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Abstract 

Ionic liquids have been considered as attractive additives in lithium ion batteries, due to 

their unique advantages. In this study, two new types of ionic liquids 3-(2-amino-2-

oxoethyl)-1-vinylimidazolium bis(trifluoromethylsulfonyl) amide ([VAIM][TFSI]) and 1-

vinyl-3-propionamide imidazolium bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) were 

synthesized using two-step methods. The purities of the two ionic liquids were determined 

to be more than 99 % by 1H NMR spectra. The water content of the two ionic liquids were 

measured to be below 300 ppm by Karl Fischer titration. No chloride ions were detected 

by adding AgNO3. The physicochemical, thermodynamic, and electrochemical properties 

of pure ionic liquids were measured and described. The densities of the two ionic liquids 

are high and decrease linearly with the increase of temperature. Their viscosities are also 

high and decrease with increasing temperature. Both the two ionic liquids are non-

Newtonian fluids at low temperature. [VPIM][TFSI] shows Newtonian fluid behavior at 

temperatures higher than 55°C. The two ionic liquids also display high thermal stabilities, 

with a range of [VAIM][TFSI] from -30 ± 5°C to 300 °C, and [VPIM][TFSI] from -50 ± 5°C 

to 200 °C.  

Four binary mixtures, including [VAIM][TFSI] and acetonitrile, [VAIM][TFSI] and ethyl 

acetate, [VPIM][TFSI] and dimethyl carbonate (DMC), and [VPIM][TFSI] and ethyl methyl 

carbonate (EMC), were used to evaluate the physicochemical and thermodynamic 

properties. In mixtures with [VAIM][TFSI] , both the density and the viscosity increase with 

increasing mole fraction of ionic liquid. The densities decrease linearly with increasing 

temperature from 25 °C to 60 °C at all mole fractions. The excess molar volume and 

viscosity deviations were calculated from experimental values. Conductivities were 

determined using a three-electrode cell. A maximum conductivity is obtained at about 0.07 

mole fraction of [VAIM][TFSI] at all temperatures. In the [VPIM][TFSI] system, density and 

viscosity were also measured with different mole fractions of [VPIM][TFSI] at different 

temperatures from 20 °C to 60 °C. Both density and viscosity increase with the increasing 

of mole fraction of ionic liquid, and the densities decrease linearly with increase in 
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temperature at all mole fractions from 20 °C to 60 °C. The excess molar volumes 

calculated from the experimental data are negative in [VPIM][TFSI]-based mixtures. 

Viscosity deviations in [VPIM][TFSI] and DMC mixtures are negative at all mole fraction 

of [VPIM][TFSI], however, the values in the [VPIM][TFSI] and EMC mixtures are negative 

before 0.6 mole fraction and then are positive. 

Three types of electrolytes, 1M (M: mol/L) LiPF6 in ethylene carbonate (EC) and ethyl 

methyl carbonate (EMC) (w/w=3:7), 1 M (M= mol/L) LiPF6 in EC/DMC/EMC (v/v/v=1/1/1), 

and 1 M (M= mol/L) LiPF6 in EC/DMC/EMC (w/w/w=1/1/1) were applied in four half-cells, 

including SiC/Li, LTO/Li, NCM622/Li, and LFP/Li. Both the two multifunctional ionic liquids 

have two functional groups, the basic group can control the water and HF at a low level 

in the three electrolytes. The unsaturated group can be decomposed on the surface of 

the four electrodes to form a positive protected film to improve the capacity, cycling, and 

rate performances of lithium ion batteries. In the SiC/Li half-cell system, the ionic liquid 

[VPIM][TFSI] additive can improve the cycling performance by the formation of a 

protective film. The cell with 0.5 wt % [VPIM][TFSI] delivers a maximum capacity and a 

higher capacity retention than a cell without [VPIM][TFSI]. In the LTO/Li half-cell system, 

the ionic liquid [VAIM][TFSI] restrains the gas generation to protect the battery from 

expansion and rapid breakdown. The LTO battery with 0.5 wt % ionic liquid [VAIM][TFSI] 

displays good cycle and rate performances. A small layer on the surface of the electrode 

was observed after charge-discharge cycles. The layer was formed by the decomposition 

of ionic liquid. In NCM622/Li half-cells, the addition of [VPIM][TFSI] improves the 

electrochemical window. [VPIM][TFSI] at the concentration of 1.0 wt % enhances the 

cyclic and current rate performance of the cells. A suitable surface film was found on the 

surface of NCM622 electrode using the electrolyte with 1.0 wt % [VPIM][TFSI]. In the 

LFP/Li half-cell system, the two ionic liquids can also improve the cyclic and rate 

performances. The cells with 0.5 wt % [VAIM][TFSI] or [VPIM][TFSI] have the best cyclic 

performances, and the cells with ionic liquids have better rate performances. CV, EIS, 

SEM and XPS are used to analyze the performance and mechanism of the cells. 
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Resumé på dansk 

Ioniske væsker betragtes som attraktive additiver i lithium-ion-batterier på grund af deres 

unikke fordele. I dette arbejde undersøges to nye ioniske væsker, 3-(2-amino-2-oxoethyl)-

1-vinylimidazolium bis (trifluorfluormethylsulfonyl) amid ([VAIM][TFSI]) og 1-vinyl-3-

propionamid imidazolium bis (trifluorfluormethylsulfonyl) imide ([VPIM][TFSI]). De to 

ioniske væsker blev syntetiseret ved hjælp af totrinsmetoder. De fremstillede ioniske 

væskers renhed blev fastslået til at være mere end 99 % ved hjælp af 1H NMR-spektre. 

Vandindholdet i de to ioniske væsker blev målt til at være under 300 ppm ved hjælp af 

Karl Fischer titrering. Der blev ikke detekteret kloridioner ved tilsætning af AgNO3 til 

vaskevandet. De fysisk-kemiske, termodynamiske og elektrokemiske egenskaber af de 

rene ioniske væsker blev målt og beskrives. Massefylderne af de to ioniske væsker er 

høje og falder lineært med en stigning i temperatur. Deres viskositeter er også høje og 

falder med stigende temperatur. Begge de to ioniske væsker er ikke-newtonske væsker 

ved lav temperatur. [VPIM] [TFSI] viser newtonsk væskeadfærd ved temperaturer højere 

end 55°C. De to ioniske væsker udviser høj termisk stabilitet.  [VAIM][TFSI] er stabil fra -

30 ± 5°C til 300 °C og [VPIM][TFSI] er stabil fra -50 ± 5°C til 200 °C.  

Målinger blev udført på fire binære blandinger, bestående af [VAIM][TFSI] og acetonitril, 

[VAIM][TFSI] og ethylacetat, [VPIM][TFSI] og dimethylcarbonat (DMC) og [VPIM][TFSI] 

og ethylmethylcarbonat (EMC) for at bestemme deres massefylde, viskositet og elektrisk 

ledningsevne. I blandinger med [VAIM][TFSI] øges både massefylden og viskositeten 

med stigende molbrøk af ionisk væske. Massefylden falder lineært med stigende 

temperatur fra 25 °C til 60 °C ved alle molbrøker. Excessvolumen og viskositetsafvigelse 

blev beregnet ud fra forsøgsværdierne. Ledningsevnen blev bestemt ved hjælp af en celle 

med tre elektroder. Der opnås en maksimal ledningsevne ved en molbrøk af [VAIM][TFSI] 

på ca. 0,07 ved alle temperaturer. I [VPIM][TFSI]-systemet blev massefylden og 

viskositeten også målt med forskellige molbrøker af [VPIM][TFSI] ved forskellige 

temperaturer fra 20 °C til 60 °C. Både massefylde og viskositet stiger med stigende 

molbrøk af ionisk væske, og massefylderne falder lineært med stigning i temperaturen 

ved alle molbrøker i temperaturintervallet fra 20 °C til 60 °C. Excessvolumener beregnet 
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fra de eksperimentelle data, er alle negative i [VPIM][TFSI]-baserede blandinger. 

Afvigelser fra viskositeten i [VPIM][TFSI] og DMC-blandinger er negative for alle 

molbrøker af [VPIM][TFSI], men værdierne i [VPIM][TFSI] og EMC-blandinger er negative 

ved molbrøker lavere end 0,6 og er derefter positive. 

Tre typer elektrolytter, 1M (M: mol/L) LiPF6 i EC/EMC (w/w=3:7), 1 M (M= mol/L) LiPF6 i 

EC/DMC/EMC (w/w/w=1/1/1) og 1 M (M= mol/L) LiPF6 i EC/DMC/EMC (w/w/w=1/1/1) 

blev anvendt i fire halv-celler, herunder SiC/Li LTO/Li NCM622/Li og LFP/Li. Begge de to 

multifunktionelle ioniske væsker har to funktionelle grupper. Den basiske gruppe holder 

vand- og HF indholdet på et lavt niveau i de tre elektrolytter. Den umættede gruppe kan 

nedbrydes på overfladen af de fire elektroder og danne en beskyttende film der forbedrer 

kapaciteten, holdbarheden under afladning/opladning cykler og hastigheden hvormed 

afladning/opladning sker for lithium ion batterier. I halvcellesystemet SiC/Li kan den 

ioniske væske [VPIM][TFSI] som tilsætningsstof forbedre den cykliske præstation ved 

dannelsen af en beskyttende film. Cellen med 0,5 wt % [VPIM][TFSI] leverer en maksimal 

kapacitet og en højere kapacitetsfastholdelse end en celle uden [VPIM][TFSI]. I LTO/Li-

halvcellesystemet forhindrer den ioniske væske [VAIM][TFSI] gasudviklingen og beskytter 

dermed batteriet mod ekspansion og hurtig nedbrydning. LTO-batteriet med 0,5 wt % 

ionisk væske [VAIM][TFSI] viser god cyklus- og hastigheds ydeevne. Et lille lag på 

elektrodens overflade blev observeret efter afladning/opladning-cyklusser. Laget blev 

dannet ved nedbrydning af ionisk væske. I NCM622/Li halvceller forbedrer tilføjelsen af 

[VPIM][TFSI] det elektrokemiske vindue. En koncentration på 1,0 wt % [VPIM] [TFSI] i 

elektrolytten forbedrer cellernes cykliske ydeevne og evnen til hurtig opladning/afladning. 

Der blev fundet en passende overfladefilm på overfladen af NCM622-elektroden ved 

hjælp af elektrolytten med 1,0 wt % [VPIM][TFSI]. I LFP/Li halvcellesystemet kan de to 

ioniske væsker også forbedre de cykliske og hastigheds egenskaberne. Cellerne med 0,5 

wt % [VAIM][TFSI] eller [VPIM][TFSI] har de bedste cykliske ydeevner, og cellerne med 

ioniske væsker har bedre hastighedspræstationer end dem uden. CV, EIS, SEM og XPS 

bruges til at analysere cellernes ydeevne og overfladefilmen på elektroderne. 
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Chapter 1 Introduction  

1.1 Motivation of study 

The development of electric vehicles (EVs) and hybrid electric vehicles (HEVs) promotes 

the study of new materials and electrolytes for lithium ion batteries[1]. Electrolytes, as the 

key component of lithium ion batteries affects the transport, specific energy density, 

electrochemical stability, thermos stability, and safety properties of the battery. The 

emergence of new materials requires new types of electrolytes to meet their special 

requirements[2]. The research and development of the new electrolytes need to consider 

several issues: a) the electrochemical window should meet the requirements of materials; 

b) the electrolytes need to be functional in a range of temperatures; c) the safety of the 

electrolytes; d) the electrolytes have good electrical conductivity; e) lithium ion diffusion; 

f) the function of the electrolyte can improve the electrochemical performance of lithium 

ion batteries. 

Ionic liquids (ILs) are organic molten salts containing solely ions. The melting points of 

ILs are below 100 °C[3]. They have been widely used for various applications because of 

their unique characteristics. Specifically, the applications of ILs in electrochemical energy 

have been investigated by many researchers in recent years[4,5]. To obtain ILs for 

specific tasks, the ILs can be designed and synthesized to  contain functional groups in 

anions and cations[6]. Multifunctional ILs are attractive for improving the physicochemical 

and electrochemical performances of lithium ion batteries. The design, synthesis and 

application of multifunctional ILs for specific tasks is our challenge. 

ILs can be used as solvents or as additives in electrolytes. The addition of ILs can resolve 

or improve the safety problems such as flammability and volatility, due to their advantages 

of non-flammability, non-volatility, thermostability, and electrochemical stability. The new 

electrolytes containing ILs are hopefully used in the lithium ion batteries to enhance their 

cycling, rate and safety performances. 

1.2 Aims of study 

Aim to obtain new types of electrolytes. Multifunctional ionic liquids are designed and 



Introduction 

2 

 

prepared to improve the physicochemical and electrochemical properties of electrolytes 

and the cyclic and rate performances of lithium ion batteries. In this study, the main aims 

are as follows: 

1) Establishment of synthesis methods for new types of multifunctional ionic liquids 

which have not been synthesized before. 

2) Measurement of melting point, density, viscosity, conductivity and thermal stability 

of different multifunctional ionic liquids. 

3) Relationship between ionic liquid and various organic solvents on physicochemical 

and electrochemical properties.  

4) Relationship between density (viscosity and conductivity) and mole fraction of ionic 

liquid (or temperature). 

5) Relationship between electrical conductivity and viscosity (density). 

6) Effects of the content of water and HF in electrolyte on the electrochemical 

performances of lithium ion batteries. 

7) Improvement of charge and discharge performances of lithium ion batteries, such 

as cyclic performances, rate performances, specific capacity, safety, and so on. 

8) Structure and mechanism of SEI film-formation on the electrode in different lithium 

ion batteries. 

9) Screening of high performance ionic liquids used in lithium ion batteries. 

1.3 lithium ion batteries 

Lithium ion batteries (LIBs) are good power sources for portable devices, electric vehicles 

and power storage devices due to their high energy density and high voltage[7–9]. 

Compared with other energy storage devices, LIBs have higher energy and power density, 

higher operating voltage, and longer cycles life shown in Table 1.1. It is reported that the 

value of the global LIBs market increases sharply and is projected to reach 50 billion 

dollar by 2020[10]. A common electrochemical battery consists of four key components 

including cathode, anode, electrolyte and membrane, the structure of lithium ion battery 

is shown in Figure 1.1. The improvement of LIBs depends on the development of the 

various battery components. The two electrodes (cathode and anode) affect the 

performances and applications of LIBs, such as energy density, cycle life, rate capability, 
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safety and cost[11]. Therefore, significant efforts have been devoted to exploring new 

electrode materials to encounter the requirement of modern life. The electrolyte is an 

important component composed of organic solvents, lithium salts and additives. It 

transports lithium ions between the cathode and anode which is determining for the rate 

capacity and safety performance of a battery. The membrane is the main component of 

LIBs. It affects the capacity, circulation and safety performance. The increasing 

importance of Lithium-ion batteries has also brought about numerous lithium-ion battery 

materials. The core raw material of LIBs mainly consists of positive material, negative 

material, membrane, and electrolyte. The positive material in the lithium ion battery has a 

relatively large mass (positive and negative material mass ratio is 3:1 ~ 4:1), and the cost 

of positive material is relatively higher, generally 25% ~ 30%. 

 

Figure 1.1 Structure of lithium ion batteries[12]. 
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Table 1.1 Comparison of various energy storage devices. 

Batteries 
Voltage 

V 

Energy density 

Wh/kg 

Temperature 

°C 
Cyclic life 

Cost estimation 

$/kW 

Li-ion 3.2 - 4 150 - 200 -30 - 65 >2500 50 - 75 

Lead 
acid 

~ 2 30 - 50 -30 - 60 500 - 800 10 

NiMH 1.2 70 - 100 -20 - 50 1000 20 

EDLC 2.5 5-20 -30 - 65 
Not 

applicable 
50 

 

1.3.1 Charge and discharge 

A lithium ion battery in use mainly includes charging and discharging processes. The 

charging process of lithium ion batteries is the migration of lithium ions from the cathode 

material to the anode material, this process corresponds to delithiation. The discharge 

process of lithium ion battery is the migration of lithium ions from the anode material to 

the cathode material, this process corresponds to the embedding of lithium. The charging 

and discharging current is described using C rate. The lithium ion battery C rate is defined 

as the current at which a lithium ion battery is charged or discharged to reach its nominal 

capacity in one hour[13]. It is usually expressed in terms like 0.5 C, 1 C, 10 C. Discharge 

platform refers to the relatively stable operating voltage range in a certain discharge 

system. Usually, it is smooth and has a long duration time at the operating voltage. And 

the value is related to the discharge current, the greater the current, the lower the 

value[14]. The discharge voltage of lithium ion batteries is the difference of cathode 

potential and anode potential, which is also affected by the embedded potential. 

Embedded potential is the reduction potential of lithium ions when they migrate from the 

cathode to the anode. Different materials have different embedded potential. Usually, the 

discharge capacity of a lithium ion battery depends on the theoretical specific capacity of 

the electrode materials. Theoretical specific capacity refers to the ideal capacity of 

material per unit weight (or volume) when a battery is fully charged and discharged. 

Lithium ion batteries have a certain life, and their capacity gradually decreases during the 
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cycles which is called capacity attenuation. The lithium ion battery capacity attenuation 

means the reduction of the available lithium ion content, which is mainly due to the 

structural destruction or deactivation of the electrodes, decomposition of the electrolytes 

and so on[15].  

During the charging process, due to non-uniform lithium ion diffusion and charge 

distribution on the surface of the anode, lithium ions can be reduced to lithium metal that 

is deposited on the surface of the anode and can form dendrites[16]. Initially, the lithium 

dendrites cause the decay of capacity and rate performance of lithium ion batteries[17]. 

Lithium dendrites that continuously grow from the anode can pierce the membrane and 

move towards the cathode. After many charge/discharge cycles, the lithium dendrites can 

cause short circuiting and overheating and lead to thermal runaway, even explosions[18]. 

1.3.2 Positive materials  

At present, positive materials mainly have five relatively mature technology routes [19]:  

 lithium cobalt oxide (LCO),  

 lithium manganese oxide (LMO),  

 lithium iron phosphate (LFP),  

 nickel cobalt manganese ternary material (NCM) 

 nickel cobalt aluminum ternary material (NCA).  

Table 1.2 presents the main positive materials of LIBs and their characteristics. LFP and 

ternary materials are the main materials of the positive electrode of lithium ion batteries. 

LCO is the mainstream positive electrode material in the field of digital lithium ion battery, 

and it was also used in the early Tesla models. However, due to the cost and safety 

constraints, the power field is basically no longer used[20]. The LMO battery was once 

used by Japanese enterprises and was adopted on a large scale. However, due to the 

low energy density of the LMO battery, it is difficult to be used in the electric vehicles [21]. 

LFP has developed rapidly due to its advantages such as high safety, stability, long life 

cycle, low cost, and ternary material. Ternary cathode material (NCM and NCA), due to 

its advantages of energy density, rate performance, cycle life, storage stability, operating 

voltage and safety, becomes the mainstream direction of power battery cathode materials 
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in the future. 

Table 1.2 Comparison of various positive materials in lithium-ion batteries using graphite as 

negative electrode. 

Abbrev LCO NCA NMC LMO LFP 

Name 
Lithium Cobalt 

Oxide 

Lithium nickel 
cobalt 

aluminum 
oxide 

Lithium nickel, 
manganese 
cobalt oxide 

Lithium 
manganese 

spinel 

Lithium iron 
phosphate 

Energy density 
Wh/kg 

~150 ~130 ~170 ~120 ~130 

Discharge 
voltage  

V 

3.7-3.9 3.65 3.8-4.0 4 3.3 

1.3.3 Negative materials 

The negative material plays a crucial role in lithium ion batteries, which is one of the main 

factors affecting the electrochemical performance of lithium ion battery[22–25]. The most 

common materials being used for lithium ion battery anodes are carbon materials[26,27], 

graphene materials[28–30], lithium titanium oxides[31], and silicon-based materials[32–

34]. Table 1.3 shows the comparison of various negative materials in lithium ion batteries. 

Carbon nanotubes are a kind of graphitized carbon material with excellent electrical 

conductivity. At the same time, due to its small depth and short travel when the lithium is 

removed, carbon nanotubes, as a negative electrode material, have little polarization 

when the charge and discharge rate is high, which can improve the charge and discharge 

performance of the battery. However, when carbon nanotubes are directly used as the 

anode material of lithium ion battery, there are some problems such as high irreversible 

capacity, voltage lag and no obvious discharge platform. Graphene is another carbon 

material formed by carbon six-membered-ring, with many excellent properties, such as 

large specific surface, high thermal conductivity, high electron conductivity and good 

mechanical properties. It has attracted much attention as a lithium ion battery negative 

material[35,36]. Lithium titanium oxide has been regarded as a promising negative 

electrode material with the following advantages[37,38]: 1) almost "zero strain" of lithium  
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Table 1.3 Comparison of various negative materials in lithium-ion batteries. 

 Specific 
capacity  
mAh/g 

Efficiency of 
first cycle  

 % 
Cyclic life Safety Fast charging 

natural 

graphite 
340-370 90 1000 ++ ++ 

synthetic 

graphite 
310-360 93 1000 ++ ++ 

graphene 400-600 30 10 ++ + 

Lithium 

titanate 
165-170 99 30000 +++ +++ 

Silicon 

material 
800 60 200 + + 

 

titanium oxides after charging and discharging; 2) high lithium embedding potential 

(1.55v), avoiding the generation of lithium dendrites, and high safety; 3) a very flat voltage 

platform, 4) high chemical diffusion coefficient and coulomb efficiency. However, its 

conductivity is not high, large current charge and discharge capacity attenuation is serious. 

Usually, surface modification and doping are used to improve its conductivity[31]. 

As an ideal negative material for lithium ion batteries, silicon has several advantages. 1) 

The high theoretical specific capacity of lithium storage is up to 4200 mAh g-1 (more than 

10 times the specific capacity of graphite). 2) The embedded potential of silicon (0.4V) is 

slightly higher than graphite, and it is difficult to form lithium dendrites during charging 

process. 3) Low reactivity between silicon and electrolyte, no co-embedding of organic 

solvent will occur[39]. However, there are two main reasons for the degradation of the 

cycling performance and capacity attenuation of the silicon electrode during charging and 

discharging. 1) The volume expansion is up to 320%. The huge volume change will easily 

cause the active material to fall off from the collector, resulting in a rapid decline in the 

circulation performance of the electrode[40]. 2) The decomposition of LiPF6 in contact 
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with water produces HF in the electrolyte, which corrodes the silicon. This leads to 

capacity attenuation of the silicon electrode. 3) The low electrical conductivity of silicon 

discourages its use in high-performance batteries, which rely on a low internal electrical 

resistance[41]. 

1.3.4 Electrolyte  

The electrolyte is the carrier of ions in the battery. Electrolytes for Li-ion batteries usually 

consist of a pure organic solvent, lithium salt, and additives in a specific proportion[42]. 

The role of the electrolyte is to be a medium for transporting lithium ions between the two 

electrodes. At present, lithium ion batteries mainly use liquid electrolytes, and the solvent 

are anhydrous organic chemicals such as diethyl carbonate (DEC), dimethyl carbonate 

(DMC), ethyl methyl carbonate (EMC), ethyl carbonate (EC) and propylene carbonate 

(PC) and so on[43]. Organic electrolytes generally need to have high conductivity, low 

viscosity, high flash point and high stability. The dielectric constant is an important property 

of solvents. It characterizes the ability to weaken the electric field compared to 

vacuum[44]. Solvents with large dielectric constants have greater ability to separate ions 

and stronger solvation ability. Cyclic carbonates, such as PC and EC, have strong polarity 

and high dielectric constant, but also have high viscosity, strong intermolecular force, and 

insufficient ability to transport lithium ions. Linear carbonates, such as DMC (dimethyl 

carbonate) and DEC (diethyl carbonate), have low viscosity, but their dielectric constants 

are also low. In order to obtain the most suitable solvents, a mixture of various 

components are usually used. Table 1.4 shows the physicochemical properties of the 

most common electrolyte solvents for lithium ion battery systems at 25 °C.  

Typical lithium salts LiClO4, LiPF6, LiBF4 and LiAsF6[45,46] are added to the solvents. 

The lithium salt LiClO4 is generally limited to experimental studies[47] due to its high 

oxidability, risk of explosion, and other safety problems,. LiAsF6, has high ionic 

conductivity and stability, but it contains toxic As[47], which limit its use in lithium ion 

batteries. LiBF4-based electrolytes possess low ion-conductivity at low temperatures and 

poor cycling performance of lithium ion batteries, especially with graphite electrodes[48]. 

LiPF6 is the commonly used salt for lithium ion batteries. Stable and highly ion-conductive 

electrolytes can be formulated with LiPF6 and organic carbonates. However, this salt is 
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expensive and inevitably brings with it some detrimental contaminants: LiPF6 

decomposes thermally to LiF and PF5[49].  

Additives, important for lithium ion battery, generally are added into the electrolytes to 

improve a special task. There are flame retardant additives, REDOX shuttle additives and 

positive and negative film forming additives[50–52]. The flame retardant additives can 

restrain the burning of lithium ion batteries when the heat inside the battery gets out of 

control, so that the safety of the battery can be guaranteed[53–55]. The purpose of 

REDOX shuttle additive is to prevent overcharging or overdischarging[56,57]. The 

positive and negative electrode film-forming additive can effectively protect the contact 

between the positive (or negative) electrode material and electrolyte during charging[58–

61]. 

Table 1.4 Physicochemical properties of the common solvents for lithium ion battery systems at 

25 °C from reference[46]. 

Solvent 
Molecular 

weight 
Boiling point 

°C 
Dielectric 
constant 

Viscosity 

mPa ‧ s 

Density 
g cm-3 

ACN 41.05 
81.6 35.95 0.341 0.777 

DEC 86.09 
126 2.84 0.81 0.975 

DMC 90.08 
90.1 3.1 2.4 1.07 

EC 88.06 
248 89.6 1.85(40°C) 1.322 

EMC 104.1 
109 2.4 0.65 1.00 

PC 102.1 
241 64.4 2.53 1.19 

THF 72.12 
65.0 7.39 0.46 0.880 

VC 86.05 
162 127 - 1.36 

1.3.5 Membrane  

The membrane with excellent performance plays an important role in improving the 

comprehensive performance of the battery[62]. The membrane determines the interface 

structure and internal resistance of the battery, which directly affects the capacity, 

circulation and safety performances of the battery[63,64]. The main function of the 

membrane is to separate the positive and negative electrodes of the battery to prevent 
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short circuit due to contact between the two electrodes. In addition, it also has the function 

of enabling lithium ions to pass between the two electrodes. However, the membrane will 

stop the ionic transport and shut down the lithium ion battery in case the temperature 

rises above 130 °C. This function is achieved by using a membrane material that has very 

high impedance at 130 °C and above. In this way, the membrane can protect the lithium 

ion battery from thermal runaway[65]. Membrane material is non-conducting, its physical 

and chemical properties have a great impact on the performance of the battery[66]. 

Different types of batteries use different membranes. For lithium ion batteries, as the 

electrolyte is an organic solvent system, it is necessary to have a membrane material 

resistant to organic solvent. Generally, high-strength and porous polyolefin membrane is 

used. 

1.4 Solid electrolyte interfaces on electrodes 

During the first charge and discharge of liquid lithium ion battery, the electrode material 

and electrolyte can react on the solid-liquid interface, forming a passivation layer covering 

the surface of the electrode material[67]. The passivation layer is a kind of interface layer 

called solid electrolyte interface (SEI). The SEI has the characteristics of a solid 

electrolyte, and is a good conductor and electrical insulator[68]. Once an initial SEI layer 

has formed, the electrolyte molecules can not travel through the SEI to the electrode 

surface, where they could react with lithium ions and electrons. In this way, the SEI 

suppresses further SEI growth. Meanwhile, lithium ions can easily pass through the SEI 

by the exchange of ions between the electrolyte, the SEI compounds, and the anode [69]. 

