiTFSI)를 녹인 전해질과 카보네이트 전

해질 (1M LiPF6 in EC/EMC=3/7(v/v) +3.0% VC)을 혼합하여, 이온성 액체

가 혼합 전해질의 20, 40, 60, 80 wt%가 되도록 하였다. 혼합 전해질을 이

용해 열중량 분석과 가연성 실험을 진행하여, 혼합 전해질의 열 안정성

과 난연성을 확인하였고, 상온(25 ℃)과 고온(60 ℃)에서의 점도와 이온

전도도를 측정하였다. 그리고 혼합 전해질의 전기화학적으로 안정한 범

위를 측정하였고, 최종적으로 상온(25 ℃)과 고온(60 ℃)에서 각각 50회 

충•방전 실험을 통해 혼합 전해질이 적용된 반쪽전지의 성능을 평가(1 

C)를 하였다. 상온(25 ℃)에서는 카보네이트 전해질이 적용된 반쪽전지

가 가장 높은 가역용량을 나타냈으나, 고온(60 ℃)에서는 이온성 액체와 

혼합 전해질이 적용된 반쪽전지가 카보네이트 전해질 반쪽전지보다 더 

높거나, 비슷한 수준의 가역용량을 나타내었다. 

 

주요어 : 리튬이온전지, 열 안정성, 혼합 전해질, 이온성 액체, 1-에틸-

2-메톡시-피롤리늄 비스(플로로설포닐)이미드, 카보네이트 
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