In most electrolytes, the SEI film is mainly composed of inorganic and organic salts. Its 

existence prevents further reaction between electrode and electrolyte, and makes the 

electrode stable.  

The formation of SEI film plays an important role in the performance of electrode materials. 

On the one hand, the formation of SEI membrane consumes some lithium ions, which 

increase the irreversible capacity of the first charge and discharge, and reduces the 

charge and discharge efficiency of electrode materials. On the other hand, SEI film with 

organic solvent insoluble in organic electrolyte solution can exist stably. It can prevent the 

solvent molecules from passing the passivation membrane, avoiding the damage of 
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electrode, and thus greatly improve the cycle performance and service life of the electrode. 

Therefore, the research on the formation mechanism, composition structure, stability and 

influencing factors of SEI film, and further search for effective ways to improve SEI film 

performance, has always been a hot topic in the field of electrochemistry in the world. 

1.4.1 Mechanism of SEI 

Lithium ion batteries generally use carbon materials (mainly graphite) as the negative 

electrode[70–73]. During the charging process, SEI film is formed on the surface of the 

negative electrode. The current electrolytes in LIBs generally contain lithium salts and a 

variety of solvents. Organic solvent displays a reduction potential below 1.0 V (vs. 

Li+/Li)[74]. The reaction between electrolyte species and electrode takes place in a 

millisecond or less[75]. The SEI layer can form as the result of the insoluble products of 

the reaction between anions, Li ions, and solvents, which are electrodepositing on the 

surface of anode[74]. Experts believe that the possible reaction is that EC, DMC, trace 

water and HF react with Li ions to form (CH2OCO2Li)2, LiCH2CH2OCO2Li, CH3OCO2Li, 

LiOH, Li2CO3 and LiF covered on the negative electrode surface to form SEI film[74]. The 

main chemical reactions are as follows (the electrolyte is taken as EC/DMC + 1mol/L 

LiPF6 as an example): 

2EC + 2e – + 2Li + → (CH2OCO2Li)2 ↓+ CH2=CH2 ↑ 

EC + 2e – + 2Li + → LiCH2CH2OCO2Li ↓ 

DMC + e – +Li + → CH3·+ CH3OCO2Li ↓ +And/or CH3OLi ↓+ CH3OCO· 

traceH2O + e – +Li + → LiOH ↓+ 1/2H2 

LiOH + e – +Li + → Li2O ↓+ 1/2H2 

H2O + (CH2OCO2Li)2 → Li2CO3↓ + CO 

2CO2 + 2e – + 2Li + → Li2CO3 ↓+ CO 

LiPF6 + H2O →LiF + 2HF + PF3O 
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PF6
- + ne – + nLi + →LiF↓ + LixPFy ↓ 

PF3O + ne – + nLi + →LiF↓+LixPOFy ↓ 

HF + (CH2OCO2Li)2 ↓,Li2CO3 ↓→LiF ↓+ (CH2COCO2H)2 ,H2CO3 (sol.) 

The structure and composition of SEI film have been extensively studied. The passive 

film model on the surface of lithium electrodes is now generally accepted as follows: (1) 

The dense part consisting of low oxidized inorganic salts in the interior; (2) the porous 

part consisting of organic layers in the exterior. 

1.4.2 Impact factor 

SEI formation is mainly affected by the formation of electrolyte (such as lithium salt and 

solvent), formation (first charge and discharge) current, temperature and other factors. 

First, different compositions of Li salts and solvents lead to different compositions of SEI 

and the stability of its products. 

Second, the influence of forming current. When the charging current is large, the inorganic 

component with high potential is formed firstly, followed by the insertion of lithium ion, and 

the organic component is formed finally. When the formation current is small, the organic 

components of SEI films begin to form soon. 

The SEI formed by lithium ion battery at low temperature has good compactness and low 

impedance, which is very beneficial to the service life of the battery. Excessive 

temperature will reduce the stability of SEI and affect the battery cycle life. 

1.4.2.1 Influence of lithium salt 

It is generally believed that the supporting electrolyte salts as solutes are easier to be 

reduced than solvents to become part of the SEI film[76]. Thermal stability is an important 

parameter for lithium ion battery performance because the battery may be used at high 

temperatures[77]. In fact, the products resulting from the thermal decomposition of the 

lithium salt may affect the electrode reaction[78]. LiClO4 is a well known electrolyte salt 

for lithium ion batteries and is a strong oxidizing agent. However, this lithium salt is not 

suitable for practical lithium ion batteries due to the higher chemical reactivity. Electrolytes 

using LiClO4 as lithium salt are more dangerous than those including fluorine element. 
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Therefore, in practical batteries, electrolyte salts containing F element have been 

used[76],[79]. LiAsF6 has good ionic conductivity and large electrochemical window, 

which is much higher than other ordinary lithium salts. However, the highly toxic As 

element limits its use in commercial lithium batteries[76]. LiPF6 has poor thermal stability, 

and a small amount of LiPF6 is decomposed into LiF at about 60 ~ 80°C[80],[81]. 

Researchers are always searching for new lithium salts. The main difference of lithium 

salts lies in the different types of anions, which lead to the difference in the formation 

potential and chemical composition of SEI film. Due to the greater tendency of 

thermodynamic generation of inorganic lithium compounds, the generated SEI film can 

exist more stably, which can weaken the dissolution and destruction of SEI film in the 

electrochemical cycle[77].  

1.4.2.2 Influence of solvent 

The solvent of an electrolyte plays an important role in SEI film formation. Different 

solvents play different roles in forming the SEI film. In lithium ion batteries using graphitic 

carbon as anode, the solid electrolyte interphase (SEI) grows on the lithiated graphite 

surface during the first lithium intercalation/de-intercalation cycles. The SEI plays a major 

role in maintaining battery stability as it significantly impedes thermodynamically predicted 

reactions between the graphite and the electrolyte[82–84].  In PC solution, the SEI film 

formed cannot completely cover the surface, and the electrolyte has access to react on 

the graphite surface, generating irreversible capacity. Li et al.[85] reported PC-based 

electrolyte with prop-1-ene-1,3- sultone (PES) in the lithium ion battery. It was found that 

effective SEI film from the co-intercalation of propane carbonate (PC) can be formed by 

PES. The battery using PC-based electrolyte with PES as an SEI formation additive 

displays less initial capacity loss and better cycle stability. EC is important for lithium-ion 

batteries because it enables reversible lithium ion intercalation into electrodes by forming 

solid electrolyte interface (SEI) on the surface of electrode[86]. When pure EC is used as 

the solvent, the main component of SEI film is (CH2OCOOLi)2[85]. In DEM or DMC 

solvent, the main components of SEI film are C2H5COOLi and Li2CO3 respectively[87],[88]. 

Obviously, the SEI film formed by the latter two is more stable. In the mixed system of 

EC/DEC and EC/DMC, EC is the main source of SEI film generation, and only EC is 
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decomposed[89].  

1.4.2.3 Influence of temperature 

Generally, the SEI film stability will decrease and the electrode circulation performance 

will become worse under high temperature. This is because the SEI film dissolution and 

co-embedding of solvent molecules will be intensified under high temperature, while the 

SEI film tends to be stable under low temperature. Zane et al.[90] reported the formation 

and change of SEI at room and high temperatures. It was found that the effect of 

temperature on the SEI film is prominent. The diffusivity of electrolyte molecules through 

the SEI can explain the loss of capacity in lithium ion battery. Matthew et al.[69] provided 

a theoretical model attempting to explain the temperature dependence of this diffusivity. 

The model shows a clear temperature dependence of diffusivity which is applied to the 

experimental data of Wang et al.[91]. Some experts have found that the SEI film 

generated at low temperature has the best cyclic performance, because the SEI film 

formed at low temperature is dense, stable and has low impedance.  

1.4.2.4 Influence of current density 

The reaction on the electrode surface is a passive film formation competing with charge 

transfer[69]. Due to the different diffusion velocity and ion migration number of different 

ions, the main electrochemical reaction under different current densities is not the same, 

and the composition of film is also different. In the study of Dollé et al.[92], it is found that 

the current density has little effect on the thickness of the film, but makes the composition 

of the film completely different. At low current density, Li2CO3 is formed firstly, while 

ROCOOLi is formed before the end of electrode discharge. When the current density is 

high, the film contains only Li2CO3 not ROCOOLi, which makes the resistance of the film 

become smaller and the capacitance increase. Ota et al.[93] studied the mechanism of 

SEI film formation in PC and ES based electrolyte. The experimental study shows that 

the SEI film is mainly formed by the decomposition of PC and ES, and ES is decomposed 

before PC, and the composition structure of SEI film mainly depends on the current 

density. If the current density is high, the inorganic components of the SEI membrane first 

form at this high potential, the lithium ion insertion begins, and then the organic 
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components of the SEI membrane form. However, when the current density is low, a set 

of SEI units is formed immediately from the initial potential. Therefore, in order to reduce 

the film forming resistance, we usually choose the small current to form. 

1.4.2.5 The influence of voltage 

The formation of SEI film depends on the battery voltage. For example, in the graphite 

/LiCoO2 system, the SEI film starts to form from 3.0V and continue to 3.8V, during this 

process Li2CO3 is mainly generated, at the same time, a small amount of LiF and other 

lithium compounds are generated[94]. The final arrival of 4.2V was mainly the 

decomposition of electrolyte salts. Therefore, the compounds of outer layer of SEI film 

are mainly LiF. The impedance of SEI film is also different at different charged 

states[95],[96]. The impedance of SEI film in the state of full charge is higher than that in 

the state of discharge. When overcharging, excessive Li+ can not be embedded 

completely and may form lithium dendrites on the anode surface, resulting in the risk of 

short circuit, irreversible changes in structure of the positive active material and electrolyte 

decomposition, a large amount of gas and heat, increasing of the battery temperature 

and internal pressure, the explosion, burning and so on[97–100]. If over discharging, Li+ 

in the SEI film on the negative electrode surface is completely exuded and the SEI film is 

destroyed. When the battery is charged and discharged again, the stability and 

densification of SEI film re-formed may become worse, which requires a large amount of 

Li+, thus resulting in a decrease in discharge capacity and charge and discharge 

efficiency[101]. 

1.5 Ionic liquids 

Ionic liquids (ILs) are defined as molten salts entirely consisting of cation and anion. ILs 

usually have melting points below 100 °C[5]. The first ionic liquid ethylammonium nitrate 

started and was synthesized by Paul Walden in 1914, and then relevant studies has been 

developed successively[102]. Due to their unique properties, such as thermal stability, 

wide electrochemical window and non-flammability, non-volatility and conductivity, ILs as 

green candidate have been used in various area such as separations[103,104] and 

catalysis[105,106] and chemical reactions[107–109], one of the most important 
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application is electrochemistry[110], especially for batteries, fuel cell and 

supercapacitor[111–114]. For instance, Benchakar et al.[115] explored the use of ionic 

liquid 1-ethyl-3-methylimidazolium bis(fluoromethanesulfonyl)imide (EMImFSI) as co-

solvent or additive in the sodium ion battery. ILs usually have large electrochemical 

windows (> 3.5V), it indicates that a higher capacitance can be obtain in the ionic liquid-

based electrolyte in supercapacitors[116–118]. Protonic ILs were used in fuel cells 

exhibiting excellent thermal stability and high proton conductivity[119–121]. Recently, 

Zakeri et al.[122] reported that their dual acidic IL (pyridinium alkyl sulfonate/hydrogen 

sulfate) for polymer membranes of fuel cell obtained excellent thermal and dimensional 

stability. A dual acidic IL is an ionic liquid with two acidic functional groups. 

In lithium ion batteries, organic carbonates and additives as the main components of 

electrolyte have been used to ensure the higher energy density of LIBs. However, 

meanwhile these components come with safety issues because of the flammability and 

volatility, especially in a large scale storage. ILs exhibit high thermal stability, fire-retardant 

ability[123] and low vapor pressure, they have been tried by many researchers for lithium 

ion batteries. Liang et al.[124] used N-propyl-N-methylpiperidiniumdifluoro(oxalate)borate 

(PP13DFOB) as co-solvent of liquid electrolyte to facilitate the formation of surface film to 

enhance the cycling performance of Li/LNMO cells. Horiuchi el al.[125] reported the 

electrolyte with N-methyl-N-methoxymethylpyrrolidinium bis(fluorosulfonyl)amide 

([Pyr1,1O1] [FSA]) as additive displayed stable charge -discharge cycle behavior over 5 

cycles. ILs used as polymer electrolytes have attracted great attention in the next 

generation solid LIBs. Wang et al.[17] used poly(N-(1-vinylimidazolium-3-butyl)-

ammonium bis(trifluoromethanesulfonyl)imide)-co-poly(poly(ethylene glycol) methyl 

ether methacrylate (PVIMTFSI-co-PPEGMA) ionic liquid polymer electrolyte to improve 

the cycle and rate performance at high temperature in LiFePO4/Li cells. Tseng et al.[126] 

mixed the poly(vinylidene fluoride-co-hexafluoropropylene) with 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI), EC and LiTFSI as 

electrolyte to improve the cycle performance of LiFePO4/Li cell. 
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Chapter 2 Experimental sections  

2.1 Chemicals and Materials 

In this study, 1-vinyl imidazole (99.0%, Sigma-Aldrich), 2-chloroacetamide (98.0%, 

Sigma-Aldrich) and 3-Chloropropionamide were used to synthesize the intermediate 

products for the ionic liquids (3-(2-amino-2-oxoethyl)-1-vinylimidazolium chloride and 3-

(3-amino-3-oxoethyl)-1-vinylimidazolium chloride). Lithium 

bis(trifluoromethylsulphonyl)imide (LiTFSI, 99.5%), purchased from DoDochem Co., was 

used for the final products (3-(2-amino-2-oxoethyl)-1-vinylimidazolium 

bis(trifluoromethylsulfonyl)amide ([VAIM][TFSI]) and 1-vinyl-3-propionamide imidazolium 

Table 2.1 CAS registry number, source and mass fraction purity of the chemicals. 

Chemical Name 
CAS Reg. 

No. 
Source Purity 

Analysis 

Method 

Ethanol 64-17-5 Sigma-Aldrich 0.95 GC 

N- vinyl imidazole 1072-63-5 Sigma-Aldrich 0.99 GC 

2-Chloroacetamide 79-07-2 Sigma-Aldrich 0.98 HPLC 

Lithium 

bis(trifluoromethylsulfonyl)azanide 

90076-65-

6 
www.DoDochem.com 0.995 ICPc, IC 

Acetonitrile 75-05-8 Sigma-Aldrich 0.99 GC 

Dichloromethane 75-09-2 Sigma-Aldrich 0.99 GC 

3-Chloropropionamide 5875-24-1 Sigma-Aldrich 0.98 HPLC 

Ethyl acetate 141-78-6 Sigma-Aldrich 0.99 GC 

Ethyl methyl carbonate 623-53-0   GC 

Dimethyl carbonate 616-38-6 Sigma-Aldrich 0.99 GC 

Ethylene carbonate 96-49-1 Sigma-Aldrich 0.99 GC 

N-Methyl-2-pyrrolidone 872-50-4 
Sinopharm Chemical 

Reagent Co., Ltd. 
0.99 GC 

Standard electrolyte  

Linzhou Keneng 

Materials Technology 

Co., Ltd. 
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Table 2.2 Materials used in this study. 

Material Name Abbreviation Source 

Silicon/carbon 650 SiC650 
BTR New Energy Materials 

Inc. 

lithium titanate 

Li4Ti5O12 
LTO 

BTR New Energy Materials 

Inc. 

Lithium nickel, manganese cobalt 

oxide 

LiNi0.6Co0.2Mn0.2O2 

NCM622 
Xinxiang Tianli Energy Co., 

LTD. 

Lithium iron phosphate 

LiFePO4 
LFP 

Beijing Easpring Material 

Technology Co., LTD. 

Super-p carbon black  
Hefei Guoxuan High-Tech 

Power Energy Co., LTD. 

Sodium carboxymethyl cellulose CMC 
Shanghai Shunshui Co., 

LTD. 

Styrene-butadiene rubber SBR 
Shanghai Shunshui Co., 

LTD. 

Ketjenblack EC-600JD 
Akzo Nobel Polymer 

Chemicals 

Polyvinylidene fluoride PVDF Solef® 5130 

Acetylene black - 
Hefei Guoxuan High-Tech 

Power Energy Co., LTD. 

Membrane 

Celgard 2400 
- Japan-based Toray Tonen 

Lithium metal - 
China Energy Lithium Co., 

Ltd. 

Nickel foam - 
Changsha Lyrun Material 

Co., Ltd. 

Battery shell - 
Shenzhen Kejingstar 

Technology Co., Ltd. 

 

bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]), and was used as lithium salt in the 

electrolytes. Acetonitrile (99%, Sigma-Aldrich) and Ethyl acetate (99%, Sigma-Aldrich) 

were used as reaction solvent and as a component of the binary mixtures, respectively. 
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Dimethyl carbonate (99%, Sigma-Aldrich), ethylene carbonate (99%, Sigma-Aldrich) and 

ethyl methyl carbonate (99%, Sigma-Aldrich) were used as component of mixtures and 

electrolytes, respectively. Dimethyl carbonate was also used to wash electrodes which 

were measured by scanning electron microscope (SEM, JSM-7001f) and X-ray 

photoelectron spectroscopy (XPS, ESCALAB 250XI) to investigate the surface of 

electrodes. N-Methyl-2-pyrrolidone (99 %, Sinopharm Chemical Reagent Co., Ltd) as 

solvent was used to mix the electrode materials. Ethanol from Sigma-Aldrich was used to 

wash all glasses and other tools. Ultrapure water directly from Direct-Q 3 ultrapure water 

system was used as reaction solvent for the final ionic liquid and for its purification, and 

was used to wash glasses and other containers. All experimental chemicals were used 

directly without further purification. Data on the reagents used in this study are 

summarized in Table 2.1. 

The materials in Table 2.2 were used to prepare various electrodes. Silicon/carbon 650 

and lithium titanate Li4Ti5O12 were used as anode materials. Lithium iron phosphate 

LiFePO4 and Lithium nickel manganese cobalt oxide LiNi0.6Co0.2Mn0.2O2 were used to 

prepare different cathodes. Super-p carbon black, Ketjenblack, and acetylene black were 

used as conductive agents. Sodium carboxymethyl cellulose (CMC), styrene-butadiene 

rubber (SBR) and polyvinylidene fluoride (PVDF) were used as binders. Lithium metal 

was used as metal anode. Nickel foam was used as the shim of coin cells. Table 2.2 lists 

the materials used in this thesis. 

2.1 Experimental apparatus 

A Mettler-Toledo balance was used to weigh the chemicals, materials, and electrolytes. 

An air circulation oven and a vacuum drying oven were used to dry ionic liquids, materials, 

membrane, nickel foam battery shells, and electrodes. A planet ball mill was used to mix 

the electrode materials to slurry. An electric roller press, automatic coating machine and 

hand slicer were used to prepare experimental electrodes. A sealing machine was used 

to seal the experimental coin cells. A Karl Fischer coulometer was used to determine the 

content of water in ionic liquids, solvents and electrolytes. A thermal gravimetric analyzer 

and Differential scanning calorimetry were used to investigate the thermal stability of ionic 

liquids. A rheometer was used to measure the viscosity of ionic liquids. Scanning electron  
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Table 2.3 Name, type and source of experimental apparatus. 

Name Type Source 

Balance ML104T Mettler Toledo 

Air Circulation Oven DHG-9023A 
Shanghai Yiheng 

Instruments Co., Ltd. 

Vacuum drying oven DZF-6032 
Shanghai Yiheng 

Instruments Co., Ltd. 

Planet ball mill YXQM-2L 
Changsha MITR Instrument 

and Equipment Co., Ltd. 

Electric roller press MSK-2150 
Shenzhen Kejingstar 

Technology Co., Ltd. 

Automatic coating machine MSK-AFA-SC200 
Shenzhen Kejingstar 

Technology Co., Ltd. 

Hand slicer MSK-T10 
Shenzhen Kejingstar 

Technology Co., Ltd. 

Sealing machine BNP-SY160 
Shenzhen Kejingstar 

Technology Co., Ltd. 

Karl fischer Coulumeter C30 Mettler Toledo 

Thermal gravimetric analyzer SDT-Q600 Ta Instruments 

Differential scanning calorimetry Discovery DSC Ta Instruments 

Rheometer Discovery HR-1 Ta Instruments 

Scanning electron microscope JSM-7001f JEOL Ltd. 

X-ray photoelectron spectroscopy ESCALAB 250XI Thermo Scientific Escalab 

Glove box Universal Mikrouna (China) Co., Ltd. 

Electrochemical workstation CHI600E CH Instruments, Inc. 

Battery testing system CT2001A  

Density meter DMA 4100 Anton Paar 

Viscosity meter PAAR AMV 200 Anton Paar 

 

microscope and X-ray photoelectron spectroscopy were employed to analyze the 

structures and components of the surface of various electrodes. Glove box was employed 

to prepare electrolytes and assemble lithium ion batteries, and test the content of HF. 

Electrochemical workstation was used to test the conductivity, AC impedance, cyclic 
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voltammetry and linear sweep polarography. Battery testing system was used to evaluate 

the cycling, rate and capacity performances of lithium ion batteries. Density meter was 

used to test the density of mixtures and pure ionic liquid [VPIM][TFSI]. Viscosity meter 

was used to test the viscosity of mixtures and pure ionic liquid [VPIM][TFSI]. The name, 

type and source of various experimental apparatus are listed in Table 2.3. 
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Chapter 3 Synthesis of physicochemical properties of various ionic 
liquids 

3.1 The introduction of synthesis methods for ionic liquids 

Ionic liquids (ILs) are a huge family, and has exponentially increased from its first 

appearance in published journal articles. The ILs number reached to 5000 in 2015[127] 

and 9000 in 2018[128]. Different ionic liquids are synthesized using different methods. 

Generally, the synthesis method includes one-step and two-step methods according to 

the synthesis procedure. Normally, 1-butyl-3-methylimidazolium chloride is synthesized 

using a one-step method[129]. The ionic liquids by the exchange reaction of anions and 

AlCl3-based ILs are also prepared using a one-step method[130–132]. Tawfik[133] used 

a one-step method to synthesize Gemini cationic surfactant-based ionic liquids. When it 

is difficult to obtain the target ionic liquids using a one-step method, the two-step synthesis 

method must be used. The preparation of ionic liquids by the two-step method has many 

applications. It is well known that protic or Brønsted acidic ILs are prepared in two 

steps[134–136]. These steps can be microwaves[137,138], ultrasound 

synthesis[139,140], and liquid extraction according to different disciplines[141]. 

Vasudevan V. Namboodiri and Rajender S. Varma[142] used the microwave method to 

prepare 1,3-dialkylimidazolium tetrafluoroborate ionic liquids. Ameta et al.[143] utilized 

the ultrasonic assisted synthesis to obtain imidazolium based ionic liquids. Naeimi et 

al.[144] synthesized 1,8-dioxo-octahydroxanthene derivatives in water under ultrasound 

irradiation. Commonly, halogen-free ionic liquids are prepared by liquid - liquid phase 

extraction with water - organic solvent. 

The ionic liquids synthesized in this work contain two functional groups and halogen-free 

anions. Therefore, the two-step method with liquid extraction is used to synthesize the 

target ionic liquids. 

3.2 Synthesis of ionic liquids 

3.2.1 Synthesis of [VAIM][TFSI] 

The target ionic liquid 3-(2-amino-2-oxoethyl)-1-vinylimidazolium 
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bis(trifluoromethylsulfonyl) amide was synthesized using a two-step method. In the first 

step, 1-vinyl imidazole and 2-chloroacetamide at about a molar ratio of 1:1 were dissolved 

in acetonitrile solvent at 50 °C and stirred for about 30 minutes under a protective nitrogen 

atmosphere. The temperature was increased to 70 °C, and 1 hour later, the reaction 

happened and finished during a 5 minutes period. The white blocky intermediate product 

3-(2-amino-2-oxoethyl)-1-vinylimidazolium chloride was obtained. It was washed and 

filtered with acetonitrile after being crushed, and dried in vacuum oven for 2 hours. In the 

second step, 3-(2-amino-2-oxoethyl)-1-vinylimidazolium chloride and lithium 

bis(trifluoromethylsulfonyl) imide at a molar ratio of circa 1:1 were dissolved in water and 

reacted in a flask at room temperature for 2 hours. After the reaction, the solution 

separated in two layers. The upper layer was a water phase, and the lower layer was the 

ionic liquid phase. The desired ionic liquid [VAIM][TFSI] was washed with water under the 

protection of a layer of dichloromethane until chloride ions could not be detected in the 

wash water using AgNO3[145]. The ionic liquid was dried in a vacuum oven at 70 °C for 

more than one week before any measurements were performed. The synthesis pathway 

of this ionic liquid is shown in Figure 3.1. The structure of [VAIM][TFSI] is shown in Figure 

3.2. 

 

Figure 3.1. The synthesis pathway and the structure of ionic liquid [VAIM][TFSI]. 

 



Synthesis of physicochemical properties of various ionic liquids 

24 

 

 

Figure 3.2 The structure of [VAIM][TFSI]. 

3.2.2 Synthesis of [VPIM][TFSI] 

The ionic liquid 1-vinyl-3-propionamide imidazolium bis(trifluoromethylsulfonyl) imide 

([VPIM][TFSI]) was synthesized using a two-step process. The first step: 1-vinyl imidazole 

and 3-Chloropropionamide at about molar ratio of 1:1 were dissolved in acetonitrile 

solvent at 50 °C and stirred for about 30 minutes. Then the white chloride salt (3-(3-amino-

3-oxoethyl)-1-vinylimidazolium chloride) was obtained under the protection of nitrogen 

gas at 75 °C for three days. The obtained white blocky intermediate products was washed 

and filtered with acetonitrile, then it was dried in a vacuum oven at 80 °C for 2 hours. The 

second step: the intermediate products 3-(3-amino-3-oxoethyl)-1-vinylimidazolium 

chloride and lithium bis(trifluoromethylsulfonyl) imide were dissolved in water. The 

reaction lasted for 2 hours at room temperature, then the solution separated in two layers. 

The upper layer was a water phase, and the lower layer was the target ionic liquid. The 

ionic liquid [VPIM][TFSI] was washed with water until chloride ions could not be detected 

in the wash water using AgNO3[145]. After reduced pressure distillation, the ionic liquid 

was dried in a vacuum oven at 70 °C for several days until the water content was detected 

to be below 300 ppm by Karl Fischer titration. The synthesis pathway and the structure 

of [VPIM][TFSI] are shown in Figure 3.3 and Figure 3.4, respectively. 

To observe the status of every experimental process clearly, Figure 3.5 shows the real 
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synthesis procedure and the final product of ionic liquids. 

 

Fig. 3.3 Synthesis pathway of [VPIM][TFSI] by the two-step method. 

 

 

 

Figure 3.4 The structure of [VPIM][TFSI]. 
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        Mixture of reactants in the solvent               After the reaction of intermediate                      Intermediate products 

 

 

 

 

 

 

 

 

Beginning of reaction of final product          After the reaction of final product                                           Final product 

Figure 3.5 Real synthesis procedure of ionic liquids. 

3.3 Analysis of the purity of ionic liquids 

Purity plays a very important role in the study on the properties of ionic liquids. The 

presence of impurities in ionic liquids may change the physical and chemical properties 

of ionic liquids. Purification methods generally consist of reduced pressure distillation, 

recrystallization[146], supercritical and ordinary extraction[147][148][149][150], vacuum 

drying and so on[151]. Common impurities in ionic liquids include organic compounds, 

inorganic salts and water. Vacuum distillation makes it easy to remove organic solvents 

and most of the water from ionic liquids[152]. Inorganic salts in hydrophobic ionic liquids 

can be removed with water. For the hydrophilic ionic liquids, dichloromethane as 

extraction agent are generally used to remove the halogen ions[153]. In most cases, the 

ionic liquids synthesized have some color and sometimes extremely dark, mainly due to 

side reactions of the raw materials in the reaction. In general, the lower the temperature, 

the longer the reaction time, the lighter the color of the target ionic liquid. 
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In this thesis, according to the procedure of ionic liquids, the main impurities are 

acetonitrile, dichloromethane, halogen ions and water. The organic chemicals acetonitrile, 

dichloromethane can be removed by reduced pressure distillation, owing to their low 

boiling points. The halogen ions can be extracted by water. The extraction is performed 

with fresh water until chloride ions can’t be detected in the wash water using AgNO3. Most 

of the water can be removed by reduced pressure distillation, the remaining water can be 

removed by vacuum drying. The content of water can be detected by Karl Fischer titration. 

3.2.2 Purity of [VAIM][TFSI] 

The possible impurities of ionic liquid [VAIM][TFSI] may include several organic chemicals 

such as acetonitrile, chloride ions and water. To purify the ionic liquid, the ionic liquid was 

washed many times using water under the protection of dichloromethane until no chloride 

ions could be detected when adding AgNO3. Then the mixture was distilled under low 

pressure at 70 °C to remove the acetonitrile, dichloromethane and other possible organic 

chemicals. Finally, the ionic liquid was dried in the vacuum drying oven until the water 

content was measured to be below 300 ppm (used in the measurement of 

physicochemical properties) at 70 °C. The ionic liquid was dried longer when it was used 

in lithium ion batteries, the water content of [VAIM][TFSI] was below 50 ppm. The data of 

water was measured shown in Table 3.1. 

The purity of [VAIM][TFSI] was determined by 1H NMR spectrum shown in Figure 3.6. 

The chemical shifts appear as follows: 1H NMR (400 MHz, DMSO) δ 9.42 (s, 1H), 8.19 

(s, 1H), 7.86 (d, J = 15.1 Hz, 2H), 7.59 (s, 1H), 7.37 (dd, J = 15.6, 8.8 Hz, 1H), 5.98 (dd, 

J = 15.6, 2.3 Hz, 1H), 5.45 (dd, J = 8.7, 2.3 Hz, 1H), 4.99 (s, 2H). 



Synthesis of physicochemical properties of various ionic liquids 

28 

 

 

Figure 3.6 1H spectrum for the synthesized ionic liquid [VAIM][TFSI]. Peak integrals are 
indicated for hydrogen area. 

Table 3.1 Water content of [VAIM][TFSI] in different measurements. 

H2O 1st time 2nd time 3rd time Average 

Physicochemical measurement 246.5 260.3 256.7 254.5 

Electrochemical measurement 50.9 43.9 47.5 47.4 

 

3.2.3 Purity of [VPIM][TFSI] 

Similar with ionic liquid [VAIM][TFSI], the possible impurities of [VPIM][TFSI] may also 

include acetonitrile, chloride ions and water. After the reaction of [VPIM][TFSI], the ionic 

liquid was washed many times using water under the protection of dichloromethane until 

no chloride ions could be detected using AgNO3, then the mixture was distilled under 

lower pressure at 70 °C to remove the possible organic chemicals, finally, the ionic liquid 

was dried in the vacuum drying oven at 70 °C until the water content was detected to be 

very low. The water content of ionic liquid is below 300 ppm when it was used in the 

measurement of physicochemical properties, and below 50 ppm when it was used in 

electrochemical properties. The measured water content data are shown in Table 3.2. 

The purity of [VPIM][TFSI] was determined by 1H NMR spectrum shown in Figure 3.7. 1H 
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NMR (600 MHz, DMSO) δ 9.46 (s, 151H), 8.14 (d, J = 1.5 Hz, 151H), 7.87 (s, 154H), 7.87 

(s, 151H), 7.49 (s, 146H), 7.43 (d, J = 11.2 Hz, 5H), 7.30 (dd, J = 15.6, 8.7 Hz, 154H), 

7.21 – 7.05 (m, 18H), 7.02 (d, J = 20.1 Hz, 137H), 5.94 (dd, J = 15.6, 2.2 Hz, 154H), 5.41 

(dd, J = 8.7, 2.1 Hz, 154H), 4.40 (t, J = 6.4 Hz, 308H), 4.27 (t, J = 6.4 Hz, 4H). 

 

Figure 3.7 1H spectrum for the synthesized ionic liquid [VPIM][TFSI]. Peak integrals are 
indicated for hydrogen area. 

Table 3.2 Water content of [VPIM][TFSI] in different measurements. 

H2O 1st time 2nd time 3rd time Average 

Physicochemical measurement 275.1 279.9 276.5 277.2 

Electrochemical measurement 46.4 47.2 47.1 46.9 

 
 

3.4 Physicochemical properties of pure ionic liquids 

The physicochemical properties of ionic liquids are affected by the length of the alkyl chain 

of the connected functional groups. In common, the density and viscosity decrease with 

increased alkyl chain of ionic liquids[3,154,155]. In this study, the density and viscosity 

properties of the two ionic liquids with different length of alkyl chain are described below. 
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3.3.1 Density of ionic liquids 

Although both ionic liquids are liquid, their fluidity is different at room temperature. The 

density meter (Anton Paar, DMA 4100) is used for the ionic liquid [VAIM][TFSI] because 

of its lack of fluidity. A pycnometer was used to measure the density of the ionic liquid 

[VAIM][TFSI]. Values are taken from the average of the three tests. The density of 

[VAIM][TFSI] decreases with increasing temperature from 298.15 K to 333.15 K, at 0.1 

MPa, as shown in Figure 3.8. [VPIM][TFSI] with good liquidity was measured using a 

density meter. From Figure 3.9, the density of this ionic liquid also decreases with 

increasing temperature from 293.15 K to 333.15 K, at 0.1 MPa. When comparing the 

values of these two ionic liquids, it can be seen that the density of [VPIM][TFSI] with 

longer alkyl chain length is lower than [VAIM][TFSI], which is consistent with previous 

studies by other researchers[3][154]. 

The experimental values of the densities of the two ionic liquids are fitted as a function of 

temperature with the empirical equation: 

𝜌 = 𝐴 + 𝐵𝑇                                                                          (3.1) 

where A and B are adjustable parameters, B is a negative value. The densities decrease 

linearly with increasing temperature, it indicates that the number of ions per unit volume 

reduces with temperature. The fitted values of the empirical equation for ionic liquids 

[VAIM][TFSI] and [VPIM][TFSI] are shown in Table 3.3. 

 

Table 3.3 Fitted values of the empirical equation for ionic liquids [VAIM][TFSI] and [VPIM][TFSI]. 

Ionic liquid A B 

[VAIM][TFSI] 2.004 -0.00133 

[VPIM][TFSI] 1.852 -0.00096 
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Figure 3.8 Density of pure ionic liquid [VAIM][TFSI] at different temperatures. 
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Figure 3.9 Density of pure ionic liquid [VPIM][TFSI] at different temperatures. 
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3.3.2 Viscosity of ionic liquids 

Due to their high viscosities, rheological measurements were carried out with a Ta 

Instruments Discovery HR-1 to detect the viscosities of the two ionic liquids [VAIM][TFSI] 

and [VPIM][TFSI]. Newtonian fluids and non-Newtonian fluids exhibit absolutely different 

rheological behavior. The viscosity of non-Newtonian fluids depends on shear rate[156]. 

Figure 3.10 and Figure 3.12 show the viscosity curves versus shear rate for [VAIM][TFSI] 

and [VPIM][TFSI] at different temperatures. The ionic liquid [VAIM][TFSI] demonstrates 

non-Newtonian fluids at a range of temperature from 35 °C to 80 °C. However, the ionic 

liquid [VPIM][TFSI] displays non-Newtonian fluids at low temperature, and displays 

Newtonian fluids at high temperatures. The viscosity of both the two ionic liquids 

decreases with increasing temperature as shown in Figure 3.11 and Figure 3.13. 

From the viscosity values of these two ionic liquids, it can be seen that the viscosity of 

[VPIM][TFSI] with longer alkyl chain length is lower than [VAIM][TFSI], which is also 

consistent with previous studies of other researchers. 

 

Figure 3.10 Viscosity versus shear rate for [VAIM][TFSI] at different temperatures. 
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Figure 3.11 Viscosity of [VAIM][TFSI] at different temperatures. 

 

Figure 3.12 Viscosity versus shear rate for [VPAIM][TFSI] at different temperatures. 
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Figure 3.13 Viscosity of [VPIM][TFSI] at different temperatures. 

3.5 Thermal stability 

The thermal properties of pure ionic liquids [VAIM][TFSI] and [VPIM][TFSI] were 

measured by Differential scanning calorimetry (DSC) and Thermal gravimetric analysis 

(TGA) analysis. The details are shown in manuscript 1 and manuscript 4. When compared 

the two ionic liquids, it can be seen that [VPIM][TFSI] has the lowest glass transition point 

of -50 °C, and [VAIM][TFSI] has the highest decomposition temperature, near 300 °C. 

The analysis with TGA in combination with DSC shows that the two ionic liquids have a 

conveniently large stable liquid range, useful for a wide temperature adaptability in 

lithium-ion batteries. 

3.6 Conclusions  

In this chapter, two new types of ionic liquid 3-(2-amino-2-oxoethyl)-1-vinylimidazolium 

bis(trifluoromethylsulfonyl) amide ([VAIM][TFSI]) and 1-vinyl-3-propionamide imidazolium 

bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) were synthesized using a two-step 

method. The purity of the two ionic liquids was determined by 1H NMR spectra, the results 

shows almost no impurity peak in the spectra. The water content of ionic liquid was 
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determined by Karl Fischer titration to be below 300ppm in both [VAIM][TFSI] and 

[VPIM][TFSI]. No chloride ions can be detected by AgNO3 in the ionic liquids. The density 

of [VAIM][TFSI] is higher than [VPIM][TFSI] at every temperature, and the value 

decreases linearly with increasing temperature. Similarly, the viscosity of [VAIM][TFSI] is 

higher than [VPIM][TFSI] at every temperature, which decreases with the increasing of 

temperature. Both the two ionic liquids show non-Newtonian fluids at low temperature. 

[VPIM][TFSI] shows Newtonian fluid at temperatures above 55°C. The density and 

viscosity decrease with increasing alkyl chain length. The two ionic liquids also display 

high thermal stability. The liquid range of [VAIM][TFSI] is from -30 ± 5°C to 300 °C, and 

[VPIM][TFSI] is from -50 ± 5°C to 200 °C. They can be used as additives in lithium ion 

batteries to improve the safety and environmental suitability properties. 
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Chapter 4 Physicochemical properties of mixtures of ionic liquid and 
organic solvents 

In this study, ionic liquids 3-(2-amino-2-oxoethyl)-1-vinylimidazolium 

bis(trifluoromethylsulfonyl) amide ([VAIM][TFSI]) and 1-vinyl-3-propionamide imidazolium 

bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) were selected to formulate mixtures with 

various organic solvents. Their physicochemical properties such as density, viscosity and 

conductivity were investigated at different temperatures. 

4.1 Mixtures of [VAIM][TFSI] and ethyl acetate 

4.1.1 Density of mixtures of [VAIM][TFSI] and ethyl acetate 

The densities of binary mixtures were measured with the use of Anton Paar DMA 4100 

Density meter from 298.15 K to 333.15 K. The calibration of the density meter was carried 

out using water and atmospheric air. Measurements for acetonitrile can be seen in the 

supporting information of manuscript 1 compared to data from literature. 

The densities (ρ) of the binary mixtures with ethyl acetate were measured at different 

temperatures. Table 4.1 shows the density data of the binary mixtures as a function of 

mole fraction of ionic liquid from 298.15 K to 333.15 K, at 0.1 MPa. In Figure 4.1, it can 

be seen how the densities of mixtures increase along an asymptotic line with increasing 

mole fraction. Figure 4.2 indicates that the experimental densities of binary mixtures 

decrease linearly with increasing temperature. This behavior was fitted with the empirical 

equation: 

𝜌 = 𝐴 + 𝐵𝑇                                                                    (4.1) 

A and B are adjustable parameters, B has a negative value. The densities decrease 

linearly with increasing temperature, which reflects that the numbers of ions per unit 

volume reduce with temperature. The adjustable parameters at different temperatures are 

listed in Table 4.2. 

The excess molar volume (VE) of a binary mixture is defined from experimental values 

using the following equation[157]: 

𝑉𝐸 =
𝑥1𝑀1+𝑥2𝑀2

𝜌
− (

𝑥1𝑀1

𝜌1
+

𝑥2𝑀2

𝜌2
)                                                  (4.2) 
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Here 𝜌 represents the density of the binary mixture, 𝜌1 and 𝜌2 represent the densities of 

ionic liquid and ethyl acetate, M1 and M2 are the molar masses of ionic liquid and ethyl 

acetate, x1 and x2 are the mole fractions of ionic liquid and ethyl acetate. 

The excess molar volumes for [VAIM][TFSI] and ethyl acetate mixtures as a function of 

the mole fraction of ionic liquid are listed in Table 4.3 and plotted in Figure 4.3 from 298.15 

K to 333.15 K. From the experimental values, it can be seen that the excess molar 

volumes are negative over the whole samples and temperatures. Furthermore, the 

excess molar volume values decrease with increasing temperature. In common, the 

intermolecular forces and the differences in size and shape between component species 

influence the excess molar volume[158]. In this study, the large difference in size between 

the ions of ionic liquid [VAIM][TFSI] and ethyl acetate molecules results in a negative 

contribution to the excess molar volume values. The small ethyl acetate molecule can fit 

into the free volume between the large ions. In the beginning, the excess molar volumes 

decrease with increasing of ionic liquid, which implies that the intermolecular interactions 

with the ionic liquid become stronger. Then, the excess molar volumes increase with 

increase ionic liquid fraction after the most effective packing in the mixture was obtained 

at about xIL = 0.3, and the intermolecular interactions with the ionic liquid become weaker. 
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Figure 4.1 Densities of mixtures of [VAIM][TFSI] and ethyl acetate as a function of mole fraction 

of [VAIM][TFSI] at different temperatures. 
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Figure 4.2 Densities of mixtures of [VAIM][TFSI] and ethyl acetate as a function of temperature 

at different mole fractions of [VAIM][TFSI]. 

 

Table 4.1 Densities (ρ, kg·m−3) of the binary mixtures [VAIM][TFSI] and ethyl acetate at different 

temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.0100 0.9181 0.9119 0.9058 0.8996 0.8933 0.8870 0.8807 0.8743 

0.0500 0.9949 0.9889 0.9828 0.9767 0.9706 0.9645 0.9583 0.9514 

0.0997 1.0772 1.0713 1.0654 1.0595 1.0536 1.0476 1.0416 1.0357 

0.1996 1.2044 1.1988 1.1932 1.1876 1.1820 1.1764 1.1707 1.1651 

0.2993 1.2998 1.2946 1.2891 1.2836 1.2781 1.2726 1.2671 1.2610 

0.3994 1.3728 1.3679 1.3621 1.3567 1.3511 1.3449 1.3382 1.3294 

1.0000 1.6005 1.5960 1.5917 1.5881 1.5843 1.5816 1.5794 1.5769 

 

Table 4.2 Fitted density parameters of the empirical equation for ionic liquids [VAIM][TFSI] and 

ethyl acetate, at different temperatures. 

Temperature/K A B 

298.15 1.291 -0.001 

303.15 1.363 -0.001 

308.15 1.431 -0.001 

313.15 1.539 -0.001 

318.15 1.630 -0.001 

323.15 1.736 -0.001 

 



Physicochemical properties of mixtures of ionic liquid and organic solvents  

39 

 

 

0.0 0.2 0.4 0.6 0.8 1.0

-4

-3

-2

-1

0

E
x
c
e

s
s
 M

o
la

r 
V

o
lu

m
e
s
 /

 c
m

3
·m

o
l−

1
)

Molr fraction of [VAIM][TFSI]  

  298.15 K

 303.15 K

 308.15 K

 313.15 K

 318.15 K

 323.15 K

 328.15 K

 333.15 K

 

Figure 4.3 Excess molar volumes for binary mixtures [VAIM][TFSI] and ethyl acetate at different 

temperatures from 298.15 K to 333.15 K. 

 

Table 4.3 Excess Molar Volumes (VE, cm3·mol−1) of the binary mixtures [VAIM][TFSI] and ethyl 

acetate at different temperatures from 298.15 K to 333.15 K， at 0.1 MPa. 

xIL T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.010 -0.346 -0.352 -0.375 -0.386 -0.392 -0.397 -0.458 -0.457 

0.050 -1.028 -1.063 -1.118 -1.167 -1.246 -1.323 -1.430 -1.444 

0.100 -1.704 -1.747 -1.852 -1.944 -2.094 -2.229 -2.388 -2.592 

0.200 -2.192 -2.236 -2.402 -2.541 -2.795 -3.038 -3.259 -3.615 

0.299 -2.341 -2.386 -2.578 -2.729 -3.050 -3.353 -3.607 -4.004 

0.399 -2.126 -2.156 -2.319 -2.473 -2.828 -3.083 -3.185 -3.323 

1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

 

4.1.2 Viscosity of mixtures of [VAIM][TFSI] and ethyl acetate 

The viscosities of binary mixtures of [VAIM][TFSI] and ethyl acetate were determined by 

a PAAR AMV 200 Viscosity meter, which is a falling ball automated viscometer using 

standardized glass capillaries from 298.15 K to 333.15 K. The measurement was carried 

out in four capillaries (diameters 1.6 mm, 1.8 mm, 3.0 mm and 4.0 mm, respectively) and 

a matching ball (diameter 1.5 mm, 1.5 mm, 2.5 mm and 3.0 mm, respectively). 
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As can be seen from Figure 4.4 and Table 4.4, the viscosities of the mixtures of 

[VAIM][TFSI] and ethyl acetate increase with increasing mole fraction of ionic liquid. And 

the experimental viscosities decrease with increasing temperature as shown in Figure 4.5. 

The Vogel−Fulcher−Tammann (VFT) equation[159] is used to fit the experimental 

viscosities of the mixtures of ionic liquid and ethyl acetate. 

η = 𝐴𝑇0.5𝑒𝑥𝑝 (
𝑘

𝑇−𝑇0
)                                                          (4.3) 

Where η(T)  is viscosity, A, k, and 𝑇0  are adjustable parameters. The best fitted 

parameters and the average absolute relative deviation (AARD %) are listed in Table 4.5. 

It is shown that, a remarkable agreement is observed between the calculated and the 

experimental viscosity data, by using the VFT equation. The overall average absolute 

relative deviation is smaller than 2.75 %. 

0.0 0.1 0.2 0.3 0.4

0

500

1000

1500

2000

V
is

c
o

s
it
y
/m

P
a

·s

Mole fraction of [VAIM][TFSI]  

 298.15 K

 303.15 K

 308.15 K

 313.15 K

 318.15 K

 323.15 K

 328.15 K

 333.15 K

 

Figure 4.4 Viscosities of mixture of [VAIM][TFSI] and ethyl acetate as a function of mole fraction 

of [VAIM][TFSI] at different temperatures. 
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Figure 4.5 Viscosities of mixtures of [VAIM][TFSI] and ethyl acetate as a function of temperature 

at different mole fractions of [VAIM][TFSI]. 

 

Table 4.4 Viscosities (ρ, mPa·s) of the binary mixtures [VAIM][TFSI] and ethyl acetate at different 

temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.01 0.66 0.63 0.57 0.52 0.49 0.45 0.41 0.35 

0.05 3.76 3.76 3.50 3.18 3.04 2.78 2.63 2.41 

0.10 15.43 14.92 13.57 11.97 11.24 10.10 9.46 8.59 

0.20 115.15 108.67 93.82 78.50 71.58 61.52 56.39 49.20 

0.30 514.47 468.16 388.24 313.83 279.83 231.39 200.98 164.70 

0.40 1866.20 1612.78 1299.78 1008.94 830.23 692.18 551.48 449.97 

 

Table 4.5 Fitted Values of the VFT Parameters, A, B and T0 and AARD for the Viscosities of binary 

mixtures [VAIM][TFSI] and ethyl acetate. 

xIL A k T0 AARD(%) 

0.01 0.00 740.51 117.73 2.38 

0.05 0.04 128.00 225.09 2.41 

0.10 0.00 752.42 123.57 1.77 

0.20 0.01 1325.58 100.00 2.29 

0.30 0.01 1669.73 100.00 2.75 

0.40 0.01 1831.10 112.44 2.52 
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The viscosity deviations of binary mixtures were calculated according to the following 

equation[157]: 

∆η = η − (𝑥1η1 + 𝑥2η2)                                                              (4.4) 

where η, η1 and η2 are the viscosities of pure ionic liquid and ethyl acetate, 𝑥1 and 𝑥2 are 

the mole fractions of pure components, ionic liquid and ethyl acetate. The viscosity 

deviations against 𝑥1 are shown in Figure 4.6. It can be seen that the viscosity deviations 

are negative over the whole composition range, at all temperatures. Hydrogen bonding, 

van der Waals’ forces, molecular size and shapes of the components in the mixtures may 

contribute to the negative values. 
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Figure 4.6 Viscosities deviation of mixtures for [VAIM][TFSI] and ethyl acetate at different 

temperatures. 
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4.1.3 Conductivity of mixtures of [VAIM][TFSI] and ethyl acetate 
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Figure 4.7 Conductivities of mixtures of [VAIM][TFSI] and ethyl acetate as a function of mole 

fraction of [VAIM][TFSI] at different temperatures. 

 

The experimental conductivities of the binary mixtures for [VAIM][TFSI] and ethyl acetate 

were listed in Table 4.6 and plotted in Figure 4.7 as a function of the concentration of ionic 

liquid.  The conductivity curves at all temperatures are seen to follow a consistent trend. 

In the beginning, with the increase of ionic liquid mole fraction, the conductivity increases 

in the dilute solutions, then decreases with the increase of ionic liquid mole fraction after 

a maximum value. However, the peak position changes to high mole fraction of ionic liquid 

with the increasing of temperature. The maximum value is at the mole fraction of 0.1 at 

298.15 K, at 0.15 at 303.15 K and 308.15 K, and at 0.2 at 313.15 K, 318.15 K, 323.15 K, 

328.15 K and 333.15 K. The conductivity values increase with the increase of temperature 

over the entire samples. 
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Table 4.6 Conductivities (σ, mS·cm-1) of the binary mixtures [VAIM][TFSI] and ethyl acetate at 

different temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.010 0.036 0.039 0.041 0.044 0.047 0.049 0.053 0.055 

0.020 0.107 0.114 0.120 0.125 0.130 0.134 0.140 0.145 

0.050 0.460 0.497 0.550 0.594 0.638 0.669 0.700 0.732 

0.070 0.642 0.683 0.732 0.778 0.821 0.867 0.913 0.961 

0.080 0.680 0.730 0.787 0.841 0.893 0.945 1.000 1.056 

0.100 0.714 0.767 0.835 0.894 0.952 1.009 1.068 1.126 

0.150 0.712 0.781 0.863 0.939 1.011 1.087 1.166 1.241 

0.200 0.685 0.765 0.861 0.953 1.044 1.139 1.236 1.335 

0.400 0.458 0.531 0.623 0.716 0.810 0.939 1.008 1.111 

1.000 0.116 0.169 0.280 0.456 0.678 0.970 1.428 1.971 

4.2 Mixtures of [VAIM][TFSI] and acetonitrile 

4.2.1 Density of mixtures of [VAIM][TFSI] and acetonitrile 
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Figure 4.8 Densities of mixtures of [VAIM][TFSI] and acetonitrile as a function of temperature at 

different mole fractions of [VAIM][TFSI]. 

 

The densities of binary mixtures were measured with the use of Anton Paar DMA 4100 

Density meter from 298.15 K to 333.15 K. The calibration of the density meter was carried 

out using water and atmospheric air. Measurements for acetonitrile can be seen in the 

supporting information of manuscript 1 compared to data from literature. 
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Figure 4.8 shows the density curves as a function of temperature at different mole 

fractions of ionic liquid. From the figure, the density decreases linearly with the increasing 

of temperature at all mole fractions of ionic liquid. And the density increases with the mole 

fraction of [VAIM][TFSI] at all temperatures. The other density values and discussions of 

mixtures for [VAIM][TFSI] and acetonitrile are exhibited in manuscript 1. 

4.2.2 Viscosity of mixtures of [VAIM][TFSI] and acetonitrile 
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Figure 4.9 Viscosities of mixtures of [VAIM][TFSI] and acetonitrile as a function of temperature at 

different mole fractions of [VAIM][TFSI]. 

The viscosities of binary mixtures of [VAIM][TFSI] and ethyl acetonitrile were determined 

by a PAAR AMV 200 Viscosity meter which is a falling ball automated viscometer using 

standardized glass capillaries from 298.15 K to 333.15 K. The measurement was carried 

out in four capillaries (diameters 1.6 mm, 1.8 mm, 3.0 mm and 4.0 mm, respectively) and 

a matching ball (diameter 1.5 mm, 1.5 mm, 2.5 mm and 3.0 mm, respectively). 

Figure 4.9 shows the viscosity curves as a function of temperature at different mole 

fraction of the ionic liquid. From the curves it is seen that the viscosity decreases with the 

increasing of temperature at all mole fractions of ionic liquid. And the viscosity increases 

with the mole fraction of [VAIM][TFSI] at all temperatures. The other viscosity values and 

discussions of mixtures for [VAIM][TFSI] and acetonitrile are exhibited in manuscript 1. 
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4.2.3 Conductivity of mixtures of [VAIM][TFSI] with acetonitrile and LiTFSI 

The conductivities of all mixtures were measured using a three-electrode electrolytic 

system connected with a CHI 660E Electrochemical Workstation. The cell was immersed 

in a thermostatic silicone oil bath, in which the temperature was kept constant. The cell 

constant was calculated from standard aqueous potassium chloride solutions (σ=12.8 

mS·cm-1, at 298.15 K), which is described in manuscript 1. 

4.2.3.1 Conductivity of binary mixtures of [VAIM][TFSI] and acetonitrile 
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Figure 4.10 Conductivities of mixtures of [VAIM][TFSI] and acetonitrile as a function of 

temperature at different mole fractions of [VAIM][TFSI]. 

 

Figure 4.10 shows the conductivity curves of binary mixtures of [VAIM][TFSI] and 

acetonitrile as a function of temperature at different mole fractions of ionic liquid. It can 

be seen that the conductivities increase linearly with the increasing of temperature at all 

mole fractions of ionic liquid. The other conductivity values and discussions of the 

mixtures for [VAIM][TFSI] and acetonitrile are also exhibited in manuscript 1. 

 



Physicochemical properties of mixtures of ionic liquid and organic solvents  

47 

 

4.2.3.2 Conductivity of mixtures of [VAIM][TFSI] with acetonitrile and LiTFSI 
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Figure 4.11 Conductivities of the electrolytes with different molarity (M=mol/L), at different 

temperatures from 298.15 K to 333.15 K, at 0.1 MPa. a) is electrolyte without ionic liquid, b) is 

electrolyte with 3 wt % ionic liquid, c) is electrolyte with 5 wt % ionic liquid and d) is electrolyte 

with 44 wt % ionic liquid. 

 

Due to the decomposition under water and non-stability at high temperature of lithium 

hexafluorophosphate (LiPF6)[160], lithium bis(trifluoromethylsulfonyl) imide (LiTFSI) have 

been attracted to replace LiPF6 to improve the properties of electrolytes[161]. LiTFSI salt 

decomposes thermally only at temperatures above 330°C.  Oxidative decomposition only 

takes place at oxidation potentials higher than 5 V[162]. In addition, this salt is not 

sensitive to water. The problem of cell degradation because of HF is therefore avoided 

when using LiTFSI. In this part, LiTFSI as lithium salt was used in the acetonitrile-based 
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electrolyte. The conductivity of this electrolyte with different molarity of LiTFSI and 

different concentration of ionic liquid [VAIM][TFSI] was measured at different 

temperatures. Figure 4.11 shows the conductivity curves of acetonitrile-based electrolytes 

with different molarities of lithium salt as a function of temperature, under different 

contents of ionic liquid. From the curves it is seen that conductivities increase linearly with 

the increase of temperature over the whole temperature range and at all electrolyte 

compositions. Other conductivity measurements and discussions of electrolyte are given 

in manuscript 1. 

4.3 Mixtures of [VPIM][TFSI] and dimethyl carbonate (DMC) 

4.3.1 Densities and excess molar volumes  

All densities of binary mixtures of [VPIM][TFSI] and dimethyl carbonate were measured 

with the use of Anton Paar DMA 4100 Density meter from 293.15 K to 333.15 K. The 

calibration of the density meter was carried out using atmosphere and water. The 

experimental densities for [VPIM][TFSI] and dimethyl carbonate mixtures are listed in 

Table 4.7. It shows that the density increases with the increasing of the mole fraction of 

ionic liquid, and decreases linearly with the increasing of temperature. The experimental 

densities of binary mixtures as a function of temperature are fitted with an empirical 

equation 4.1. 

The excess molar volume (VE) of binary mixtures for [VPIM][TFSI] and dimethyl carbonate 

is calculated from experimental values using equation 4.2. The excess molar volumes for 

mixtures as a function of the mole fraction of ionic liquid are listed Table 4.8 and plotted 

in Figure 4.12 from 293.15 K to 333.15 K. Excess molar volumes were calculated from 

the experimental values. It can be seen that the excess molar volumes are negative over 

the whole samples and temperatures. Furthermore, the excess molar volume values 

decrease with increasing temperature. In common, the intermolecular forces and the 

differences in size and shape between component molecules influence the excess molar 

volume[158]. In this study, the large difference in size between the ions of ionic liquid 

[VPIM][TFSI] and dimethyl carbonate molecules results in a negative contribution to the 

excess molar volume values. The small dimethyl carbonate molecule can fit into the free 

volume between the large ions. In the beginning, the excess molar volumes decrease 
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with increasing of ionic liquid, which implies that the intermolecular interactions with the 

ionic liquid become stronger. Then, the excess molar volumes increase with increase in 

ionic liquid fraction after the most effective packing in the mixture was obtained at about 

xIL = 0.3, and the intermolecular interactions with the ionic liquid become weaker. 

 
Table 4.7 Densities (ρ, kg·m−3) of the binary mixtures [VPIM][TFSI] and DMC at different 

temperatures from 293.15 K to 333.15 K, at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.0889 1.2057 1.1997 1.1937 1.1877 1.1816 1.1756 1.1695 1.1634 1.1573 

0.1991 1.3139 1.3083 1.3027 1.2972 1.2916 1.286 1.2805 1.2749 1.2693 

0.2975 1.3795 1.3742 1.3689 1.3636 1.3583 1.3529 1.3476 1.3424 1.3371 

0.3984 1.4283 1.4232 1.4181 1.4130 1.4079 1.4029 1.3978 1.3927 1.3877 

0.4995 1.4667 1.4617 1.4567 1.4517 1.4467 1.4417 1.4367 1.4316 1.4265 

0.5953 1.4959 1.4909 1.4858 1.4809 1.476 1.4711 1.4663 1.4614 1.4565 

0.6899 1.5182 1.5133 1.5083 1.5034 1.4984 1.4936 1.4889 1.4841 1.4793 

0.7995 1.5398 1.5349 1.53 1.5251 1.5202 1.5153 1.5105 1.5058 1.5011 

1.0000 1.5711 1.5663 1.5614 1.5566 1.5518 1.5471 1.5423 1.5375 1.5327 
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Figure 4.12 Excess molar volumes of the binary mixtures [VPIM][TFSI] and dimethyl carbonate 

at different temperatures from 293.15 K to 333.15 K， at 0.1 MPa. 

 
 
Table 4.8 Excess Molar Volumes (VE, cm3·mol−1) of the binary mixtures [VPIM][TFSI] and dimethyl 

carbonate at different temperatures from 293.15 K to 333.15 K， at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.089 -0.881 -0.928 -0.978 -1.040 -1.090 -1.149 -1.210 -1.273 -1.337 

0.199 -1.354 -1.421 -1.492 -1.585 -1.663 -1.740 -1.839 -1.931 -2.025 

0.298 -1.448 -1.525 -1.609 -1.703 -1.791 -1.866 -1.965 -2.078 -2.182 

0.398 -1.320 -1.399 -1.521 -1.580 -1.669 -1.764 -1.863 -1.964 -2.079 

0.500 -1.268 -1.309 -1.390 -1.474 -1.554 -1.626 -1.714 -1.791 -1.896 

0.595 -1.152 -1.203 -1.254 -1.330 -1.403 -1.467 -1.560 -1.642 -1.725 

0.690 -0.844 -0.890 -0.934 -0.989 -1.026 -1.081 -1.168 -1.242 -1.317 

0.800 -0.509 -0.532 -0.570 -0.599 -0.626 -0.639 -0.685 -0.749 -0.814 
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4.3.2 Viscosities and viscosity deviations 

The viscosities of binary mixtures of [VPIM][TFSI] and dimethyl carbonate were detected 

by a PAAR AMV 200 Viscosity meter which is a falling ball automated viscometer using 

standardized glass capillaries from 293.15 K to 333.15 K. The measurement was carried 

out in four capillaries (diameters 1.6 mm, 1.8 mm, 3.0 mm and 4.0 mm, respectively) and 

a matching ball (diameter 1.5 mm, 1.5 mm, 2.5 mm and 3.0 mm, respectively). 

Table 4.9 shows the viscosities of the mixtures of [VPIM][TFSI] and dimethyl carbonate. 

It can be seen that the values increase with increasing mole fraction of ionic liquid, and 

decrease with increasing temperature.  

The viscosity deviations of the binary mixtures were calculated according to equation 4.4. 

The viscosity deviations against the mole fraction of ionic liquid are shown in Figure 4.13 

and Table 4.10. It can be seen that the viscosity deviations of all samples are negative at 

all temperatures. Hydrogen bonding, van der Waals’ forces, molecular size and shapes 

of the components in the mixtures may be contribute to the negative values. 

More details and discussions of mixtures of [VPIM][TFSI] and DMC are stated in 
manuscript 4. 
 

Table 4.9 Viscosities (η, mPa·s) of the binary mixtures [VPIM][TFSI] and DMC at different 

temperatures from 293.15 K to 333.15 K, at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.09 2.71 2.51 2.28 2.08 1.87 1.75 1.59 1.42 1.36 

0.20 12.64 10.84 9.85 8.57 7.26 6.57 5.72 5.24 4.63 

0.30 39.35 31.71 27.22 22.48 18.29 15.99 13.50 12.03 10.39 

0.40 110.38 83.64 68.08 53.39 41.50 34.84 28.54 24.60 20.79 

0.50 247.64 178.99 141.79 105.96 77.97 63.52 49.28 40.49 32.26 

0.60 508.98 352.52 268.04 194.39 139.14 106.49 82.38 63.25 50.84 

0.69 1079.30 701.30 508.64 351.35 240.27 177.82 132.32 98.42 76.44 

0.80 1935.00 1266.44 902.96 614.37 412.28 300.94 222.54 162.07 124.72 
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Figure 4.13 Experimental viscosity deviations of the binary mixtures [VPIM][TFSI] and dimethyl 

carbonate at different temperatures from 293.15 K to 333.15 K， at 0.1 MPa. 

 

Table 4.10 Experimental viscosity deviations (∆η, mPa·s) of the binary mixtures [VPIM][TFSI] and 

dimethyl carbonate at different temperatures from 293.15 K to 333.15 K， at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.09 -296.13 -188.18 -126.22 -86.12 -62.11 -46.20 -36.12 -27.94 -22.79 

0.20 -656.14 -415.66 -277.35 -188.38 -135.48 -100.28 -78.23 -60.05 -49.01 

0.30 -959.86 -605.42 -401.74 -271.61 -194.79 -143.45 -111.76 -85.34 -69.57 

0.40 -1232.91 -772.82 -508.48 -341.85 -244.83 -179.38 -139.72 -106.19 -86.58 

0.50 -1427.06 -888.72 -576.95 -386.71 -278.91 -203.46 -160.41 -122.48 -101.52 

0.60 -1489.63 -921.66 -589.65 -393.50 -286.70 -212.06 -167.80 -131.18 -108.75 

0.69 -1236.65 -775.16 -485.19 -329.83 -253.08 -191.21 -157.49 -126.79 -108.40 

0.80 -749.09 -444.68 -248.81 -175.04 -159.36 -126.62 -113.21 -98.82 -89.39 

 

4.4 Mixtures of [VPIM][TFSI] and ethyl methyl carbonate (EMC) 

4.4.1 Densities and excess molar volumes 

The densities of binary mixtures [VPIM][TFSI] and ethyl methyl carbonate were measured 

with the use of Anton Paar DMA 4100 Density meter from 293.15 K to 333.15 K. The 

calibration of the density meter was carried out using water and atmospheric air. 

Measurements for acetonitrile can be seen in the supporting information of manuscript 1 

compared to data from literature. The experimental densities for [VPIM][TFSI] and ethyl 
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methyl carbonate mixtures are listed in Table 4.11. It shows that the density increases 

with the increasing of the mole fraction of [VPIM][TFSI], and decreases linearly with the 

increasing of temperature. The experimental densities of binary mixtures as a function of 

temperature are fitted with the empirical equation 4.1. 

The excess molar volumes (VE) of binary mixtures for [VPIM][TFSI] and ethyl methyl 

carbonate were calculated from experimental values using the equation 4.2. The values 

as a function of the mole fraction of ionic liquid are listed Table 4.12 and plotted in Figure 

4.14 from 293.15 K to 333.15 K. From the calculated values, it can be seen that the 

excess molar volumes are negative over the whole samples and temperatures. And the 

excess molar volume values decrease with increasing temperature. Generally, the 

intermolecular forces and the differences in size and shape between component 

molecules influence the excess molar volume[158]. In this study, the large difference in 

size between the ions of ionic liquid [VPIM][TFSI] and ethyl methyl carbonate molecules 

results in the negative excess molar volume values. The small ethyl methyl carbonate 

molecule can fit into the free volume between the large ions. In the beginning, the excess 

molar volumes decrease with increasing of ionic liquid, which implies that the 

intermolecular interactions with the ionic liquid become stronger. Then, the excess molar 

volumes increase with increase in ionic liquid fraction after the most effective packing in 

the mixture was obtained at about xIL = 0.3, and the intermolecular interactions with the 

ionic liquid become weaker. 

 

Table 4.11 Densities (ρ, kg·m−3) of the binary mixtures [VPIM][TFSI] and EMC at different 

temperatures from 293.15 K to 333.15 K, at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.0889 1.1553 1.1496 1.1439 1.1382 1.1325 1.1268 1.1210 1.1153 1.1095 

0.1887 1.2600 1.2546 1.2492 1.2438 1.2384 1.2330 1.2276 1.2223 1.2170 

0.2975 1.3319 1.3268 1.3216 1.3164 1.3111 1.3059 1.3007 1.2955 1.2903 

0.4001 1.3917 1.3867 1.3816 1.3766 1.3715 1.3665 1.3614 1.3563 1.3512 

0.5030 1.4347 1.4297 1.4246 1.4196 1.4147 1.4098 1.4048 1.3999 1.3950 

0.5936 1.4678 1.4628 1.4579 1.4529 1.4480 1.4431 1.4383 1.4335 1.4287 

0.6858 1.5050 1.5002 1.4953 1.4904 1.4855 1.4807 1.4758 1.4709 1.4661 

1.0000 1.5711 1.5663 1.5614 1.5566 1.5518 1.5471 1.5423 1.5375 1.5327 
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Figure 4.14 Excess Molar Volumes of the binary mixtures [VPIM][TFSI] and ethyl methyl 

carbonate at different temperatures from 293.15 K to 333.15 K， at 0.1 MPa. 

 

Table 4.12 Excess Molar Volumes (VE, cm3·mol−1) of the binary mixtures [VPIM][TFSI] and ethyl 

methyl carbonate at different temperatures from 293.15 K to 333.15 K， at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.089 -0.881 -0.928 -0.978 -1.040 -1.090 -1.149 -1.210 -1.273 -1.337 

0.199 -1.354 -1.421 -1.492 -1.585 -1.663 -1.740 -1.839 -1.931 -2.025 

0.298 -1.448 -1.525 -1.609 -1.703 -1.791 -1.866 -1.965 -2.078 -2.182 

0.400 -1.320 -1.399 -1.521 -1.580 -1.669 -1.764 -1.863 -1.964 -2.079 

0.499 -1.268 -1.309 -1.390 -1.474 -1.554 -1.626 -1.714 -1.791 -1.896 

0.595 -1.152 -1.203 -1.254 -1.330 -1.403 -1.467 -1.560 -1.642 -1.725 

0.690 -0.844 -0.890 -0.934 -0.989 -1.026 -1.081 -1.168 -1.242 -1.317 

0.800 -0.509 -0.532 -0.570 -0.599 -0.626 -0.639 -0.685 -0.749 -0.814 
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4.4.2 Viscosities and viscosity deviations 

The viscosities of binary mixtures of [VPIM][TFSI] and ethyl methyl carbonate were 

determined by a PAAR AMV 200 Viscosity meter which is a falling ball automated 

viscometer using standardized glass capillaries from 293.15 K to 333.15 K. The 

measurement was carried out in four capillaries (diameters 1.6 mm, 1.8 mm, 3.0 mm and 

4.0 mm, respectively) and a matching ball (diameter 1.5 mm, 1.5 mm, 2.5 mm and 3.0 

mm, respectively). 

Table 4.13 shows the viscosity values of mixtures of [VPIM][TFSI] and ethyl methyl 

carbonate. It can be seen that the values increase with increasing mole fraction of ionic 

liquid, and decrease with increasing temperature. 

The viscosity deviations of the binary mixtures were calculated using the equation 4.4 

shown in Figure 4.15 and Table 4.14. It can be seen that the viscosity deviations are 

negative before the ionic liquid mole fraction of 0.6 over the whole mixtures. This may be 

due to hydrogen bonding, van der Waals’ forces, molecular size and shapes of the 

components in the mixtures. The positive values of the viscosity deviations are attributed 

to van der Waals molecular attractions as well as dispersive interactions between 

permanent and induced dipoles[163]. 

More details and discussions of mixtures of [VPIM][TFSI] and EMC are stated in 
manuscript 4. 
 

Table 4.13 Viscosities (η, mPa·s) of the binary mixtures [VPIM][TFSI] and EMC at different 

temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.09 5.26 4.78 4.30 3.95 3.41 3.19 2.91 2.66 2.44 

0.19 33.43 28.78 26.25 22.67 19.13 17.28 15.04 13.69 12.14 

0.30 129.15 104.97 90.96 74.83 60.61 52.81 44.53 39.47 34.02 

0.40 397.12 294.17 245.63 192.93 144.36 122.30 98.57 85.97 72.41 

0.50 825.69 613.68 506.28 384.81 280.19 216.31 171.42 137.14 109.02 

0.59 1889.80 1438.20 1122.70 812.75 585.44 447.45 337.72 271.23 209.18 
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Figure 4.15 Experimental viscosity deviations of the binary mixtures [VPIM][TFSI] and EMC at 

different temperatures from 293.15 K to 333.15 K， at 0.1 MPa. 

 

Table 4.14 Experimental viscosity deviations (∆η, mPa·s) of the binary mixtures [VPIM][TFSI] and 

EMC at different temperatures from 293.15 K to 333.15 K， at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.09 -293.71 -186.01 -124.28 -84.32 -60.64 -44.81 -34.86 -26.76 -21.71 

0.19 -600.75 -375.68 -246.13 -164.14 -116.29 -84.09 -64.63 -48.29 -38.72 

0.30 -870.16 -532.24 -338.06 -219.31 -152.54 -106.69 -80.78 -57.96 -45.94 

0.40 -946.26 -562.35 -330.99 -202.36 -142.03 -91.97 -69.75 -44.87 -34.96 

0.50 -863.34 -463.17 -218.62 -112.09 -79.80 -52.99 -40.11 -27.27 -25.90 

0.59 -103.21 167.59 267.40 226.49 160.74 129.75 88.20 77.30 50.04 
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4.5 Conclusions 

In this chapter, physicochemical properties of four mixtures were measured at different 

temperatures, including density, viscosity and conductivity. In these four mixtures, the 

density tendency is similar, which increases with increasing of ionic liquid not only in 

[VAIM][TFSI]-based mixtures but also in [VPIM][TFSI]-based mixtures. And the density 

dependence on the temperature decreases linearly at all mole fraction of the both ionic 

liquids. The excess molar volumes of the four mixtures were calculated from the 

experimental density values, the results show that all VE values are negative which is 

attribute to the molecular interaction and the size difference between the components. 

The viscosities in all mixtures increase with increasing mole fraction of ionic liquid 

including [VAIM][TFSI] and [VPIM][TFSI]and decrease as the temperature increases. The 

viscosity deviations were calculated from experimental viscosity values in the four 

mixtures. The values except the mixtures of [VPIM][TFSI] and EMC are negative, which 

is attributed to hydrogen bonding, van der Waals’ forces, molecular size and shapes of 

the components. Conductivities were also determined in [VAIM][TFSI]-based mixtures, in 

the beginning, the values increase with increase in ionic liquid content and decrease after 

a maximum value over whole mole fractions of ionic liquid. 
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Chapter 5 Applications of ionic liquids in lithium ion batteries 

5.1 Applications of [VPIM][TFSI] in the silicon-based lithium ion battery 

5.1.1 Highlights 

1-vinyl-3-propionamide imidazolium bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) as a 

multifunctional additive was used in the silicon carbon (SiC) cells. The basic group of this 

ionic liquid can control the content of water and HF at a low level. The electrolytes can be 

used after longer time, and its color can not change. The electrolyte was used in the SiC/Li 

half-cells, the unsaturated vinyl group of ionic liquid enhances the cycle performances of 

half-cells by the formation of SEI film. The best silicon carbon cell with 0.5 wt % 

[VPIM][TFSI] ionic liquid was obtained, with the highest discharging specific capacity in 

this electrolyte up to 679.7 mAhg-1. The capacity retention of the cell with this ionic liquid 

is higher than that without ionic liquid and increases with increase the content of 

[VPIM][TFSI], and the highest value 94.7 % is obtained from the cell with 3 wt % ionic 

liquid. A stable SEI layer is observed on the surface of SiC electrodes due to the addition 

of ionic liquid. This observation was made using SEM. The components of the SEI layer 

were investigated by XPS spectra. It indicates that the ionic liquid is involved in the 

formation of the SEI. In summary, the ionic liquid [VPIM][TFSI] resolves the problem of 

the capacity fading and low cycling performances of the SiC LIB. 

5.1.2 Experimental work 

a) Measurements of HF and water contents in the electrolytes with different 

concentrations of [VPIM][TFSI] were carried out. 

b) The cyclic voltammetry of lithium ion battery with and without ionic liquid was 

detected. 

c) Electrochemical AC impedance spectroscopy was used to detect the transfer of 

lithium ions through an SEI film. 

d) The charging-discharging and cyclic performances of lithium ion batteries with 

different contents of [VPIM][TFSI] ionic liquid were measured and discussed. 

e) The structures and components of the surface at electrodes were investigated 
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using SEM and XPS analysis methods. 

5.1.3 Related paper 

Topic: Multifunctional imidazolium-based ionic liquid as additive for silicon/carbon lithium 

ion batteries (Manuscript 2) 

Authors: Yingjun Cai, Tinghua Xu, Nicolas von Solms, Haitao Zhang, and Kaj Thomsen 

5.2 Applications of [VAIM][TFSI] in the Li4Ti5O12 (LTO) lithium ion battery 

5.2.1 Highlights 

With the aim to find optimal ILs as additives in LIBs, a computer-aided ionic liquid design 

(CAILD) method was used in this study. A set of 100 ILs were screened from 1,089,450 

candidates. Good electrical conductivity certain structural constraints were used. By this 

method, a new type of ionic liquid 3-(2-amino-2-oxoethyl)-1-vinylimidazolium 

bis(trifluoromethylsulfonyl) amide ([VAIM][TFSI]) was selected. This IL contains an 

unsaturated and a basic group.  It was synthesized for further experimental validation by 

using it as an additive in the electrolyte of a LIB with lithium titanate (LTO) anode. The 

multifunctional groups of the IL have different effects on the performance of the electrolyte 

and the LTO battery. The basic group can keep the concentration of water and HF in the 

electrolyte at a low level for a long time. That results in a relatively stable electrolyte. The 

unsaturated vinyl group can promote film formation at the LTO anode. From the 

experimental measurements, it is found that the water and HF contents of the electrolytes 

with ionic liquid only increase slowly compared with electrolytes without ionic liquid. The 

measurements were made after one month and confirm the positive effects of the basic 

group on the water and HF of electrolyte. [VAIM][TFSI] can improve the discharging 

performance of LTO cells. The cells with ionic liquid show higher specific capacity and 

better rate properties than the cells without ionic liquid after 300 cycles. A thin and uniform 

solid electrolyte interphase (SEI) layer is found at LTO electrode by the scanning electron 

microscope (SEM). The N and S peaks show that the ionic liquid are involved in film 

forming from the X-ray photoelectron spectroscopy (XPS). 
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5.2.2 Experimental work 

a) CAILD considered is a non-experimental design method of IL additives was used 

to select the optimized ILs before they were synthesized and examined 

experimentally. (Yuqiu Chen contributes this part) 

b) Electrolytes with 0%, 0.5 wt%, 1 wt%, and 3 wt% ionic liquid [VAIM][TFSI] were 

prepared in LTO batteries. 

c) Measurements of HF and water content in electrolytes with different concentration 

of [VAIM][TFSI] at different time were carried out . 

d) Electrochemical AC impedance spectroscopy was used to detect the transfer of 

lithium ions through an SEI film. 

e) The cyclic and rate performances of LTO batteries with different contents of 

[VAIM][TFSI] ionic liquid were measured and discussed. 

f) The structures and components of the surface at electrodes were investigated 

using SEM and XPS analysis methods. 

5.2.3 Related paper  

Topic: Computer-aided multifunctional ionic liquid design for electrolyte in LTO 

rechargeable batteries (Manuscript 3) 

Authors: Yingjun Cai, Yuqiu Chen, Tinghua Xu, Nicolas von Solms, Georgios M. 

Kontogeorgis, John M. Woodley, Haitao Zhang, Suojiang Zhang, Kaj Thomsen 

5.3 Applications of [VPIM][TFSI] in the LiNi0.6Co0.2Mn0.2O2 (NCM622) lithium ion 
battery 

5.3.1 Highlights 

1-vinyl-3-propionamide imidazolium bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) as a 

cathode film-forming additive was also introduced in Li/LiNi0.6Co0.2Mn0.2O2 (NCM622) 

lithium ion batteries. Because of the high operating potential of this cathode material, 

electrolytes with different contents of [VPIM][TFSI] were evaluated to determine their 

electrochemical windows. It was determined experimentally that the addition of ionic liquid 

can improve the electrochemical window of the electrolyte and promote the use of the 

ionic liquid-based electrolyte in higher voltage lithium ion batteries. This ionic liquid can 



Applications of ionic liquids in lithium ion batteries  

61 

 

also inhibit the increase of water and HF, which ensures the long-term quality of the 

electrolyte. [VPIM][TFSI] at the concentration of 1.0 wt % enhances the initial capacity 

and improves the cyclic performance of NCM622 lithium ion batteries. The capacity 

retention of the lithium ion batteries with 1.0 wt % IL is up to 81% after100 cycles, which 

is higher than it is in the electrolyte without ionic liquid (77%). Meanwhile, the ionic liquid 

[VPIM][TFSI] reinforces the high current rate performance. A suitable surface passivation 

film is found on the surface of NCM622 cathode using the electrolyte with 1.0 wt % 

[VPIM][TFSI. The N and S peaks show that the ionic liquid are involved in film forming 

from XPS. 

5.3.2 Experimental work 

a) Electrolytes with 0%, 1 wt%, and 3 wt% ionic liquid [VPIM][TFSI] were prepared in 

NCM622 batteries. 

b) Measurements of HF and water content in electrolytes with different concentration 

of [VPIM][TFSI] at different time were carried out. 

c) Linear sweep voltammetry (LSV) of electrolytes with different content of ionic liquid 

was measured to investigate the electrochemical stability. 

d) The cyclic voltammetry of NCM622 batteries with and without ionic liquid was 

detected. 

e) The cyclic and rate performances of NCM622 batteries with different contents of 

[VPIM][TFSI] ionic liquid were measured and discussed. 

f) The structures and components of the surface of electrodes were investigated 

using SEM and XPS analysis methods. 

5.3.3 Related paper  

Topic: Synthesis and application of a novel imidazolium-based ionic liquid in 

LiNi0.6Co0.2Mn0.2O2 lithium ion batteries. (Manuscript 4) 

Authors: Yingjun Cai, Haitao Zhang, Nicolas von Solms, Suojiang Zhang, Kaj Thomsen 
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5.4 Applications of ionic liquids in LiFePO4 (LFP) lithium ion battery 

5.4.1 Experimental section 

The base electrolyte used in LFP batteries was 1 M (M= mol/L) LiPF6 in EC/DMC/EMC 

(mass ratio = 1:1:1) purchased from Linzhou Keneng Materials Technology Co., Ltd. The 

amount of ionic liquid additives [VAIM][TFSI] and [VPIM][TFSI] corresponding to 0.5 wt %, 

1 wt % and 3 wt % was added to the base electrolyte and shaken. The multifunctional 

electrolytes were kept in a glove box filled with argon for more than 24 hours. Afterwards, 

the water content of the electrolyte was measured by Karl Fischer titration to be under 10 

ppm. 

The prepared electrode had a general composition of 79.2 wt % LiFePO4, 10 wt % carbon 

black, 10.8 wt % polyvinylidene fluoride (PVDF). The composition was mixed into a slurry 

using a planetary ball mill. The electrode material was coated on the aluminum foil using 

a laboratory-scale scraper blade. The electrode tapes were cut into disks with a diameter 

of 14 mm and dried at 80 °C for 10 h in vacuum oven before use. 

CR2025 coin cells were used for electrochemical performance testing. The LFP electrode 

was used as cathode, Celgard 2400 was used as membrane, and lithium foil was used 

as counter electrode. The electrolytes used in this study were the base electrolyte 

containing different contents of ionic liquid [VAIM][TFSI] and [VPIM][TFSI] of 0 wt %, 0.5 

wt %, 1.0 wt% and 3.0 wt %, respectively. All coin cells were assembled in the glove box, 

in which both water and oxygen content were less than 1ppm, which were allowed to 

stand for 2 hours at room temperature before electrochemical measurements. 

5.4.2 Results and discussions 

5.4.2.1 Cyclic performance 

The multifunctional ionic liquids [VAIM][TFSI] and [VPIM][TFSI] were used, and their 

cyclic performances in the LFP lithium ion batteries were investigated. The half cells were 

subjected to 5 cycles at 0.1 C, then were cycled at 0.5 C. Figure 5.1 shows the cyclic 

performances of LFP/Li half cells in the electrolytes with different concentrations of 

[VAIM][TFSI]. In the beginning, the initial discharge specific capacity of the cell without 

[VAIM][TFSI] is higher than the cells with ionic liquid [VAIM][TFSI]. Then after 60 cycles, 
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the capacity without ionic liquid fades more quickly than the cells with ionic liquid. The 

initial capacities and capacity retentions after 150 cycles of cells at 0.5 C with 0 %，0.5 

wt %, 1.0 wt % and 3.0 wt % [VAIM][TFSI] are listed in Table 5.1. From the discharge 

curves, we can see that the LFP/Li cell with 0.5 wt % [VAIM][TFSI] has the best cyclic 

performance, the capacity retention is 69.5 %. Figure 5.2 shows the cyclic performance 

of the LFP/Li half cells in the electrolytes with different concentrations of [VPIM][TFSI]. 

The same with [VAIM][TFSI], the cells discharged 5 cycles at 0.1 C, then cycled at 0.5 C. 

The initial capacities and capacity retentions after 200 cycles of cells at 0.5 C with 0 %，

0.5 wt %, 1.0 wt % and 3.0 wt % [VPIM][TFSI] are listed in Table 5.2. According to the 

experimental values of the cells with [VPIM][TFSI], the LFP cell at the concentration of 

0.5 wt % ionic liquid additive exhibits the best cyclic performance, its capacity retention is 

the highest after 200 cycles. 
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Figure 5.1 cyclic performance of LFP/Li half cells in the electrolytes with different concentration 

of [VAIM][TFSI]. 
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Figure 5.2 cyclic performance of LFP/Li half cells in the electrolytes with different concentration 

of [VPIM][TFSI]. 

Table 5.1 Initial discharge capacities and capacity retentions after 150 cycles of LFP/Li half cells 

in the electrolytes with different concentration of [VAIM][TFSI], and at 0.5 C. 

 0 wt % 0.5 wt % 1 wt % 3 wt % 

Initial discharge 
capacities 

mAhg-1 
152.8 148.8 144.7 146.9 

capacity 
retentions 

% 

61.8 69.5 63.4 68.6 

 

Table 5.2 Initial discharge capacities and capacity retentions after 200 cycles of LFP/Li half cells 

in the electrolytes with different concentration of [VPIM][TFSI], and at 0.5 C. 

 0 wt % 0.5 wt % 1 wt % 3 wt % 

Initial discharge 
capacities 

mAhg-1 
152.8 131.7 144.0 145.0 

capacity 
retentions 

% 

49.4 73.7 69.4 55.5 
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5.4.2.2 Rate performance 

The rate performances of the cells with each of the ionic liquids were detected at different 

rates. The rate performances of the cells with [VAIM][TFSI] at 0.1 C, 0.2 C, 0.5 C, 1 C, 2 

C, 5 C, and 8 C are shown in Figure 5.3. The cells with ionic liquid [VAIM][TFSI] have 

higher capacities at high rate than the cell without ionic liquid, and the values are shown 

in Table 5.3. The capacity retention of the cell without [VAIM][TFSI] is the lowest at all 

rates, the value at 8 C is  20.6% lower than at 0.1 C. The capacity recoveries of all cells 

are more than 93 %. Figure 5.4 shows the rate performances of the cells with [VPIM][TFSI] 

at 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, 5 C, and 8 C. Similar with the cells with [VAIM][TFSI], the 

cells with ionic liquid [VPIM][TFSI] have higher discharge capacities than the cell without 

ionic liquid at high rate, and the values are shown in Table 5.4. The capacity retention of 

the cell without [VPIM][TFSI] is the lowest at all rates. The capacity recoveries of all cells 

are more than 97 %, which are better than the cells with [VAIM][TFSI].  
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Figure 5.3 Rate performance of LFP/Li half cells in the electrolytes with different concentration of 

[VAIM][TFSI]. 
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Table 5.3 Discharge capacities and capacity retentions (comparison with it at 0.1 C) of LFP/Li half 

cells in the electrolytes with different concentration of [VAIM][TFSI], and at different rates. 

 0 wt % 0.5 wt % 1 wt % 3 wt % 

 
Capacity 

mAhg-1 

Capacity 

retention 

Capacity 

mAhg-1 

Capacity 

retention 

Capacity 

mAhg-1 

Capacity 

retention 

Capacity 

mAhg-1 

Capacity 

retention 

0.1 C 152.5  154.5  155.6  154.6  

0.2 C 145.6 95.5% 154.2 99.8% 153.9 98.9% 152.2 98.4% 

0.5 C 130.3 85.4% 149.6 96.8% 151.2 97.2% 144.7 93.6% 

1 C 114.2 74.9% 143 92.6% 145.6 93.6% 133.3 86.2% 

2 C 97.5 63.9% 130.9 84.7% 137.2 88.2% 122.3 79.1% 

5 C 69.2 45.4% 98.9 64.0% 109.8 70.6% 100.8 65.2% 

8 C 31.4 20.6% 69.5 45.0% 79.7 51.2% 80.1 51.8% 

0.1 C 148.4 97.3% 149.4 96.7% 144.9 93.1% 144.4 93.4% 
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Figure 5.4 Rate performance of LFP/Li half cells in the electrolytes with different concentration of 

[VPIM][TFSI]. 
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Table 5.4 Discharge capacities and capacity retentions (comparison with it at 0.1 C) of LFP/Li half 

cells in the electrolytes with different concentration of [VPIM][TFSI], and at different rates. 

 0 wt % 0.5 wt % 1 wt % 3 wt % 

 
Capacity 

mAhg-1 

Capacity 

retention 

Capacity 

mAhg-1 

Capacity 

retention 

Capacity 

mAhg-1 

Capacity 

retention 

Capacity 

mAhg-1 

Capacity 

retention 

0.1 C 152.5  151.5  153.8  147.8  

0.2 C 145.6 95.5% 148.6 98.1% 151 98.2% 147 99.5% 

0.5 C 130.3 85.4% 141.8 93.6% 143.5 93.3% 144.1 97.5% 

1 C 114.2 74.9% 134.2 88.6% 134.3 87.3% 132.4 89.6% 

2 C 97.5 63.9% 122.6 80.9% 123 80.0% 121.4 82.1% 

5 C 69.2 45.4% 95.9 63.3% 75.3 49.0% 99.9 67.6% 

8 C 31.4 20.6% 70.3 46.4% 29.8 19.4% 52.1 35.3% 

0.1 C 148.4 97.3% 147.8 97.6% 154.1 100.2% 143.4 97.0% 

 

5.4.2.3. Surface analysis of LiFePO4 electrode 

 

 

Figure 5.5 SEM images of LFP electrodes: (a) is the fresh electrode, (b) is the electrode in base 

electrolyte with 0.5 wt % [VAIM][TFSI] ionic liquid after cycles, (c) is the electrode in base 

electrolyte with 0.5 wt % ionic liquid [VPIM][TFSI] after cycles. 
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The surface morphologies of the fresh electrode and cycled electrodes in the electrolytes 

with 0.5 wt % [VAIM][TFSI] and [VPIM][TFSI] are shown in Figure 5.5. Figure 5.5 (a) 

shows the surface of the fresh LFP electrode. No deposit is found on the surface of the 

fresh electrode. The surfaces of cycled electrodes using electrolytes with [VAIM][TFSI] 

and [VPIM][TFSI] additives have become fuzzy. Some deposits can be seen in Figure 5.5 

(b) and (c). 

 

Figure 5.6 XPS spectra of LFP electrodes in the electrolytes with different concentration of 

[VAIM][TFSI]. (a) is electrode in base electrolyte, (b) is electrode in base electrolyte with 0.5 wt % 

ionic liquid, (c) is electrode in base electrolyte with 1.0 wt % ionic liquid, (d) is electrode in base 

electrolyte with 3.0 wt % ionic liquid. 

The XPS spectra of the electrodes in the base electrolytes with different contents of ionic 

liquids [VAIM][TFSI] and [VPIM][TFSI] were measured shown in Figures 5.6 and 5.7. In 

the two electrolyte systems, there are similar XPS features. 
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Figure 5.6 XPS spectra of LFP electrodes in the electrolytes with different concentration of 

[VPIM][TFSI]. (a) is electrode in base electrolyte, (b) is electrode in base electrolyte with 0.5 wt % 

ionic liquid, (c) is electrode in base electrolyte with 1.0 wt % ionic liquid, (d) is electrode in base 

electrolyte with 3.0 wt % ionic liquid. 

In the C1s spectra, the peak at about 284.1 eV corresponds to the C-C bond from the 

carbon black[164]. The signal strength of this peak decreases with the concentration of 

ionic liquid, implying that the surface of the electrode is gradually covered by the 

decomposition The peak at about 290 eV is attributed to the C-F bond, and the intensity 

of this peak increases with the increasing of ionic liquids, which mainly from the 

decomposition of ionic liquid at high concentration of ionic liquid, because the binder 

should not be seen given the low C-C signal[161]. In the F 1s spectra, the peak at about 

689 eV is attributed to the organic LiPxOyFz from the decomposition of LiPF6 and H2O. 

The reduction of the peak intensity indicates that the ionic liquid additives reduce the 
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reaction of LiPF6 and H2O and decrease the amount of hazardous substance. LiF at 686 

eV is the common SEI component which can be seen at all electrodes[165]. In the N1s 

and S 2p spectra, the N and P peaks are observed only at the electrode in electrolytes 

with ionic liquid, and they are all from the decompositions of ionic liquids [VAIM][TFSI] 

and [VPIM][TFSI]. It supplies the evidence that the ionic liquids attend the formation of 

surface film. 

5.4.3 Conclusions 

Two types of ionic liquids [VAIM][TFSI] and [VPIM][TFSI] were used in the LFP batteries. 

These two ionic liquids can improve the cyclic and rate performances. The cell with 0.5 

wt % [VAIM][TFSI] has a capacity retention of 69.5 % after 150 cycles, and the cell with 

0.5 wt % [VPIM][TFSI] has 73.7 % capacity left after 200 cycles. The rate performance 

with ionic liquid is higher than the cell without ionic liquid, the cell with 3 wt % [VAIM][TFSI] 

has 51.8 % capacity at 8 C, and the cell with 0.5 wt % [VPIM][TFSI] remains 46.4 % 

capacity at 8 C. The two ionic liquids can also promote the formation of surface film to 

improve the electrochemical performances of LFP batteries. 

5.5 Summary 

In this chapter, the applications of 3-(2-amino-2-oxoethyl)-1-vinylimidazolium 

bis(trifluoromethylsulfonyl) amide ([VAIM][TFSI]) and 1-vinyl-3-propionamide imidazolium 

bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) were investigated in LIBs using SiC or 

LTO as anodes and NCM622, LFP as cathodes. Three types of electrolytes were used in 

these batteries: 1M (M: mol/L) LiPF6 in EC and EMC (w/w=3:7), 1 M (M= mol/L) LiPF6 in 

EC/DMC/EMC (v/v/v=1/1/1), and 1 M (M= mol/L) LiPF6 in EC/DMC/EMC (w/w/w=1/1/1). 

The two multifunctional ionic liquids both have two functional groups: a basic group that 

keeps the water and HF content at a low level and an unsaturated group that can 

decompose on the surface of the anodes to form a protecting film. Together, the two 

functional groups improve the cycling and rate performances of LIBs. The suitable content 

of ionic liquids is less than 1 % by mass in the electrolyte. 
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Chapter 6 Conclusions and future work 

6.1 Conclusions 

In the whole PhD study, two new types of ionic liquids 3-(2-amino-2-oxoethyl)-1-

vinylimidazolium bis(trifluoromethylsulfonyl) amide ([VAIM][TFSI]) and 1-vinyl-3-

propionamide imidazolium bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) were 

investigated. The physicochemical, thermodynamic, and electrochemical properties of 

pure ionic liquids and ionic liquid-based mixtures were described in this thesis. The 

contributions of different ionic liquids to the lithium ion batteries were also studied. Surface 

analysis methods were used to detect the mechanism of ionic liquid on the electrodes. 

The two ionic liquids were synthesized using a two-step method. The first step was the 

synthesis of the middle product (3-(2-amino-2-oxoethyl)-1-vinylimidazolium chloride and 

3-(3-amino-3-oxoethyl)-1-vinylimidazolium chloride), respectively, the second step was 

the anion exchange reaction of final products. During the first step, the alkyl chain length 

results in a difference of reaction time, [VPIM][TFSI] is about 36 hours, however, 

[VAIM][TFSI]) is just 2 hours. The two products appear a little bit yellow. The purities of 

the two ionic liquids are more than 99 % when determined from 1H NMR spectra. The 

water content of ionic liquid was determined by Karl Fischer titration to be below 300ppm 

in both [VAIM][TFSI] and [VPIM][TFSI]. Chloride ions were extracted with water until no 

chloride ions could be detected by adding AgNO3. The density and viscosity of the two 

ionic liquids were measured at different temperatures. From the experimental data, the 

density and viscosity of [VAIM][TFSI] are higher than [VPIM][TFSI] at every temperature, 

and the values decrease with the increasing of temperature. Both the two ionic liquids 

show non-Newtonian fluids at low temperature. [VPIM][TFSI] shows Newtonian fluid at 

high temperature more than 55°C. The density and viscosity decrease with increase alkyl 

chain length. The two ionic liquids also display high thermal stability. The liquid range of 

[VAIM][TFSI] is from -30 ± 5°C to 300 °C, and [VPIM][TFSI] is from -50 ± 5°C to 200 °C. 

They can be used in the lithium ion battery to improve the safety and environmental 

suitability properties. 

Four binary mixtures were used to evaluate the physicochemical and thermodynamic 



Conclusions and future work 

72 

 

properties, including [VAIM][TFSI] and acetonitrile, [VAIM][TFSI] and ethyl acetate, 

[VPIM][TFSI] and DMC, and [VPIM][TFSI] and EMC. In the [VAIM][TFSI] system, both the 

density and viscosity increase with increasing mole fraction of ionic liquid, and the 

densities decrease linearly with increase temperature. Intermolecular forces and the 

differences in size and shape between component species contribute to the negative 

excess molar volume values of the [VAIM][TFSI] system over the whole concentration 

range. Hydrogen bonding, van der Waals’ forces, molecular size and shapes of the 

components all contribute to the negative viscosity deviation of this system. Conductivities 

were also determined in [VAIM][TFSI] system. The conductivity increases as the mole 

fraction of ionic liquid is increased, and a maximum value is obtained, then the values 

decrease with the increasing of the mole fraction of ionic liquid. In the [VPIM][TFSI] 

system, the density and viscosity were also measured with different mole fractions of 

[VPIM][TFSI] at different temperatures from 20 °C to 60 °C. The density and viscosity 

tendencies of the two binary mixtures are similar with the [VAIM][TFSI] system, the values 

increase with the increasing of mole fraction of ionic liquid and decrease with increase 

temperature. The excess molar volumes of [VPIM][TFSI] mixtures are negative. Viscosity 

deviations in [VPIM][TFSI] and DMC mixtures are negative. However, the viscosity 

deviations in the [VPIM][TFSI] and EMC mixtures are negative before 0.6 mole fraction 

of ionic liquid and then are positive, the positive values of the viscosity deviations are 

attributed to van der Waals molecular attractions as well as dispersive interactions 

between permanent and induced dipoles. 

The two ionic liquids were used in four types of half cells, such as SiC/Li, LTO/Li, 

NCM622/Li, and LFP/Li. In all electrolytes, the basic groups of ionic liquids play an 

effective role in maintaining the water and HF content at a low level for a longer time.  

In the SiC/Li half-cell system, the cell with an electrolyte containing 0.5 wt % [VPIM][TFSI] 

delivers a maximum capacity of 679.7 mAhg-1. The capacity retention of cells with ionic 

liquid is higher than that without the presence of ionic liquid and increases with rising 

content of [VPIM][TFSI], and the cell with 3 wt % ionic liquid has a capacity retention of 

94.7 %. A stable SEI layer is formed on the surface of SiC electrodes due to the 

introduction of ionic liquid which is decomposed during the charging process. This could 

be observed from SEM and XPS spectra. In summary, the capacity fading and low cycling 
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performance of SiC lithium ion batteries are improved by using ionic liquid [VPIM][TFSI].  

In the LTO/Li half-cell system, the ionic liquid [VAIM][TFSI], can not only decrease the 

content of water and HF, but also reduce the gas generation from the decomposition of 

organic solvents on the LTO electrode to protect the battery from expansion and rapid 

breakdown. The LTO battery with 0.5 wt % ionic liquid [VAIM][TFSI] displays good cycle 

and rate performances. The capacity retention of LTO battery remains 99.24 % after 200 

cycles at 0.5 C, and 99.61 % after 100 cycles at 1 C. In the high current discharge, the 

battery with 0.5 wt % [VAIM][TFSI] has the best rate performance, the capacity retention 

is 99.43 % at 5 C and 89.41 % at 20 C. The EIS spectra show that the charge transfer 

resistance is the lowest in the electrolyte with 0.5 wt % ionic liquid, and the largest in the 

electrolyte without ionic liquid. There is a small layer on the surface of the anode in the 

cell with ionic liquid in the electrolyte. Decomposition of ionic liquid can be seen from SEM 

and XPS spectra.  

In the NCM622/Li half-cells, the addition of [VPIM][TFSI] improves the electrochemical 

window of electrolyte in the higher voltage LIBs. [VPIM][TFSI] at the concentration of 1.0 

wt % enhances the initial capacity of the cell from 175.9 mAhg-1 to 185.1 mAhg-1 at 0.5 C 

rate, and improves the cyclic performance. The cell with 1.0 wt % [VPIM][TFSI] possesses 

a higher capacity retention up to 81% after100 cycle which is more than it without ionic 

liquid (77%). Meanwhile, ionic liquid [VPIM][TFSI] reinforces the high current rate 

performance, the cell with 1.0 wt % [VPIM][TFSI] discharges a higher capacity of 103.9 

mAhg-1 at 7.0 C rate. A suitable surface film was found on the surface of NCM622 

electrode using the electrolyte with 1.0 wt % [VPIM][TFSI].  

In the LFP/Li system, the two ionic liquids can improve the cyclic and rate performances. 

The cell with 0.5 wt % [VAIM][TFSI] has a capacity retention of 69.5 % after 150 cycles, 

and the cell with 0.5 wt % [VPIM][TFSI] has 73.7 % capacity after 200 cycles. The rate 

performance with ionic liquid is higher than the cell without ionic liquid. The cell with 3 wt % 

[VAIM][TFSI] has 51.8 % capacity at 8 C, and the cell with 0.5 wt % [VPIM][TFSI] remains 

46.4 % capacity at 8 C. The two ionic liquids can also promote the formation of surface 

film to improve the electrochemical performances of LFP batteries. 

In a word, two new types of multifunctional ionic liquids were designed and synthesized. 

Both of them have two functional groups, the basic group can keep the water and HF 



Conclusions and future work 

74 

 

content at a low level, and inhibit the generation of gas in the LTO battery, and the 

unsaturated group can improve the capacity, cycling and rate performance of lithium ion 

batteries due to the decomposition of ionic liquid on the surface of electrodes. The content 

of ionic liquids should be less than 1 wt %. 

6.2 Future work 

Lithium ion diffusion is a measure of how good the electrolyte is. In this study, there is 

very little work on transport performance of Li+. In the future, the diffusion of lithium ion in 

the two types of electrolytes will be systematically studied. The ionic liquid-based 

electrolytes include different ionic liquids, contents, lithium salts, and solvents, at different 

temperatures. The diffusion coefficient will be measured using NMR to detect the lithium 

ion transport which affects the current rate performance of lithium ion batteries. 

Applications of [VAIM][TFSI] in LTO/Li and LFP/Li half-cells, and [VPIM][TFSI] in SiC/Li, 

NCM622, and LFP/Li half-cells have been evaluated respectively, we will continue to 

study the applications of the two ionic liquids in other half-cells. The involvement of ionic 

liquids in film formation has been demonstrated by SEM and XPS analysis, and the film-

forming mechanism needs to be further developed. At present, the evaluation of ionic 

liquids were carried out in half-cells. However, all additives need to be tested in full 

batteries for industrial use, the next step is to test the effect of ionic liquids in full batteries, 

including cycling, rate and safety performances. 

Anions also affect the physicochemical and electrochemical properties. Commonly used 

anions in lithium ion batteries are TFSI-, FSI-, PF6
- and BF4

-, until now we have used the 

same anion in the ionic liquid and in the lithium salt. In the future, ionic liquids with different 

anions will be synthesized and measured in various electrolytes and lithium ion batteries. 
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ABSTRACT 

A novel unsaturated and amide-based ionic liquid [VAIM][TFSI] (3-(2-amino-2-oxoethyl)-

1-vinylimidazolium bis(trifluoromethylsulfonyl)amide) was synthesized using a two-step 

method. Its structure was confirmed by nuclear magnetic resonance (NMR), and its water 

content was determined by Karl Fischer titration to be below 0.03 wt %. Density, viscosity, 

and conductivity of the pure ionic liquid and its binary mixtures with acetonitrile were 

measured at various temperatures and at ambient pressure. Both density and viscosity 

increase with the mole fraction of ionic liquid and decrease with decreasing temperature. 

Excess molar volumes and viscosity deviations were calculated from the experimental 

results. The electrical conductivities in mixtures with different content of ionic liquid were 

investigated at different temperatures. The highest conductivity of binary mixtures is 

achieved at 0.07 mole fraction, the value is ~33.22 mS·cm-1 at 298.15 K. The conductivity 

of an electrolyte consisting of acetonitrile, LiTFSI, and ionic liquid was measured to 

determine the optimal ionic liquid content. The suggested concentration is 3 wt% ionic 

liquid in this electrolyte giving a conductivity of ~ 41.08 mS·cm-1 at 298.15 K. 

Keywords: Ionic liquids, Imidazolium-based, Lithium ion battery, Physicochemical 

property, Conductivity. 
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Introduction  

Ionic liquids (ILs) are a class of molten salts that are composed entirely of large organic 

cations and organic or inorganic anions. Due to their unique properties, such as low 

melting point (below 373K), high thermal stability, non-flammability and negligible vapor 

pressure,1-4 ILs have been widely employed in numerous fields such as separations,5,6 

catalysis,7 and chemical reactions.8,9 Applications of ILs also have been introduced in 

electrochemistry, especially related to electrochemical storage10,11 and 

electrodeposition,12 owing to their promising special properties, for instance, high 

electrical conductivity,13,14 suitable electrochemical stability, and large electrochemical 

window.15 

Ionic liquids form a gigantic system. Billions of different ionic liquids can be synthesized. 

Ionic liquids with imidazolium based cations are often selected as a component of 

electrolytes due to their lower viscosity and melting point.16-19 Pal and Ghosh,20 Wang et 

al.21 and Yang et al22, reported the use of these ionic liquids in gel polymer electrolytes. 

Nevertheless, these ionic liquids were usually used as additives in liquid electrolytes in 

spite of their higher density and viscosity than electrolytes. Nguyen et al.23 synthesized a 

series of imidazolium-based zwitterionic ionic liquids as additives for lithium battery 

electrolytes to improve their cyclic performance. Wang et al.1 prepared functionalized ILs 

based on imidazolium cations with vinyl or allyl groups as film-forming additives to 

enhance the capacity of lithium batteries. Recently, new studies24 have focused on 

multifunctional ionic liquids to enhance the performance of lithium batteries. 

Acetonitrile has a convenient liquid range and a high dielectric constant (38.8).25 It is 

therefore often used as solvent in electric devices such as lithium batteries and 

supercapacitors.26 Acetonitrile can easily dissolve solutes exhibiting excellent ionic 

conductivity that may contribute to the development of fast-charging lithium batteries. 

Yamada et al.25 developed a series of acetonitrile-based superconcentrated electrolytes 

for fast-charging lithium batteries. Nilsson et al.27 used highly concentrated LiTFSI- 

acetonitrile electrolytes to stabilize graphite electrodes in lithium-ion batteries. Mo et al.28 

enhanced the cyclic stability of supercapacitors using acetonitrile electrolytes. 

In this work we present the synthesis path for a new type of multifunctional imidazolium 

based ionic liquid, 3-(2-amino-2-oxoethyl)-1-vinylimidazolium 
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bis(trifluoromethylsulfonyl)amide ([VAIM][TFSI]). The reason why we chose this IL was 

that it contains two functional groups that are expected to be beneficial for the Li-ion 

battery. One functional group is unsaturated and is expected to be able to contribute to 

the formation of the SEI film. The other group is the alkaline group which might help to 

decrease the content of water and HF. Thermodynamic, electrochemical and transport 

properties of the pure ionic liquid were determined. Properties of binary mixtures of 

[VAIM][TFSI] and acetonitrile were measured at temperatures from 298.15 to 333.15 K 

and at ambient pressure. Effects of different content of ionic liquid in acetonitrile on 

density, viscosity and conductivity were investigated, enabling the choice of a suitable 

content of ionic liquid used in the electrolytes. 

Experimental methods 

Chemicals and Materials. 1-vinyl imidazole (99.0%, Sigma-aldrich) and 2-

chloroacetamide (98.0%, Sigma-aldrich) were used to synthesize an intermediate product 

for the ionic liquid. Lithium bis(trifluoromethylsulphonyl)imide (LiTFSI, 99.5%), purchased 

from DoDochem Co., was used for the final product. Acetonitrile (99%, Sigma-aldrich) 

was used as reaction solvent and as a component of the binary mixtures. Ethanol from 

Sigma-aldrich was used to wash glasses. Ultrapure water directly from Direct-Q 3 

ultrapure water system was used as reaction solvent for the final ionic liquid and for its 

purification. All chemicals were used directly without further purification. Data on the 

reagent used are summarized in Table 1. 

Table 1. CAS Registry Number, Source and Mass Fraction Purity of the Chemicals. 

IUPAC Name CAS Reg. No. Source Purity 
Analysis 

Method 

1-Ethenylimidazole 1072-63-5 Sigma-Aldrich 0.99 GCa 

2-Chloroacetamide 79-07-2 Sigma-Aldrich 0.98 HPLCb 

Lithium 

bis(trifluoromethylsulfonyl)azanide 
90076-65-6 www.DoDochem.com 0.995 ICPc, ICd 

Acetonitrile 75-05-8 Sigma-Aldrich 0.99 GCa 

Dichloromethane 75-09-2 Sigma-Aldrich 0.99 GCa 

3-(2-amino-2-oxoethyl)-1-

vinylimidazolium 

bis(trifluoromethylsulfonyl)amide 

2365111-84-6 Self-synthesized >0.99 NMRe 

aGas Chromatograph; bHigh-performance Liquid Chromatography; cInductively Coupled Plasma; dIon Chromatography, eNuclear 

magnetic resonance. 
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Preparation of [VAIM][TFSI]. The target ionic liquid was synthesized using a two-step 

process. Firstly, 40 g 1-vinyl imidazole and 45 g 2-chloroacetamide were dissolved in 

acetonitrile at 50 °C for about 30 minutes, then reacted in a flask under stirring at 70 °C 

for 1 h. A white blocky intermediate, 3-(2-amino-2-oxoethyl)-1-vinylimidazolium chloride 

was obtained. It was washed and filtered with acetonitrile after being crushed, and dried 

in vacuum oven for 2 hours. In the second step, 32.8 g 3-(2-amino-2-oxoethyl)-1-

vinylimidazolium chloride and 51.2 g lithium bis(trifluoromethylsulfonyl) imide were 

dissolved in water and reacted in a flask at room temperature for 2 hours. After the 

reaction, the solution separated in two layers. The upper layer was a water phase, and 

the lower layer was the ionic liquid phase. The desired ionic liquid [VAIM][TFSI] was 

washed with water under the protection of a layer of dichloromethane until chloride ions 

could not be detected in the wash water using AgNO3.29 The ionic liquid was dried in a 

vacuum oven at 70 °C for more than one week before its physicochemical properties were 

measured. The 1H NMR spectrum showed almost no impurity peaks except for water. The 

chemical shifts of the peaks corresponded to the structure of [VAIM][TFSI] shown in 

Figure S1. The water content of this sample was measured to be less than 0.03 wt % by 

Karl Fischer titration (Mettler-Toledo C20X). Characteristic peaks and 1H NMR data for 

[VAIM][TFSI] are shown in the Supporting Information. The synthesis pathway and the 

structure of [VAIM][TFSI] are shown in Figure 1. 

 

Figure 1. The synthesis pathway and the structure of ionic liquid [VAIM][TFSI]. 

Thermal Analysis. The thermal decomposition temperature of the pure ionic liquid 

[VAIM][TFSI] was determined on a Discovery TGA from TA Instruments in a nitrogen 

atmosphere with a heating rate of 10 °C min-1 from room temperature to 900 °C. The 

glass transition point of pure ionic liquid was measured on a differential scanning 



Manuscript 1  
Density, viscosity, and conductivity of [VAIM][TFSI] in mixtures for lithium ion battery electrolytes 

92 

 

calorimetry (DSC) System (Ta Instruments) in a nitrogen atmosphere with a heating and 

cooling rate of 10 °C min-1 from -60 °C to 0 °C, with an accuracy of ±0.1 °C. 

Conductivity Measurements. The conductivities of the ionic liquid and its binary 

mixtures were measured in a three-electrode electrolytic cell connected with a CHI 660E 

Electrochemical Workstation. The cell was immersed in a thermostatic silicone oil bath, 

in which the temperature was kept constant with a ±0.01 K accuracy. The cell constant 

(C=3.2456 ±0.0001cm-1) was determined using standard aqueous potassium chloride 

solutions (σ=12.8± 0.05 mS·cm-1, at 298.15 K).30, 31 This corresponds to a relative 

standard uncertainty of 0.04 %. All solutions were prepared using an analytical balance 

(Mettler Toledo AB204) with an accuracy of 0.1 mg. 

Density Measurements. The densities of the pure ionic liquid were measured using a 5 

mL glass pycnometer, which was placed in a thermostatic bath with an accuracy of 0.01 

K. The pycnometer was calibrated by ultrapure water at all temperatures in the relevant 

range with a precision of ± 0.1 kg·m−3. The densities of binary mixtures were measured 

with the use of Anton Paar DMA 4100 Density meter from 298.15 K to 333.15 K. The 

density measurements were compared to previously published data32 for pure acetonitrile 

for validation. The average deviation between the two data sets is 0.065 % (AARD). The 

data is shown in Table S1. 

Viscosity Measurements. The viscosity of pure ionic liquid was measured on a 

Discovery HR-1 equipment using a disk from 298.15 K to 333.15 K. The viscosities of 

binary mixtures were determined by a PAAR AMV 200 Viscosity meter which is a falling 

ball automated viscometer using standardized glass capillaries from 298.15 K to 333.15 

K, with an accuracy of 0.01 K. The measurement was carried out in four capillaries 

(diameters 1.6 mm, 1.8 mm, 3.0 mm and 4.0 mm, respectively) and a matching ball 

(diameter 1.5 mm, 1.5 mm, 2.5 mm and 3.0 mm, respectively). The viscosity 

measurements were compared to previously published data33 for pure acetonitrile for 

validation. The data is shown in Table S2. 
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Results and discussion 

Thermal Properties of pure ionic liquid [VAIM][TFSI]. The thermal properties of pure 

ionic liquid [VAIM][TFSI] were evaluated by DSC and TGA analysis. The TGA trace related 

to the decomposition of [VAIM][TFSI] is shown in Figure S2. The ionic liquid starts 

decomposing slowly at temperatures near 300 °C, and the decomposition increases 

rapidly above 300 °C. The decomposition reaches a weight loss percentage of ≈ 80% at 

400 °C. The DSC curve in Figure S3 shows that the glass transition point of pure ionic 

liquid [VAIM][TFSI] is as low as -30 °C± 5 °C. The analysis with TGA in combination with 

DSC shows that the ionic liquid has a conveniently large stable liquid range, useful for a 

wide temperature adaptability in lithium-ion batteries. 

Density and excess molar volume. The experimental densities (ρ) of the pure 

ionic liquid and its binary mixtures with acetonitrile were measured from 298.15 K to 

333.15 K. Table 2 shows the density data of the binary mixtures as a function of mole 

fraction of ionic liquid at different temperatures. The densities of samples increase along 

an asymptotic line with increasing mole fraction. The experimental values of binary 

mixtures as a function of temperature were fitted with an empirical equation as following: 

𝜌 = 𝐴 + 𝐵𝑇                                                                          (1) 

where A and B are adjustable parameters, B is a negative value. The densities decrease 

linearly with increasing temperature, which reflects that the numbers of ions per unit 

volume reduce with temperature. 

From the experimental density values, the molecular volume,  𝑉𝑚 of the pure ionic liquid 

at 298.15 K can be calculated by using the following equation: 

𝑉𝑚 = 𝑀/ (𝑁 ∙ 𝜌)                                                                      (2) 

where M is the molar mass of the pure ionic liquid [VAIM][TFSI] = 432.1768, N is Avogadro 

number, ρ is the average experimental density of pure ionic liquid = 1607.1 kg·m-3 at 

298.15 K. The calculated molecular value 𝑉𝑚 of [VAIM][TFSI] is 0.4465 nm3. 

The excess molar volume (VE) of a binary mixture is defined from experimental values 

using the following equation:34 
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𝑉𝐸 =
𝑥1𝑀1+𝑥2𝑀2

𝜌
− (

𝑥1𝑀1

𝜌1
+

𝑥2𝑀2

𝜌2
)                                                        (3) 

In which 𝜌 represents the density of the binary mixture, 𝜌1 and 𝜌2 represent the 

densities of ionic liquid and acetonitrile, M1 and M2 are the molar masses of ionic liquid 

and acetonitrile, 𝑥1 and 𝑥2 are the mole fractions of ionic liquid and acetonitrile. 

Table 2. Densities (ρ, kg·m−3) of the binary mixtures [VAIM][TFSI] and acetonitrile at 

different temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.0100 825.6 820.1 814.6 809.1 803.6 798.0 792.4 786.7 

0.1000 1090.5 1085.0 1079.6 1074.0 1068.6 1063.0 1057.5 1052.0 

0.2010 1258.4 1253.0 1247.7 1242.3 1237.0 1231.6 1226.3 1220.9 

0.3026 1361.3 1356.0 1350.8 1345.5 1340.3 1334.7 1329.0 1323.2 

0.4011 1426.7 1421.6 1416.4 1411.3 1406.1 1400.9 1395.7 1389.8 

1.0000 1607.1 1601.2 1594.4 1588.1 1580.8 1573.7 1567.9 1561.1 

aStandard uncertainties are u(xIL) = 0.0003, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Expanded uncertainty for density is 𝑢(𝜌) = 1 kg·m-3 (0.95 level of 

confidence). xIL = mole fraction of ionic liquid. T is the Kelvin temperature. 

 

The excess molar volumes of mixtures of [VAIM][TFSI] and acetonitrile against mole 

fraction of ionic liquid are listed in Figure 2 and Table 3. Generally, the excess molar 

volume is mainly influenced by the intermolecular forces and the differences in size and 

shape between component molecules.35,36 From the molecular masses of the 

components of mixtures, the large difference in size between acetonitrile molecules and 

the ions of ionic liquid results in a negative contribution to the 

excess molar volume 𝑉𝐸  values. The small acetonitrile molecule can fit into the free volume 

between the large ions. The excess molar volumes decrease in magnitude with increasing 

amount of ionic liquid. This implies that the intermolecular interactions with the ionic liquid 

become stronger. The most effective packing in the mixture was obtained at about xIL = 

0.3. At higher IL fractions, the excess molar volumes increase with increase in ionic liquid 

fraction, and the intermolecular interactions with the ionic liquid become weaker. 
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Figure 2. Excess molar volumes, 𝑉𝐸, of the binary mixtures [VAIM][TFSI] and acetonitrile as a 

function of mole fraction of IL at different temperatures: ■, 298.15 K; ●, 303.15 K; ▲, 308.15 K; 

▼, 313.15 K; ♦, 318.15 K; ◄, 323.15 K; ►, 328.15 K; □, 333.15 K, at 0.1 MPa. The lines are 

tendency lines. 

 

Table 3. Excess Molar Volumes (VE, cm3·mol−1) of the binary mixtures [VAIM][TFSI] and 

acetonitrile at different temperatures from 298.15 K to 333.15 K. 

xIL T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.0100 -0.480 -0.490 -0.508 -0.527 -0.551 -0.568 -0.591 -0.609 

0.1000 -0.878 -0.937 -1.025 -1.094 -1.198 -1.288 -1.371 -1.474 

0.2010 -1.127 -1.211 -1.341 -1.450 -1.606 -1.751 -1.867 -2.013 

0.3026 -1.083 -1.183 -1.345 -1.475 -1.671 -1.826 -1.911 -2.042 

0.4011 -0.737 -0.858 -1.037 -1.195 -1.417 -1.630 -1.760 -1.892 

1.0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

aStandard uncertainties are u(xIL) = 0.0003, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Expanded uncertainty (𝑢) for excess molar volumes is 𝑢𝑟(VE) = 0.002 

cm3·mol−1 (0.95 level of confidence). xIL = mole fraction of ionic liquid. T is the Kelvin temperature. 
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In the mixture, the partial molar volume of the ionic liquid was calculated according to the 

method used by Sastry et al..37 Table 4 shows the calculated partial molar volume of ionic 

liquid. The partial molar volume of IL, 𝑽𝑰𝑳 increases with increasing concentration of ionic 

liquid and temperature. This performance indicates stronger interactions between 

acetonitrile and [VAIM][TFSI] at high concentration of ionic liquid and temperature. The 

small acetonitrile molecule fits into the free volume between large ions. 

Table 4. Partial molar volume (𝑽𝑰𝑳, cm3·mol−1) of [VAIM][TFSI] at different temperatures 

from 298.15 K to 323.15 K, at 0.1 MPa. 

xIL T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K 

0.0100 254.7938 254.9314 254.7395 255.0320 254.7437 255.3537 

0.1000 258.1710 258.4904 258.6366 259.0320 259.1203 259.6021 

0.2010 261.7471 262.2887 262.8128 263.3412 263.8542 264.2584 

0.3026 263.7753 264.5238 265.2811 266.0242 266.8195 267.5966 

0.4011 264.1029 265.0125 265.8295 266.8425 267.7422 269.2925 

aStandard uncertainties are u(xIL) = 0.0003, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Expanded uncertainty (𝑢) for partial molar volume is 𝑢𝑟(𝑽𝑰𝑳) = 0.002 

cm3·mol−1 (0.95 level of confidence). xIL = mole fraction of ionic liquid. T is the Kelvin temperature. 

 

Viscosity. The viscosity of pure ionic liquid is shown as a function of temperature in Table 

5. It can be seen from the values that the viscosity decreases with increasing temperature. 

The viscosity follows the fitting asymptotic equation from experimental values y = a − b ×

𝑐𝑥, with a = 3.3850 ± 0.0001, b = -9.4440×103  ± 0.0001, and c = 0.8683 ± 0.0001. The 

viscosity of pure ionic liquid was difficult to measure at low temperatures, but it can be 

calculated from the asymptotic equation. The calculated viscosity is 280.657 ± 0.001 Pa·s 

at 298.15 K and 140.301 ± 0.001 Pa·s at 303.15 K, respectively. The viscosities of the 

binary mixtures are lower. These were measured using a falling ball automated 

viscometer. As can be seen from Table 5, the viscosities of the mixtures increase with 

increasing mole fraction of ionic liquid resulting in a much higher viscosity than that of 

pure acetonitrile.  

The temperature dependence of the viscosities of the mixture of ionic liquid and 

acetonitrile can be calculated by the Vogel−Fulcher−Tammann (VFT) equation.38  
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η(T) = 𝐴𝑒𝑥𝑝 (
−𝐵

𝑇−𝑇0
)                                                          (4) 

Where η(T)  is viscosity, A, B and 𝑇0  are adjustable parameters. The best fitted 

parameters and the average absolute relative deviation (AARD %) are listed in Table 6. 

It was shown that, a remarkable agreement is observed between the calculated and the 

experimental viscosity data, by using VFT equation. The overall average absolute relative 

deviation is smaller than 3.05 %. 

The experimental viscosity deviations of the binary mixtures are calculated using the 

Redlich-Kister equation:8 

∆η = η − (𝑥1η1 + 𝑥2η2)                                                              (5) 

where η, η1 and η2 are the viscosities of pure ionic liquid and acetonitrile, 𝑥1 and 𝑥2 are 

the mole fractions of pure components, ionic liquid and acetonitrile. The viscosity 

deviation diagrams against 𝑥1  are shown Table 7. It can be seen that the viscosity 

deviation values are negative over the whole range of mixtures. The minimum value was 

found at 𝑥1~0.5, at all temperatures. The negative values may be attributed to hydrogen 

bonding, van der Waals’ forces, molecular size and shapes of the components.4,39 

Table 5. Viscosities of binary mixtures [VAIM][TFSI] and acetonitrile at different 

temperatures from 298.15 K to 333.15 K at 0.1 MPa. 

Viscosities (η1, mPa·s) of the binary mixtures [VAIM][TFSI] and acetonitrile 

xIL T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K 
T =328.15 

K 

T =333.15 

K 

0.0100 0.67 0.64 0.61 0.57 0.55 0.52 0.48 0.47 

0.0500 2.88 2.84 2.71 2.49 2.39 2.26 2.17 2.01 

0.1000 10.27 9.97 9.16 8.17 7.74 7.02 6.62 6.07 

0.2010 75.29 68.64 59.58 50.56 45.90 40.19 36.78 32.69 

0.3026 275.66 246.55 202.32 162.65 142.30 118.63 105.39 89.93 

0.4011 805.91 683.34 549.20 423.76 351.61 288.09 232.95 192.74 

Viscosities (η2, Pa·s) of pure ionic liquid [VAIM][TFSI] 

1.0000 280.66 140.30 71.51 35.30 19.85 12.53 8.60 6.21 

aStandard uncertainties are u(xIL) = 0.0003, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Relative standard uncertainty for viscosity is ur(η) = 0.10. xIL = mole 

fraction of ionic liquid. T is the Kelvin Temperature. 
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Table 6. Fitted Values of the VFT Parameters, A, B and 𝑻𝟎 and AARD for the Viscosities of 

binary mixtures [VAIM][TFSI] and acetonitrile. 

xIL 𝐀 B T0 AARD(%) 

0.0100 0.069 -415.35 116.64 0.94 

0.0500 0.760 -125.91 207.68 1.60 

0.1000 3.351 -45.96 261.00 3.05 

0.2010 0.632 -747.88 143.59 1.45 

0.3026 0.363 -1076.04 137.96 2.10 

0.4011 0.037 -1995.16 100.00 1.87 

 

 

Table 7. Experimental viscosity deviations (∆η, mPa·s) of the binary mixtures [VAIM][TFSI] 

and acetonitrile at different temperatures from 298.15 K to 318.15 K. 

xIL 

T =298.15 

K 

T =303.15 

K 

T =308.15 

K 

T =313.15 

K 

T =318.15 

K 

T =323.15 

K 

T =328.15 

K 

T =333.15 

K 

0.0000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.0100 -2806.24 -1402.70 -714.84 -352.68 -198.26 -125.04 -85.82 -61.86 

0.1000 -28111.82 -14048.49 -7156.81 -3528.70 -1981.72 -1248.64 -855.74 -616.17 

0.2010 -56336.94 -28132.12 -14314.95 -7044.08 -3944.64 -2478.37 -1692.85 -1215.26 

0.3026 -84651.24 -42208.76 -21437.98 -10517.99 -5865.21 -3672.87 -2498.40 -1788.70 

0.4011 -111765.62 -55591.59 -28135.17 -13733.46 -7611.33 -4737.50 -3218.31 -2297.33 

1.0000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

aStandard uncertainties are u(xIL) = 0.0003, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Expanded uncertainty (𝑢) for viscosity deviation is 𝑢𝑟(∆𝜂) = 

0.02 mPa·s (0.95 level of confidence). xIL = mole fraction of ionic liquid. T is the Kelvin temperature. 

 

 

Conductivity.  

The experimental conductivities of the binary mixtures are listed as functions of the 

concentration of ionic liquid in Figure 3. The values show increasing conductivity at IL 

mole fractions below 0.07 and decreasing conductivity at higher IL mole fraction. In the 

beginning, with the increase of ionic liquid mole fraction, the conductivity increases in the 

dilute solutions.  
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In dilute solutions, the amount of charge carriers depends directly on the amount of 

dissolved solute, and the restriction of molecular motion is lower. Therefore, the 

conductivity increases with the mole fraction of ionic liquid.  

At high ionic liquid concentration, the mixture viscosities are high and the mobility of the 

charge carriers decrease sharply, the conductivity decrease with the increasing of ionic 

liquid mole fraction after passing a maximum value at 𝑥IL  ~ 0.07. According to the 

research of Dorbritz et al.,36 at high concentration of ionic liquid, it can be proved that the 

amount of charge carriers is reduced due to aggregate formation. The conductivity 

increases with increasing temperature in all binary systems. 

Conductivities were converted into molar conductivities and are given as a function of 

ionic liquid concentrations in Table 8. From 0.409 to 2.018 mol/kg, the molar conductivity 

decreases with increasing concentration of ionic liquid at all temperatures. 
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Figure 3. Conductivities of the binary mixtures ionic liquid [VAIM][TFSI] and acetonitrile at different 

temperatures, at 0.1 Mpa. ■, 298.15 K; ●, 303.15 K; ▲, 308.15 K; ▼, 313.15 K; ♦, 318.15 K; ◄, 

323.15 K; ►, 328.15 K; □, 333.15 K. The lines are tendency lines. 
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Table 8. Molar conductivities (Λ, S·cm2·mol-1) of the binary mixtures [VAIM][TFSI] and 

acetonitrile at different temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

Concentratio

n of 

 ionic liquid 

mol/kg 

T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.409 26.670 27.964 29.394 30.688 31.906 33.141 34.364 35.518 

0.791 17.327 18.212 19.308 20.293 21.205 22.065 22.964 23.774 

1.023 14.064 14.865 15.823 16.765 17.614 18.465 19.382 20.266 

1.106 12.750 13.593 14.576 15.477 16.331 17.180 18.039 18.693 

1.247 10.615 11.370 12.241 13.178 13.966 14.763 15.600 16.388 

1.677 4.132 4.581 5.113 5.645 6.155 6.668 7.218 7.753 

2.018 0.831 1.026 1.282 1.563 1.846 2.149 2.493 2.862 

aStandard uncertainties are 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Relative standard uncertainties (u) for molar conductivity is 𝑢𝑟(Ʌ) = 0.04. T is 

the Kelvin temperature. 

 

The electrolyte is an important component in lithium batteries and is usually composed of 

solvent, lithium salt and additive. Conductivities of electrolytes with different content of 

ionic liquid as well as lithium salt were measured at different temperatures shown in 

Figure 4 (a, b, c and d). The conductivity of such electrolytes reflects the migration rate 

of ions during charging and discharging processes. The conductivity curves of electrolytes 

with low and high concentration of ionic liquid have widely different shapes (Figure 4 a, b, 

c, and d). At low concentration or without ionic liquid, the conductivities are divided into 

two parts. Firstly, the conductivities increase with increasing lithium salt concentration and 

reach the highest values at about 30 wt % of LiTFSI, that is because the number density 

of charge carriers increases with the concentration of lithium salt at lower viscosity and 

lower density of electrolyte. From Figure 4 (a), it can be seen that the conductivities 

increase almost linearly as a function of concentration of lithium salt in acetonitrile without 

ionic liquid. However, the conductivities of the electrolytes with ionic liquid which are 

affected by both ionic liquid and lithium salt increase nonlinearly shown in Figure 4 (b, c) 

Subsequently, the conductivities decrease with increasing concentration of lithium salts. 

That is because the conductivity in this concentration range is affected mainly by viscosity 

which increases with the concentration of lithium salt. At an ionic liquid concentration of 

44 wt %, the conductivity decreases linearly with increasing concentration of lithium salt 
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as shown in Figure 4 (d). From Figure 3, it can be seen that a maximum conductivity value 

of binary mixtures occurs at an ionic liquid mole fraction 𝑥IL ~0.07 (the weight percent is 

~ 44%). The conductivity details of electrolytes with different concentration of lithium salt 

at various temperatures are listed in Table S4, S5, S6 and S7. 
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Figure 4. Conductivities of electrolytes, with (0 %, 3 wt %, 5 wt % and 44 wt %, respectively) 

[VAIM][TFSI], variable mass percent of LiTFSI, and the remaining part acetonitrile at different 

temperatures, at 0.1 MPa. a) is electrolyte without ionic liquid, b) is electrolyte with 3 wt % ionic 

liquid, c) is electrolyte with 5 wt % ionic liquid and d) is electrolyte with 44 wt % ionic liquid: ■, 

298.15 K; ●, 303.15 K; ▲, 308.15 K; ▼, 313.15 K; ♦, 318.15 K; ◄, 323.15 K; ►, 328.15 K; □, 

333.15 K. The lines are tendency lines. 

 

In terms of electrical conductivity, the ionic liquid is better to be used as an additive for 

lithium batteries from the above values. At low concentration of ionic liquid, the restriction 

of molecular motion is lower due to the low viscosities of electrolytes. According to 
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marketable electrolytes, the common concentration of lithium salt is from 25 wt % to 30 

wt %. During this range, the best concentration of ionic liquid is 3 wt % from the 

conductivity values of electrolytes. Because of the high viscosity of ionic liquid, the 

conductivity of electrolyte is much lower at high concentration of ionic liquid. And the high 

restriction of molecular motion can hinder the diffusion of lithium ions. So we do not 

recommend adding more ionic liquids.  

 

CONCLUSIONS  

The new type of ionic liquid [VAIM][TFSI] was synthesized using a two-step pathway. This 

kind of ionic liquid exhibits high thermal stability and wide temperature adaptability from -

30 °C to 300 °C. The densities, viscosities and ionic conductivities of binary mixtures of 

this ionic liquid in acetonitrile were measured from 298.15 K to 333.15 K. The density of 

the mixtures increases with the increasing of ionic liquid mole fraction at all temperatures, 

and decreases linearly with the increasing of temperature. Similar results were obtained 

for the viscosity of all systems. The excess molar volumes and viscosity deviations were 

calculated from experimental data and were all negative. In the binary mixtures with 

acetonitrile, the molar conductivities decrease with increasing ionic liquid concentration. 

The highest conductivity of electrolyte with 3 wt % ionic liquid was obtained at a LiTFSI 

concentration of ~29 wt %. It is suggested from the measured properties that the ionic 

liquid can be used as an additive in lithium battery electrolyte at a concentration lower 

than 3 wt % ionic liquid to obtain high mobility and conductivity. 
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Figure S1. 1H spectrum for the synthesized ionic liquid [VAIM][TFSI]. Peak integrals are indicated 

for hydrogen peaks. 
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The chemical shifts appear as follows: 1H NMR (400 MHz, DMSO) δ 9.42 (s, 1H), 8.19 

(s, 1H), 7.86 (d, J = 15.1 Hz, 2H), 7.59 (s, 1H), 7.37 (dd, J = 15.6, 8.8 Hz, 1H), 5.98 (dd, 

J = 15.6, 2.3 Hz, 1H), 5.45 (dd, J = 8.7, 2.3 Hz, 1H), 4.99 (s, 2H). 
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Figure S2. TGA curve for pure ionic liquid [VAIM][TFSI] Figure S3. DSC curve for pure ionic 

liquid [VAIM][TFSI]. 
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Figure S4. Densities of the binary mixtures [VAIM][TFSI] and acetonitrile as a function of mole 

fraction of IL at different temperatures: ■, 298.15 K; ●, 303.15 K; ▲, 308.15 K; ▼, 313.15 K; ♦, 

318.15 K; ◄, 323.15 K; ►, 328.15 K; □, 333.15 K. 
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Figure S5. Viscosity of pure ionic liquid [VAIM][TFSI] at different temperatures. 
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Figure S6. Viscosities of the binary mixtures of ionic liquid [VAIM][TFSI] and acetonitrile at 

different temperatures: ■, 298.15 K; ●, 303.15 K; ▲, 308.15 K; ▼, 313.15 K; ♦, 318.15 K; ◄, 

323.15 K; ►, 328.15 K; □, 333.15 K. 
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Table S1. Densities (ρ, kg·m−3) of pure acetonitrile at different temperatures (T) from 298.15 

K to 333.15 K. 

T / K kg·m−3, our work kg·m−3, Korosi and Kovars2 

298.15 777.7 777.3 

303.15 772.3 771.8 

308.15 766.8 766.3 

313.15 761.3 760.9 

318.15 755.7 755.9 

323.15 750.2 749.2 

328.15 744.5 743.6 

333.15 738.9 737.3 
aStandard uncertainties are 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Expanded uncertainty for density is 𝑢(𝜌) = 0.5 kg·m-3 (0.95 level of 
confidence). T is the Kelvin temperature. 

 

Table S2. Viscosity (η, mPa·s) of pure acetonitrile at different temperatures (T) from 298.15 

K to 333.15 K. 

T / K mPa·s, our work mPa·s, Moumouzias et al3 

298.15 0.3441 0.3440 

303.15 0.3236 0.3280 

308.15 0.3078 0.3080 

313.15 0.2926 0.2965 

318.15 0.2770 0.2890 

323.15 0.2624 0.2715 

328.15 0.2462 0.2690 

333.15 0.2195 0.2590 
aStandard uncertainties are u(xIL) = 0.0003, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Relative standard uncertainty for viscosity 𝑢𝑟 (η) is 0.15. T 

is the Kelvin temperature. 

 

Table S3. Conductivities (σ, S·m-1) of the binary mixtures [VAIM][TFSI] and acetonitrile at 

different temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.010 1.29 1.34 1.40 1.47 1.53 1.58 1.65 1.69 

0.020 2.52 2.64 2.78 2.90 3.01 3.13 3.25 3.35 

0.047 3.16 3.32 3.52 3.70 3.87 4.03 4.19 4.34 

0.070 3.32 3.51 3.74 3.96 4.16 4.36 4.58 4.79 

0.080 3.26 3.47 3.72 3.95 4.17 4.39 4.61 4.77 

0.100 3.06 3.28 3.53 3.80 4.02 4.25 4.49 4.72 

0.200 1.60 1.77 1.98 2.19 2.38 2.58 2.80 3.00 

0.393 0.39 0.48 0.60 0.73 0.86 1.00 1.16 1.33 

1.000 0.01 0.02 0.03 0.05 0.07 0.10 0.14 0.20 

 aStandard uncertainties are u(xIL) = 0.0003, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Relative uncertainty (u) for conductivity is 𝑢𝑟 (σ) = 0.004. xIL = mole 
fraction of ionic liquid. T is the Kelvin temperature. 
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Table S4. Conductivities (σ, S·m-1) of the electrolytes, different mass fraction of lithium 

salt in acetonitrile, without [VAIM][TFSI] at different temperatures from 298.15 K to 333.15 

K, at 0.1 MPa. 

w (salt) T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.1286 2.67 2.79 2.91 3.03 3.14 3.24 3.34 3.47 

0.1813 3.11 3.23 3.34 3.47 3.58 3.7 3.81 3.92 

0.228 3.53 3.68 3.85 4.01 4.16 4.29 4.43 4.57 

0.2696 3.93 4.1 4.25 4.47 4.64 4.81 4.99 5.16 

0.307 4.07 4.25 4.45 4.63 4.8 4.97 5.14 5.28 

0.3407 3.93 4.12 4.33 4.53 4.7 4.87 5.05 5.24 

0.3713 3.82 4.01 4.14 4.35 4.52 4.74 4.95 5.17 

0.3992 3.65 3.84 4.05 4.26 4.45 4.63 4.82 4.99 

aStandard uncertainties are u(w(salt)) = 0.0001, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Relative standard uncertainty (u) for conductivity is 𝑢𝑟 (σ) = 0.004. 
w (salt) = mass fraction of lithium salt. T is the Kelvin temperature. 

Table S5. Conductivities (σ, S·m-1) of the electrolytes with 3 wt % [VAIM][TFSI]. The 
remaining 97 wt % consists of variable mass fractions of lithium salt in acetonitrile, at 
different temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

w (salt) T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.1248 2.73 2.83 2.96 3.07 3.17 3.3 3.4 3.53 

0.1759 3.51 3.66 3.82 3.97 4.11 4.25 4.39 4.51 

0.2211 3.85 4.02 4.2 4.38 4.53 4.69 4.83 4.97 

0.2615 4.03 4.21 4.41 4.6 4.77 4.94 5.1 5.25 

0.2978 4.11 4.28 4.51 4.71 4.9 5.08 5.26 5.43 

0.3305 3.97 4.15 4.38 4.58 4.77 4.97 5.16 5.34 

0.3602 3.8 4 4.22 4.44 4.64 4.83 5.03 5.21 

0.3872 3.67 3.86 4.09 4.3 4.51 4.71 4.92 5.13 

aStandard uncertainties are u(w(salt)) = 0.0001, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Relative standard uncertainty (u) for conductivity is 𝑢𝑟 (σ) = 0.004. 
w (salt) = mass fraction of lithium salt. T is the Kelvin temperature. 

 
Table S6. Conductivities (σ, S·m-1) of the electrolytes, with 5 wt % [VAIM][TFSI. The 

remaining 95 wt % consists of variable mass fractions of lithium salt in acetonitrile, at 

different temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

w (salt) T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.1222 3.1 3.22 3.36 3.49 3.61 3.73 3.84 3.95 

0.1722 3.56 3.7 3.87 4.02 4.18 4.31 4.48 4.6 

0.2166 3.82 3.97 4.16 4.33 4.48 4.63 4.77 4.9 

0.2561 3.96 4.13 4.33 4.52 4.68 4.85 5.01 5.15 

0.2916 4.05 4.22 4.44 4.62 4.8 4.96 5.13 5.28 

0.3237 3.98 4.16 4.37 4.56 4.74 4.95 5.13 5.28 

0.3527 3.94 4.14 4.37 4.54 4.73 4.92 5.08 5.24 

0.3792 3.56 3.72 3.93 4.13 4.31 4.5 4.68 4.85 

aStandard uncertainties are u(w(salt)) = 0.0001, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Relative standard uncertainty (u) for conductivity is 𝑢𝑟 (σ) = 0.004. 
w (salt) = mass fraction of lithium salt. T is the Kelvin temperature. 
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Table S7. Conductivities (σ, S·m-1) of the electrolytes, with 44 wt % [VAIM][TFSI. The 

remaining 56 wt % consists of variable mass fractions of lithium salt in acetonitrile, at 

different temperatures from 298.15K to 333.15K, at 0.1 MPa. 

w (salt) T =298.15 K T =303.15 K T =308.15 K T =313.15 K T =318.15 K T =323.15 K T =328.15 K T =333.15 K 

0.0720 3.43 3.66 3.92 4.17 4.42 4.67 4.92 5.19 

0.1015 3.24 3.48 3.75 4.02 4.28 4.56 4.85 5.15 

0.1277 3.05 3.29 3.56 3.81 4.07 4.32 4.61 4.91 

0.1510 2.87 3.1 3.36 3.61 3.87 4.13 4.37 4.68 

0.1719 2.65 2.87 3.11 3.35 3.58 3.82 4.06 4.3 

0.1908 2.47 2.68 2.93 3.16 3.38 3.61 3.85 4.14 

0.2079 2.4 2.62 2.86 3.09 3.29 3.52 3.77 4.03 

aStandard uncertainties are u(w(salt)) = 0.0001, 𝑢(𝑇) = 0.01 K, u(p) = 0.01 MPa. Relative standard uncertainty (u) for conductivity is 𝑢𝑟 (σ) = 0.004. 
w (salt) = mass fraction of lithium salt. T is the Kelvin temperature. 
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ABSTRACT 

A novel multifunctional ionic liquid additive 1-vinyl-3-propionamide imidazolium 

bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) is designed to enhance the 

electrochemical performance of silicon-based lithium ion batteries. Due to its 

multifunctional groups, this ionic liquid has the potential to improve silicon based lithium 

ion batteries. The basic group binds water and thereby keeps the formation of hydrogen 

fluoride (HF) at a low level. The vinyl group of the ionic liquid contributes to the formation 

of a uniform passivating solid electrolyte interphase (SEI) film in silicon-based lithium ion 

batteries. The cycle life of the silicon-carbon half-cells with this ionic liquid is improved 

greatly. After 50 cycles, the capacity retention of half-cells with presence of ionic liquid is 

obviously higher than that of cells without ionic liquid. Electrochemical methods are used 

to analyze the effect of the ionic liquid. Scanning electron microscope (SEM) and X-ray 

photoelectron spectroscopy (XPS) are used to detect the structure and components of 
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the SEI layer. 

1. Introduction 

 
    The anode is an important component of a lithium ion battery. During charging, lithium 

ions are intercalated in the anode material. The anode material is therefore determining 

for the storage capacity, the energy density, cycle life, and safety performance of lithium 

batteries [1–3]. The required cruising range of electrical vehicles is continually increasing. 

The anode material used in lithium ion batteries are being developed towards providing 

higher energy density [4–6]. Finding new anode materials with high energy density has 

become a new research hot spot. Due to the highest theoretical specific capacity (4200 

mAh g-1) [7,8] reported so far, lower delithiation potential (<0.5 V vs Li/Li+) [9], and 

abundant reserves, silicon is gradually becoming the preferred choice for the anode 

material [10–16]. It is currently one of the most promising next generation anode materials 

of lithium ion batteries. Nevertheless, as the lithiation potential in the silicon-carbon anode 

material is higher than the reduction potential of most electrolyte solvents [17], it is difficult 

to form a stable passivation film with electrolyte on the surface of the electrode [18–20]. 

Cycle performance and first charge and discharge efficiency of silicon-based anodes are 

not very good. In addition, another important reason of capacity attenuation of silicon-

based lithium ion batteries is that the decomposition product hydrogen fluoride (HF) of 

LiPF6 with trace water in the electrolyte can corrode the silicon-based electrode and cause 

damage to the electrode. 

    In order to improve the electrochemical properties of Si-based lithium ion batteries, 

much effort has been dedicated to the electrolyte development, including various 

additives, solvents and lithium salts. Vinylene carbonate (VC) and fluoroethylene 

carbonate (FEC) are commonly used as additives in Si-based lithium batteries [21–24]. 

Additives can enhance the specific capacity and cycle performance of lithium batteries. 

Recently, lithium bis(oxalato) borate (LiBOB) has been reported used for the formation of 

a SEI layer on the surface of a silicon-based anode. Choi et al.[8] reported that the use 

of LiBOB salt can improve the discharge capacity retention of a Si/Li half-cell through 

stabilizing the interface between a Si thin-film electrode and the electrolyte solution. Li et 

al.[25] investigated the effects of several lithium salts like lithium tetrafluoroborate (LiBF4), 
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lithium perchlorate (LiClO4), LiBOB, lithium hexafluorophosphate (LiPF6) with VC and 

without VC on the silicon/graphite/disordered carbon (Si/G/DC) composite electrode. The 

results show that the electrolyte composed of LiPF6 with a certain amount of LiBOB and 

adding VC can form a stable SEI film on the silicon-based anode. It is an effective method 

to facilitate the cycle performance of Si-based batteries. Yamaguchi et al. [26] used an 

electrolyte consisting of the ionic liquid 1-((2-methoxyethoxy)methyl)-1-

methylpiperidinium bis(fluorosulfonyl)amid (PP1MEM-FSA) and lithium 

bis(fluorosulfonyl)amid (LiFSA) to improve the cycle and  rate performances of silicon 

based cells. 

    In comparison to organic chemicals, ionic liquids (ILs) have numerous advantages 

such as high thermal and electrochemical stability, non-flammability, negligible vapor 

pressure, safety and so on [27–34]. ILs have been used as green agents in many types 

of lithium ion batteries, and also used in silicon-based lithium ion batteries [35–37]. In 

these studies, ionic liquids are commonly used as solvents to improve the performance 

of lithium ion batteries. The cost of batteries increases sharply due to the high price of 

ionic liquids. 

In this work, we present a novel ionic liquid, 1-vinyl-3-propionamide imidazolium 

bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) with two functional groups: a vinyl group 

and a basic propionamide group. The vinyl group has an unsaturated carbon-carbon 

double bond and the amide group is basic. The ionic liquid was investigated as 

multifunctional additive of a commercial electrolyte containing LiPF6 lithium salt in silicon-

carbon (SiC)/Li half-cells. The two anions, PF6
- and TFSI- both appear in this electrolyte. 

TFSI- contributes to the electrochemical stability. The ionic liquid additive works as an 

inhibitor and decreases the amounts of HF and water and thereby protects the Si-based 

electrode from damage. The question is if this ionic liquid can form a SEI layer on the SiC 

electrode to improve the battery performance. The characteristics of this electrolyte with 

and without ionic liquid in a SiC lithium battery was analyzed using cyclic voltammetry 

(CV), Electrochemical Impedance Spectroscopy (EIS), Scanning electron microscope 

(SEM) and X-ray photoelectron spectroscopy (XPS) methods. 
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2．Experimental 

2.1. Materials and preparation of electrolyte and electrode 
    All materials used in this work were purchased from commercial sources. The battery-

grade lithium salt and solvents, such as lithium hexafluorophosphate (LiPF6), ethylene 

carbonate (EC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) were supplied 

from Linzhou Keneng Materials Technology Co., Ltd. The chemicals for self-synthesized 

ionic liquid such as 1-vinyl imidazole, 3-chloropropionamide, acetonitrile and 

dichloromethane were purchased from Sigma-Aldrich. Lithium 

bis(trifluoromethylsulphonyl)imide (LiTFSI) from DoDochem Co., was used for the final 

product. The ionic liquid 1-vinyl-3-propionamide imidazolium bis(trifluoromethylsulfonyl) 

imide was synthesized in our lab. The ionic liquid was used when the impurity peaks of 

ionic liquid were not detected and after drying for 48 hours. The structure of the ionic liquid 

[VPIM][TFSI] is shown in Fig. 1. 

 

 

Fig. 1. The structure of ionic liquid [VPIM][TFSI] 

 

    The standard electrolyte used in this study was 1 M (M= mol L-1) LiPF6 in EC/DMC/EMC 

with a mass ratio of 1:1:1. The amount of ionic liquid additive corresponding to 0.5 wt %, 

1 wt % and 3 wt % was added to the standard electrolyte and shaken. The multifunctional 

electrolyte was kept in a glove box filled with argon for more than 24 hours. Afterwards, 

the water content was measured by the Karl Fischer method to be less than 0.001 wt %. 

    The prepared electrode has a general composition of 80 wt % SiC650, 10 wt % super-

p carbon black, 5 wt % sodium carboxymethyl cellulose (CMC) and 5wt % styrene-

butadiene rubber (SBR). The combination was mixed into a slurry using a planetary ball 
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mill for 5 hours. The electrode material was coated on copper foil using a laboratory-scale 

scraper blade. The thickness of the coating was 36 μm. The electrode tapes were cut into 

disks with a diameter of 14 mm and dried at 80 °C for 10 h in vacuum oven before use. 

Li/SiC CR2025 button cells were assembled with SiC electrode, Celgard 2400 separators, 

electrolyte, and lithium foil electrode in the glove box, in which both water and oxygen 

content were less than 0.0001 wt %. 

2.2. HF and water content measurements 
    The HF content was determined by titration. Typically, the prepared electrolyte was 

titrated and the HF content was calculated from the amount of titrant used. The titrant was 

sodium methoxide in ethanol solution. Its concentration was confirmed by benzoic acid. 

The indicator was 1 wt % bromothymol blue in ethanol. 

    The water content of all the electrolytes was determined using a Karl Fischer 

Coulometer (METTLER TOLEDO C30). 

2.3. Electrochemical measurements 
    The cyclic voltammetry (0.5 mV s-1) and AC impedance of Li/SiC half-cells were also 

performed on Electrochemical Workstation (CHI660E). The charging-discharging 

performance was carried out on Battery Test Systems (LAND CT2001A) from 0.01 V to 

2.00 V at 0.1 C rate. 

2.4. Surface analysis 
    The solid electrolyte interphase (SEI) of the battery electrode was studied using a 

scanning electron microscope (SEM, JSM-7001f) before and after cycles. The 

composition of the SEI film was analyzed using X-ray photoelectron spectroscopy (XPS, 

ESCALAB 250XI). 

3. Results and discussion 

3.1. Effect on the HF and water content measurements 
    One of the functional groups in the designed ionic liquid is the propionamide group, a 

weakly basic group, which can form weak hydrogen bonds with water molecules through 

the hydrogen atoms in the molecules. Thereby it can prevent the reaction of water with 

LiPF6 to produce HF. The prepared samples with different contents of [VPIM][TFSI] (0%, 

0.5 wt %, 1 wt %, 3 wt %) are placed and measured at different times. The results of its 
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effect on the hydrogen fluoride and water content of the electrolyte are shown in Fig. 2 (a) 

and (b). In the beginning, the fresh electrolyte has higher content of HF, then the content 

decreases with increasing concentration of [VPIM][TFSI]. The hydrogen fluoride content 

of all samples increases with time, in the sample without [VPIM][TFSI] the HF content 

increases faster than in the samples with [VPIM][TFSI]. Similar results about water are 

obtained in the electrolytes shown in Fig. 2 (b). The fresh electrolyte has higher content 

of water, the content decreases with increasing concentration of [VPIM][TFSI]. The water 

content of all samples increases with time, the water content in the sample without 

[VPIM][TFSI] increases faster than in the samples with [VPIM][TFSI]. 

    During the first charging-discharging process, trace water and HF can promote the 

formation of SEI film [38]. When the content of water and hydrogen fluoride is too high, 

the lithium ions in the battery are consumed, and the irreversible capacity of the battery 

increase. Too much hydrogen fluoride can damage the electrode material, especially in 

high-energy batteries based on silicon anodes [8]. With the increase of water and 

hydrogen fluoride content in the electrolyte, the performance of the lithium battery such 

as charge-discharge, cycle life and circulation efficiency is significantly reduced [39]. In 

our study, the HF and water content is effectively controlled in a reasonable range through 

the addition of the additive, [VPIM][TFSI]. 
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Fig. 2. (a) Hydrogen fluoride content of electrolytes with and without ionic liquid [VPIM][TFSI] at 

different time (b) Water content of electrolytes with and without ionic liquid [VPIM][TFSI] at 

different time. 
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3.2. Electrochemical performance of SiC/Li half-cell 

    Fig. 3 shows the first charge and discharge curves of SiC/Li half-cells in the electrolytes 

with different content of ionic liquid additive (0 %, 0.5 wt %, 1.0 wt % and 3.0 wt %). The 

first charge and discharge specific capacities of the four electrolytes are 640.9 mAh g-1 

and 574.6 mAh g-1, 679.7 mAh g-1 and 599.7 mAh g-1, 603.0 mAh g-1 and 529.1 mAh g-1, 

and 606.9 mAh g-1 and 514.4 mAh g-1, respectively. The initial coulombic efficiencies (the 

ratio between the delithiation and lithiation capacities) [40] of the half-cells are calculated 

from the data and are 89.8 %, 88.2 %, 87.7 % and 84.8, respectively, shown in Table 1. 

The value of the half-cell with ionic liquid has a lower initial coulombic efficiency. This 

indicates that during the first charge, ionic liquid reacts with solvent and lithium ions to 

generate a passive film to inhibit the further decomposition of electrolyte. 

 

Fig. 3. Discharge/charge profiles for SiC/Li cells in the standard electrolytes with different content 

of ionic liquid [VPIM][TFSI]. 

Table 1  
Initial coulombic efficiency and capacity retention after 50 cycles of SiC/Li half-cell with different 

electrolytes. 

 0 wt % IL 0.5 wt % IL 1.0 wt % IL 3.0 wt % IL 

Initial coulombic efficiency 

(%) 
89.8 88.2 87.7 84.8 

Discharge capacity retention 

(%) after 50 cycles 
69.6 89.2 91.6 94.7 
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    To investigate the contribution of the ionic liquid additive [VPIM][TFSI] to the cycle 

performance of lithium batteries, different amounts of [VPIM][TFSI] (0 wt %, 0.5 wt %, 1 

wt % and 3 wt %) are added into the standard electrolyte. The discharge specific 

capacities of the first 50 cycles are plotted in Fig. 4. At all additive concentrations, the 

discharge specific capacity increases in the first three cycles and then decreases slightly 

after several cycles. This phenomenon indicates that the SEI film is formed during the 

first three cycles in all electrolytes, and the resistance of the electrode surface is high to 

lithium ions transfer. The electrolyte with 0.5 wt % [VPIM][TFSI] has the highest discharge 

specific capacity with 599.7 mAh g-1 in the first cycle. The electrolyte without additive has 

higher discharge specific capacity (574.6 mAh g-1) than the electrolytes with 1.0 wt % and 

3.0 wt %. It implies that the resistance of SEI film is higher in electrolyte with 1 wt % or 3 

wt % [VPIM][TFSI]. However, the batteries with 1.0 wt % and 3.0 wt % ionic liquid 

[VPIM][TFSI] have good cycle performance. The capacity retention ratio of batteries 

increases with increasing content of ionic liquid [VPIM][TFSI]. The battery without additive 

decays faster, its capacity retention ratio is 69.56 %. The batteries with electrolytes 

containing 0.5, 1.0, and 3.0 wt % [VPIM][TFSI] have capacity decay ratios of 89.18, 

91.55 %, and 94.71 %, after 50 cycles. An important reason for the capacity fading of 

silicon batteries is that the development of HF in the electrolyte causes the corrosion of 

silicon[39]. Due to the basic group in [VPIM][TFSI] the HF content can be kept low, and 

the SEI film kept stable. This improves the cycle performance of batteries. 

 
Fig. 4. Cycle performance of SiC/Li half-cells using 1M LiPF6 in EC/DMC/EMC, w/w/w=1/1/1 with 

different content of ionic liquid [VPIM][TFSI]. 
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    Electrochemical AC impedance spectroscopy is used to detect the transfer of lithium 

ions through an SEI film. A low impedance suggests faster lithium ion transport. The AC 

impedance spectra of fully discharged SiC half-cells after 50 charge/discharge cycles 

using standard electrolytes with and without ionic liquid [VPIM][TFSI] are plotted in Fig. 5, 

the frequency range is from 0.01Hz to 105 Hz. The half circle in the high frequency range 

can be attributed to the charge transfer across the SEI, the half circle in the low frequency 

range is the diffusive resistance. It can be seen that the impedance of the electrolyte with 

0.5 wt % [VPIM][TFSI] is lowest. This indicates that the Li+ movement through the SEI 

film is positive. The specific capacity of the half-cell in this electrolyte is the largest and 

the resistance is the lowest. The cell without ionic liquid shows the highest impedance 

value compared to other electrolytes, contributing to capacity loss after 50 cycles. 

Comparison of impedances in the electrolytes with different content of ionic liquid shows 

that the cell with 3.0 wt % additive has the highest impedance. It may imply that the 

thickness of the SEI layer with 3.0 wt % ionic liquid is larger than with the other two 

electrolytes[41]. 

 
Fig. 5. AC Impedance spectra of fully discharged SiC half cells after 50 charge/discharge cycles 

using standard electrolytes with different content of ionic liquid [VPIM][TFSI]. 
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Fig. 6. Cyclic voltammograms of SiC electrode with standard electrolyte with different content of 

ionic liquid [VPIM][TFSI], at the rate of 0.5mV s-1, Ⅰ) is the first cycle; Ⅱ) is the second cycle; Ⅲ) 

is the third cycle. 

 

The cyclic voltammograms of the SiC anode in the standard electrolytes with and without 

ionic liquid [VPIM][TFSI] are scanned after three cycles using an electrochemical 

workstation. The scanning range is from 0 V to 2.0 V, the scanning rate is 0.5 mV s-1. Fig. 

6  (a) shows the curves of SiC electrode with standard electrolyte without additive, there 

is no obvious reduction peaks during the three scanning cycles. Although the standard 

electrolyte can form an SEI membrane in graphite cells, it is difficult to form a stable SEI 

film in SiC cells. The formation of SEI film plays an important role in the lithium batteries, 

which affects electrochemical properties such as specific capacity and cycle performance. 

In the standard electrolyte without additive, the cyclic life decays faster in the absence of 

SEI film protection. Fig.6 (b) shows the voltammogram for the SiC cell with 0.5 wt % ionic 

liquid [VPIM][TFSI]. There is a broad intense peak at around 1.1 V starting around 1.35 

V during the first scanning cycle. This suggests that the ionic liquid is reduced to form a 
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passivated SEI film in the first charge cycle. The peak can’t be seen in the second and 

third cycles. This phenomenon is attributed to the irreversible reaction of ionic liquid on 

the surface of the SiC electrode. Similar peaks appear in the electrolytes with 1.0 wt % 

and 3.0 wt % ionic liquid during the first scanning cycle shown in Fig. 6 (c) and 7 (d). The 

peak current value increases with increasing content of ionic liquid [VPIM][TFSI]. It means 

that the higher the content of ionic liquid, the easier is the reduction of [VPIM][TFSI]. Also, 

there is no peak in the second and third cycles of SiC cells in the electrolytes with 1.0 wt % 

and 3.0 wt % additive. 

3.3. Characterization of the surface of the SiC electrode 

 
Fig. 7. SEM micrographs of SiC electrodes in different electrolytes after the fifth cycle at 0.1 C 

rate: a) is the standard electrolyte without ionic liquid; b) is the standard electrolyte with 0.5 wt % 

ionic liquid; c) is the standard electrolyte with 1.0 wt % ionic liquid; d) is the standard electrolyte 

with 3.0 wt % ionic liquid. 

 

    The surface morphologies of the SiC electrodes in the electrolytes without and with 

different content of ionic liquid after the fifth cycle at 0.1 C rate are shown in Fig. 7. The 
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surface morphology of the fresh SiC electrode is chalking, and there is no homogeneous 

SEI film on the surface of the anode. This is shown in Fig. 7 (a). Fig 7 (b), (c) and (d) show 

the surface morphologies of the anodes in the electrolytes with different content of ionic 

liquid additive. It is seen that a compact SEI film is formed on the surface of the SiC 

electrode. Meanwhile, the SEI layer becomes thicker and more compact with increasing 

content of ionic liquid [VPIM][TFSI]. According to the AC impedance shown in Fig 5, the 

resistance of the electrode surface in the electrolyte with 3.0 wt % ionic liquid is the largest 

because of the thickness of the SEI film. It is attributed to the loss of specific capacity in 

the initial process of the battery. 

 

 

Fig. 8. XPS spectra for the surface of SiC in electrolyte different content of ionic liquid 

[VPIM][TFSI]: (a) without [VPIM][TFSI], (b) with 0.5 wt % ionic liquid [VPIM][TFSI], (c) with 1.0 wt % 

ionic liquid [VPIM][TFSI], (d) with 3.0 wt % ionic liquid [VPIM][TFSI]. 
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X-ray photoelectron spectroscopy (XPS) is used to analyze the composition and 

structure of the SEI membrane in the lithium batteries[8,42]. Fig. 8 shows the XPS spectra 

of SEI layers formed on the surface of SiC electrodes with electrolytes containing different 

amounts of [VPIM][TFSI] additive. The spectra were recorded in the cells after the fifth 

cycle. The peaks positioned at ~284.6 eV, ~285.1 eV, ~286.5 eV, ~288.5 eV and ~289.7 

eV are ascribed to C-C, C-H, C-O-C, CO3 (or ROCO2Li) and Li2CO3, respectively. In the 

electrolyte with ionic liquid, it shows higher intensity of C-C, it means that the unsaturated 

carbon is reduced to form a polymer during the charging process. The intensity of the C-

H peak decreases when adding ionic liquid additive, which indicates that carbonates like 

EC easily reacts with lithium ions to form organic lithium with increasing content of 

[VPIM][TFSI]. The intensity of Li2CO3 is highest in the electrolyte without ionic liquid and 

becomes lower with the increasing content of ionic liquid. This implies that the ionic liquid 

additive hinder the decomposition of electrolyte. In the O 1s spectra, the peaks at ~531.7 

eV and ~533.5 eV correspond to –C=O and C-O found in Li2CO3 and ROCO2Li or 

polycarbonate. From the spectra, it is seen that the intensity of –C=O in the electrolyte 

without ionic liquid is higher than for the electrolytes with ionic liquid, which is consistent 

with the C 1s spectra. In F 1s spectra, there are two main peaks, the peak at ~684.7 eV 

is LiF, and the peak at ~686.4 eV is LixPFy. The intensity of the LiF component in 

electrolyte without ionic liquid is greater than it in the electrolytes with ionic liquid, which 

implies that more LiF is formed on the electrode surface. Non-conductive LiF results in 

higher resistance of the SEI film, which corresponds to the EIS impedance spectra. 

Experts believe that the possible reaction is that EC, DMC, EMC, trace water and HF 

react with Li ions to form (CH2OCO2Li)2, LiCH2CH2OCO2Li, CH3OCO2Li, LiOH, Li2CO3 

and LiF covered on the negative electrode surface to form SEI film[43], these components 

can be found from XPS spectra. The N 1s peak is clearly detected at about ~400 eV which 

is attributed to CN, and the S 2p peak can also be found at about 169 eV in the electrolyte 

with ionic liquid additive, but not in the electrolyte without ionic liquid. Both the elements 

N and S come from the ionic liquid [VPIM][TFSI], which indicates that the ionic liquid 

participates the formation of SEI film during first charging process. 
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4. Conclusions 

The multifunctional ionic liquid 1-vinyl-3-propionamide imidazolium 

bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) can be used as an additive in silicon 

carbon based cells. The basic group of the ionic liquid plays an effective role in 

maintaining the water and HF content at a low level. The unsaturated vinyl group 

enhances the cycle performance by forming the SEI film. A cell with an electrolyte 

containing 0.5 wt % [VPIM][TFSI] delivers a maximum capacity of 679.7 mAh g-1. The 

capacity retention of cells with ionic liquid based electrolyte is higher than that of cells 

without ionic liquid, and it increases with rising content of [VPIM][TFSI]. The capacity 

retention of the cell with 3 wt % ionic liquid is 94.7 % after 50 cycles. A stable SEI layer is 

formed on the surface of the SiC snode due to the introduction of ionic liquid which is 

decomposed during the charging process. This is observed on SEM and XPS spectra. In 

summary, the capacity fading and low cycling performance of SiC lithium batteries are 

improved by using ionic liquid [VPIM][TFSI].  
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ABSTRACT 

Computer-aided ionic liquid design (CAILD) was used for selecting a set of 100 ionic 

liquids from 1,089,450 candidates. These ionic liquids were selected on the basis of their 

electrical conductivity and structural constraints. A new type of IL containing unsaturated 

and basic groups based on the ionic liquid 3-(2-amino-2-oxoethyl)-1-vinylimidazolium 

bis(trifluoromethylsulfonyl)amide ([VAIM][TFSI]) was selected. The IL was synthesized 

and validated experimentally by using it as an additive in lithium titanate (LTO) batteries. 

The basic group slows down the release of water and HF in the electrolyte for a long time, 

and the unsaturated vinyl group promotes film formation at the negative electrode. 

Electrolytes with 0%, 0.5 wt%, 1 wt%, and 3 wt% ionic liquid [VAIM][TFSI] were 

investigated in LTO batteries. It was found that the water and HF content of electrolytes 

with ionic liquid did not increase significantly after one month. An improved discharge 

performance of cells was obtained by adding [VAIM][TFSI]. After 300 cycles, the cells with 

ionic liquid show higher specific capacity and better rate properties than the cells without 

ionic liquid. Scanning electron microscopy (SEM) revealed a thin and uniform solid 
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electrolyte interphase (SEI) layer at the LTO electrode. The N and S peaks from X-ray 

photoelectron spectroscopy (XPS) show that the ionic liquid were involved in the 

formation of the film. 

 

1. Introduction 

Lithium ion batteries (LIBs) have been broadly applied in many portable electronic 

devices, electric vehicles and for energy storage, due to their advantages of high energy 

density, high voltage, long lifetime, and low self-discharge[1][2]. A continuous requirement 

has pushed the development of lithium ion batteries to reach the current performance in 

safety, high power, and long cycle life[3]. The anode as the key material, influences the 

electrochemical performance and safety of LIBs[4–7]. Graphite has commonly been used 

as anode material, owing to its high capacity density, abundant resources and 

electrochemical stability. However, its disadvantages also appear with the development 

of LIBs. When overcharging, lithium dendrites may grow, causing short circuits and 

compromising the safety performance of LIBs. During the process of lithium ion 

embedding and releasing (lithiation and de-lithiation), the volume of graphite changes 

greatly and the circulation stability is poor. 

Lithium titanate Li4Ti5O12 (LTO) has a spinel-type structure and has a high working 

potential up to 1.55 V vs. Li+/Li which is higher than the decomposition potential of 

carbonate (0.8 V vs. Li+/Li)[3]. The high working potential decreases the decomposition 

of the electrolyte and the risk of lithium dendrite formation. LTO is a zero-strain material, 

its volume does not change during the lithiation/delithiation process which could otherwise 

cause the collapse of electrodes. It therefore has good cycling performance. Despite its 

many advantages, the high rate performance deteriorates due to a lower intrinsic lithium-

ion diffusion coefficient and a lower electronic conductivity[8][9]. The swelling problem, 

which comes from the catalytic decomposition of electrolyte on the surface of LTO 

electrodes and the influence of water in the electrolyte, also restricts the application in 

lithium ion batteries. The formation of SEI film on the surface of the LTO electrode is slow, 

resulting in increasing amounts of HF from the reaction of LiPF6 with H2O. HF is 

destructive for the electrode. The reaction is assumed to take place  in two stages as 

follows[10]: LiPF6 → LiF + PF5 and PF5 + H2O→POF3 + 2HF. 
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Many methods have been carried out to commercialize lithium titanate batteries as soon 

as possible. In terms of material, Li4Ti5O12 with spinel-type structure can be modified by 

forming composites with other materials. LTO - carbon composites with high conductivity 

is a common material to enhance lithium-insertion capacity and facilitate charge-

discharge performance[11–13]. Chen et al. [14] reported that the three-dimensional 

Li4Ti5O12/carbon nanotubes/graphene composite exhibited an excellent rate capability 

and good cycling performance. The electrochemical performance was enhanced by 

surface treatment. Li et al.[15] reported that ZrF4 reacts with Li4Ti5O12 to form a coating 

over Li4Ti5O12 particles which improves the cycling performance of LTO LIBs. Wang et 

al.[16] used an Y7O6F9 modified Li4Ti5O12 anode to solve the problem of electrolyte 

decomposition and enhance the rate performance. Different metal oxides have been used 

to modify the LTO material[17–19]. A ZnO coating around LTO particles increased the 

capacity of LTO and protected the electrode from the electrolyte and suppressed 

undesirable interfacial reactions between them as reported by Jin et al.[20]. TiO2 was 

used by Zhao et al.[21] to assemble hierarchical lithium titanate-titanium dioxide (LTO-

TO) microspheres which resulted in excellent cycling and rate performances. 

Although it is considered difficult to form an SEI film on the electrode surface of LTO 

anodes, the existence of such a surface layer has been thoroughly verified experimentally 

by many researchers[8,9,22–24]. Liu et al.[25] reported that carbonate-based electrolytes 

can form a SEI layer to depress the swelling problem of LTO based batteries. Vinylene 

Carbonate (VC) as SEI film-forming electrolyte additive was also studied in LTO batteries. 

It demonstrated that the VC additive contributes to a protective layer formation on LTO 

electrodes, improving the rate and cycling performance of the batteries[26][27]. Ionic 

liquids as green and safe electrolyte additives have attracted attention in electrochemistry 

due to their outstanding properties[28][29]. Ionic liquids have recently been tried in LTO 

batteries. Triethylammonium bis(tetrafluoromethylsulfonyl)amide (Et3NHTFSI) was used 

in lithium iron phosphate (LFP)/LTO batteries to improve the electrochemical 

performance[30]. The ionic liquid N-methyl-N-propylpiperidinium 

bis(trifluoromethanesulfonyl)imide (MPPipTFSI) was used as gel electrolyte and exhibited 

good charge/discharge capacities and low capacity loss at medium C rates preliminary 

cycling in LTO batteries[31]. A N-methoxyethyl-N-methylpyrrolidium (Pyr12O1) based 
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electrolyte showed good rate performance in LTO/LFP cells[32]. N-methyl-N-

propylpiperidinium bis(trifluoromethanesulphonyl)imide ionic liquid (MePrPipNTf2) and 

vinylene carbonate (VC) as the SEI forming additive were studied in LiMn2O4/LTO 

batteries[33]. 

Finding optimal IL additives with good performance is of great importance for processes 

using ILs (e.g. separation, reaction)[34]. This is also the case for ILs for electrochemical 

applications. However, the usual trial-and-error approach is time consuming and 

expensive due to the numerous ILs that may be considered potential candidates[35]. 

Computer-Aided Ionic Liquid Design (CAILD) integrates property prediction models and 

optimization algorithms to reverse engineer molecular structures with unique properties. 

For this reason, CAILD is ideally suited[36] for selecting specific ILs. CAILD is considered 

a non-experimental design method for selecting IL additives prior to the corresponding 

experimental work.  

Based on the optimization results of CAILD, a novel ionic liquid 3-(2-amino-2-oxoethyl)-

1-vinylimidazolium bis(trifluoromethylsulfonyl)amide ([VAIM][TFSI]) was designed and 

then first synthesized in this work. This multifunctional IL additive is capable of improving 

the cycling and rate performance of LTO lithium ion batteries, and decrease the content 

of water and HF of electrolytes. The unsaturated double carbon bond is designed to form 

a surface layer on the surface of LTO electrodes, the weak basic group is designed to 

reduce the content of HF resulting from the decomposition of lithium hexafluorophosphate 

in contact with water. The ionic liquid as inhibitor and stabilizer of electrolytes was 

investigated by determining the water contents by Karl Fischer Coulometric titration and 

HF contents by acid base titration in the beginning and after storage for one week and 

one month. The electrochemical performances of Li/LTO batteries were studied by a 

battery testing system. The SEI film was verified by Scanning electron microscope (SEM) 

and X-ray photoelectron spectroscopy (XPS). 

2. Computer-aided IL additives design 

2.1 CAILD-based problem formulation 

To find optimal IL additives using the design method CAILD, structural and property 

constraints should be included. Electrical conductivity is the measure of a material's ability 
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to allow the transport of an electric charge and is a critical property in electronic 

applications [36,37]. For this reason, we set the electrical conductivity as the objective 

function during the IL design. Meanwhile, to ensure the designed ILs are room 

temperature ionic liquids (RTILs), their melting point temperatures must be less than 

 

Table 1 CAILD-based MINLP problem formulation 
Objective 

function  
𝑓𝑜𝑏𝑗 = max (𝜀) 𝜀: electrical conductivity 

molecular 

structural 

constraints  

∑ 𝑐𝑖

𝑖𝜖𝐶

= 1 

∑ 𝑎𝑗

𝑗𝜖𝐴

= 1 

∑ 𝑥𝑙 −

𝑁

𝑙=1

∑ 𝑐𝑖𝑣𝑖

𝑖𝜖𝐶

= 0 

∑(2 − 𝑣𝑖

𝑖𝜖𝐶

)𝑐𝑖 + ∑ ∑(2 − 𝑣𝑘𝑙)𝑥𝑙

𝑘𝜖𝑆

𝑁

𝑙=1

𝑛𝑘𝑙 = 2 

∑(2 − 𝑣𝑘𝑙)𝑥𝑙𝑛𝑘𝑙 = 1

𝑘𝜖𝑆

 

𝑛𝑘
𝐿 ≤ ∑ ∑ 𝑥𝑙𝑛𝑘𝑙

𝑘𝜖𝑆

𝑁

𝑙=1

≤ 𝑛𝑘
𝑈 

𝑛𝑘𝑙
𝐿 ≤ ∑ 𝑥𝑙𝑛𝑘𝑙 ≤

𝑘𝜖𝑆

𝑛𝑘𝑙
𝑈

 

𝑖: cation    𝑗: anion    𝑘: substituent (see Table 

2) 

𝑐𝑖: occurrence (0 or 1) of cation 𝑖 

𝑎𝑗: occurrence (0 or 1) of anion 𝑗 

𝐶: set of cations     𝐴: set of anions 

𝑆: set of substituents   𝑙: side chain 

𝑥𝑙: occurrence of side chain 𝑙 

𝑣𝑖: valence of cation 𝑖 

𝑣𝑘𝑙: valence of substituent 𝑘 in side chain 𝑙 

𝑛𝑘𝑙: number of substituent 𝑘 in side chain 𝑙 

𝑛𝑘
𝐿 : minimum number of substituent 𝑘  in the 

whole molecule 

𝑛𝑘
𝑈 : maximum number of substituent 𝑘  in the 

whole molecule 

𝑛𝑘𝑙
𝐿 : minimum number of substituent 𝑘 in side 

chain 𝑙 

𝑛𝑘𝑙
𝑈 : maximum number of substituent 𝑘 in side 

chain 𝑙 

𝑁: number of side chains 

Property 

constraints 

𝑇𝑚 < 298.5 (𝐾) 

𝜂 < 0.1 (𝑃𝑎. 𝑠) 

𝑇𝑚: melting point temperature 

𝜂: viscosity 
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298.15 K, and their viscosities should also be taken into account as viscosity has 

significant impact on the practical process operations. Therefore, these two properties 

are set as physical constraints in CAILD. In addition, a detailed set of structural constraints 

is introduced to ensure the feasibility and complexity of designed ILs[38]. Based on the 

design objective function and the constraints on the molecular structure and properties, 

the CAILD can be formulated as a mixed-integer non-linear programming (MINLP) 

problem, as presented in Table 1. 

To predict the electrical conductivity, melting temperature and viscosity of ILs, different 

group contribution-based methods (Chen et al., 2019), [39][40] are used for each property. 

 ln
𝜀

𝑅0𝜀
= 𝐴𝜀 + 𝐵𝜀

100

𝑇
+ 𝐶𝜀 (

100

𝑇
)

2
 1 

𝜀 is the electrical conductivity with a unit of S·m-1 and 𝑇 (K) is the temperature. 𝑅0𝜀 is an 

adjustable parameter, also expressed in S·m-1 as well. Parameters 𝐴𝜀, 𝐵𝜀 and 𝐶𝜀 can be 

estimated from group contribution methods, as shown in Eq.2. 

 𝐴𝜀 = ∑ 𝑛𝑖𝑎𝑖,𝜀
𝑘
𝑖=1     𝐵𝜀 = ∑ 𝑛𝑖𝑏𝑖,𝜀

𝑘
𝑖=1     𝐶𝜀 = ∑ 𝑛𝑖𝑐𝑖,𝜀

𝑘
𝑖=1  2 

𝑘 is the number of all group types involved in the molecule and 𝑛𝑖 is the number of group 

type 𝑖 . 𝑎𝑖,𝜀 , 𝑏𝑖,𝜀  and 𝑐𝑖,𝜀  are group contributions regressed from a wide range of 

experimental data points in this work (see Table A1 in Appendix). 

 𝑇𝑚 = 288.7 + ∑ 𝑛𝑖∆𝑡𝑐𝑖

𝑘
𝑖=1 + ∑ 𝑛𝑗∆𝑡𝑎𝑗

𝑘
𝑖=1  3 

𝑇𝑚 is the melting point temperature in K. 𝑘 is the number of all group types involved in the 

molecule and 𝑛𝑖 is the number of group type 𝑖. ∆𝑡𝑐𝑖
 and ∆𝑡𝑎𝑗 are the group contributions 

from cation and anion moieties, respectively. These group contribution parameters are 

taken from Lazzus’ work[41]. 

 ln
𝜂

𝑅0𝜂
= 𝐴𝜂 + 𝐵𝜂

100

𝑇
+ 𝐷𝜂 (

100

𝑇
)

2
 4 

where 𝜂  is the viscosity in Pa.s  and 𝑇  is the temperature in K. 𝑅0𝜂  is an adjustable 
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parameter, also with a unit of Pa.s. 𝐴𝜂, 𝐵𝜂 and 𝐶𝜂 are calculated by group contribution 

methods by Eq.10. 

 𝐴𝜂 = ∑ 𝑛𝑖𝑎𝑖,𝜂
𝑘
𝑖=1     𝐵𝜂 = ∑ 𝑛𝑖𝑏𝑖,𝜂

𝑘
𝑖=1     𝐷𝜂 = ∑ 𝑛𝑖𝑑𝑖,𝜂

𝑘
𝑖=1  5 

where 𝑘 represents the total number of different groups in the molecule and 𝑛𝑖 denotes 

the number of groups of type 𝑖. Group contributions 𝑎𝑖,𝜂, 𝑏𝑖,𝜂 and 𝑑𝑖,𝜂 are regressed from 

a wide range of experimental data points in this work (see Table A2 in Appendix).  

2.2 Solution and analysis  

It has been shown that organic additives with unsaturated bonds (e.g. C=C, C=O) [42–

45]generally decompose prior to other main solvents to form stable SEI films on anode 

surfaces, which can effectively suppress the electrolyte decomposition on graphitic 

carbon and therefore improve the anodic cyclability[42,46]. Meanwhile, it is well known 

that trace impurities of water can initiate the thermal decomposition of carbonate 

electrolytes containing LiPF6, which results in the generation of hydrofluoric acid (HF)[47–

49]. Consequently, the LiMn2O4 electrode is easily eroded by HF generating electrolytes 

at different states of charge. These HF attacks will further destabilize the SEI film[50]. For 

this reason, great efforts have been made for improving the cyclability of LiMn2O4-based 

batteries by inhibiting HF production or by removing water and neutralizing acids[51–59]. 

Among those strategies, the application of functional additives is widely being 

investigated and it has been accepted that both H2O and HF can possibly be stabilized 

by ethanolamine through hydrogen bonds of N···H–F(O) and F(O)···H–N[60]. 

Based on the understanding of organic additives in electrolytes mentioned above, two 

functional groups, vinyl and amide are included as cation substituents for the IL molecular 

design. As shown in Table 2, 4 substituents, 6 cations and 15 anions were selected as 

molecular building blocks in CAILD. 

The formulated CAILD-based MINLP problem was solved by Python programming, from 

where a set of 100 ILs were selected from 1,089,450 candidates (see Supporting 

Information). The ILs were selected on the basis of their electrical conductivity and their 

structure. By comparing the electrical conductivities of all 100 IL candidates, it is found 
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that ILs with imidazolium based cations or [Tf2N]- anions have higher electrical 

conductivity than their counterparts. In addition, the electrical conductivity of IL decreases 

with the increasing number of alkyl groups on the cation side chain. 

Among the 100 screened IL candidates, only 7 ILs (Supporting Information) containing 

both vinyl and amide functional groups remained. One of these 7 ILs, [VAIM][TFSI] was 

synthesized for further experimental validation as additive in LIB electrolyte.  

 
Table 2 Group building blocks involved in the molecular design of IL. 
Type Groups Type Groups 

Substituents CH3 Anions [Tf2N] -  

 CH2  [BF4]- 

 CH2=CH  [PF6]-  

 O=C-NH2  [CH3COO]- 

Cation cores [Im] +  [MeSO4]- 

 [Py]+   [EtSO4]- 

 [Pyr] +  [CF3SO3]- 

 [N] +  [CH3SO3]- 

 [Pip] +  [N(CN)2]- 

 [Morp] +  [B(CN)4]- 

   [EtPO3] -  

   [BuPO3]- 

   [HePO3]-  

   [Pf2N]- 

   [eFAP]- 

3. Experimental Section 

3.1 Preparation of the Electrolyte 

The ionic liquid 3-(2-amino-2-oxoethyl)-1-vinylimidazolium 

bis(trifluoromethylsulfonyl)amide [VAIM][TFSI] was synthesized using a two-step method 

in our lab. The final ionic liquid is a little bit yellow. The purity of ionic liquid was more than 

99 %, and there was no impurity peak in the 1H NMR spectrum of ionic liquid. The ionic 

liquid was mixed with the electrolyte after drying for 48 hours. The structure of the ionic 

liquid [VAIM][TFSI] is shown in FIGURE 11. 
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The base electrolyte used in this work was 1M (M: mol/L) LiPF6 in ethylene carbonate 

(EC) and ethyl carbonate (EMC) with a mass ratio of 3:7. The purities of solvents were 

both more than 99.95 %, and the lithium salt was more than 99.5 % pure. The chemicals 

were supplied from Linzhou Keneng Materials Technology Co. The ionic liquid additive 

was added to the base electrolyte with stirring for 10 minutes. The added amounts 

corresponded to 0.5 wt %, 1 wt % and 3 wt %. Target electrolytes were kept in a glove 

box full of argon more than 24 hours. The water content of the electrolytes was measured 

by Karl Fischer titration to be less than 10 ppm. The water and oxygen contents of the 

glove box were less than 1 ppm. 

 

 

FIGURE 1 The structure of ionic liquid [VAIM][TFSI]. 

3.2 Preparation of the LTO Electrode 

The LTO electrodes were prepared with a general composition of 80 wt % Li4Ti5O12 (LTO, 

BTR New Energy Materials Inc.), 10 wt % Ketjenblack (EC-600JD, Akzo Nobel Polymer 

Chemicals), and 10 wt % polyvinylidene difluoride (PVDF, Solef® 5130). N-methyl 

pyrrolidone (NMP, Sinopharm Chemical Reagent Co., Ltd). The mixture was mixed into a 

well-distributed slurry using a planetary ball mill for 5h. The latter was coated on copper 

foil using a laboratory-scale scraper blade. The electrode tapes were cut into disks with a 

diameter of 14 mm and dried at 80 °Cfor 10h in vacuum oven before use.  

3.3 Cell Assembly 

CR2025 coin cells were used for electrochemical performance testing. The LTO electrode 

was used as anode, Celgard 2400 was used as separator, and lithium foil was used as 
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counter electrode. The electrolytes used in this study were 1M LiPF6/EC:EMC (3:7, w/w) 

containing different amounts of ionic liquid [VAIM][TFSI] corresponding to 0 wt %, 0.5 

wt %, 1.0 wt% and 3.0 wt %. All coin cells were assembled in a glove box, in which water 

and oxygen contents both were less than 1 ppm. The cells were allowed to stand for 2 

hours at room temperature before electrochemical measurements. 

3.4 HF and water content measurements 

The hydrogen fluoride (HF) content was determined by titration. The prepared electrolyte 

was titrated and the exact composition calculated from the amount of used titrant. The 

titrant was sodium methoxide in ethanol solution calibrated with benzoic acid. The 

indicator was 1wt% bromothymol blue in ethanol. 

The water content of the electrolytes was determined using a Karl Fischer Coulometer 

(METTLER TOLEDO C30). 

3.5 Electrochemical Characterization 

The CHI660E electrochemical workstation was used to detect the cyclic voltammetry (CV) 

and perform electrochemical impedance spectroscopy (EIS).The cyclic voltammetry was 

performed at a scan rate of 0.1 mV s-1. The electrochemical impedance spectroscopy was 

carried out with a frequency range from 0.01Hz to 105 Hz. The charging-discharging 

performance of LTO/Li lithium batteries was measured on Battery Test Systems (LAND 

CT2001A) from 1.0 V to 2.5 V at various rates. 

3.6 Surface Detections of the LTO Electrode 

A scanning electron microscope (SEM, JSM-7001f) was used to study the solid electrolyte 

interphase (SEI) of the battery electrode before and after cycles. X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250XI) was used to analyze the composition of the SEI 

film on the LTO electrode. The electrodes were washed three times with DMC after CV 

measurement and placed in a vacuum oven for 2 hours at 50 °C before use. 

 

4. Experimental Results and Discussion 

4.1 Physicochemical Properties 

Water and HF are important indicators to evaluate the quality of the electrolyte. The use 

of high quality battery grade electrolytes, in which the water content is less than 15 ppm 
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and the hydrogen fluoride content less than 50 ppm[61][62], is critical for high 

electrochemical performance. Due to the special surface characteristics of LTO materials, 

nanoscale particles have high affinity for water which is difficult to remove. The water and 

HF contents of electrolytes with different content of [VAIM][TFSI] (0%, 0.5 wt %, 1 wt %, 

3 wt %) were measured after  different standing times shown in Table 3 and Table 4. In 

the beginning, the water content of base electrolyte is 8.98 ppm, which gets lower after 

adding some ionic liquid into the base electrolyte. The water content decreases as the 

ionic liquid content increases. The water content increases with increasing of standing 

time in all the prepared samples. The growth rate decreases with increasing ionic liquid 

content. After one month standing time, the electrolyte without ionic liquid additive, had a 

water content of 25.56 ppm which is more than 15 ppm, and can therefore not be used in 

the commercial market. However, the electrolytes with ionic liquid contained less than 15 

ppm water. Similar results were obtained in terms of HF. In this study, the [VAIM][TFSI] 

effectively inhibits the generation of HF and water, and guarantees the quality of the 

electrolyte. 

 

Table 3 Water content (ppm) of electrolytes with and without ionic liquid [VAIM][TFSI] at different 
standing time. 

IL content 

Standing 

Time 

0 % 0.5 wt % 1.0 wt % 3.0 wt % 

Beginning 8.98 8.56 8.43 8.38 

7days 9.50 9.11 9.07 9.01 

1 month 17.56 13.56 12.21 11.18 

 
Table 4 Hydrogen fluoride content (ppm) of electrolytes with and without ionic liquid [VAIM][TFSI] at 
different standing time. 

IL content 

Standing  

Time 

0 % 0.5 wt % 1.0 wt % 3.0 wt % 

Beginning 41 32 27 25 

7days 45 36 31 29 

1 month 61 42 35 31 
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4.2 Cycling Performance Analyses 
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FIGURE 2 Cycle performance of LTO/Li batteries in different electrolytes at 0.5 C rate. 
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FIGURE 3 Cycle performance of LTO/Li batteries in different electrolytes at 1 C rate. 

The LTO/Li coin cells were charged and discharged at the first ten cycles with a rate of 

0.1 C, then they cycled at higher rate with 0.5 C. FIGURE  shows the cycle performances 

of LTO/Li coin cells using electrolytes with different content of ionic liquid [VAIM][TFSI] 
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additive. In the beginning, the specific capacity of LTO/Li coin cell in the base electrolyte 

with 0.5 wt % ionic liquid is highest, up to 158.0 mAhg-1. The following value is for the 

electrolyte without ionic liquid additive. It has higher specific capacity than the electrolytes 

with 1 wt % and 3.0 %. From the curves, it is seen that the capacity in LTO/Li coin half-

cell without ionic liquid decays faster, and the value becomes the lowest after 200 cycles 

with 149.8 mAhg-1. The value for the electrolyte with 0.5 wt % is 156.8 mAhg-1. The 

capacity retention in the electrolytes with 0 wt %, 0.5 wt %, 1.0 wt % and 3.0 wt % ionic 

liquid additive is 96.03%, 99.24 %, 98.71 % and 98.82%, respectively, after 200 cycles at 

a rate 0.5 C shown in FIGURE .  

The cycle performances of LTO/Li coin half-cells at a rate of 1.0 C are shown in FIGURE . 

The half-cell with 0.5 wt % [VAIM][TFSI] possess the highest specific capacity, up to 155.7 

mAhg-1 and the lowest impedance. The half-cell without ionic liquid has the lowest specific 

capacity, 145.3 mAhg-1 and the highest impedance. The specific capacity of a half-cell 

with 1.0 wt % ionic liquid is 153.1 mAhg-1, and with 3.0 wt % ionic liquid is 149.7 mAhg-1, 

at 1.0 C rate. Due to the large current change from 0.5 C to 1.0 C, a relatively large 

polarization results in the loss of capacity of half-cells at 1.0 C. The capacity retention of 

LTO/Li half-cells in the electrolytes with 0 wt %, 0.5 wt %, 1.0 wt % and 3.0 wt % ionic 

liquid additive is 98.35%, 99.61 %, 99.48 % and 99.33 %, respectively, after 100 cycles 

at a rate of 1.0 C shown in Table 5. It shows that the specific capacity of half-cells without 

[VAIM][TFSI] fades faster. All half-cells with ionic liquid [VAIM][TFSI] show a good cycle 

performance at 0.5 C and 1.0 C rates. 

Table 5 Capacity retention in LTO/Li half-cells with different electrolytes at different rate. 

Rate 0 wt % IL 0.5 wt % IL 1.0 wt % IL 3.0 wt % IL 

Capacity retention after 200 

cycles at 0.5 C (%) 
96.03 99.24 98.71 98.82 

Capacity retention after 100 

cycles at 1.0 C (%) 
98.35 99.61 99.48 99.33 

 

4.3 Rate Performance Analysis 

C-rate is an important basis for evaluating the electrochemical performance of lithium 
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batteries. FIGURE  shows the C-rate performance of the LTO/Li battery with different 

content of [VAIM][TFSI]. All coin cells were cycled at various rates, including 0.1 C, 0.5 C, 

1 C, 2 C, 5 C, 10 C, 15 C, and 20 C. The initial specific capacity of the half-cell in the 

electrolytes with 0 wt %, 0.5 wt %, 3.0 wt % is similar at the low rate while the initial 

specific capacity for the battery with 1.0 wt % IL is a little higher (FIGURE 4). With 

increasing C-rate, the capacity of the cell without ionic liquid declines rapidly from 0.1 C 

to 20 C. The capacity retention (compared with the last loop of 0.1 C) from 0.1 C to 20 C 

is 40.88 %. The cell in the electrolyte with 0.5 wt % ionic liquid has the best C-rate 

performance. The capacity retentions in the cells with 0.5 wt %, 1.0 wt % and 3.0 wt % is 

87.50 %, 74.13 % and 68.86 %, respectively, shown in Table 6.  

The charge and discharge profiles of LTO electrodes in different electrolytes and at 

different rates are plotted in FIGURE 5. The discharge voltage plateau is similar for the 

four IL contents and is about 1.55 V at low rate. The distinct discharge voltage plateau is 

evident at higher rates, and the values with ionic liquid are higher than those without 

additive. The discharge voltage plateau decreases with increasing rate, due to the fact 

that the polarization increases as the current increases, and it descends sharply in the 

electrolyte without ionic liquid. 
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FIGURE 4 Rate performance of LTO batteries in different electrolytes. 
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FIGURE 5 Charge and discharge curves of LTO/Li batteries in the electrolytes with different 

content of ionic liquid, at different rates. 

 

Table 6 Capacity retentions (compared with the last loop of 0.1 C) of LTO/Li battery with 

different content of ionic liquid at different rates compared to the retention at 0.1 C. 

 0 % 0.5 wt % 1.0 wt % 3.0 wt % 

Rate 

C 

Specific 

capacity 

mAhg-1 

Capacity 

retention 

% 

Specific 

capacity 

mAhg-1 

Capacity 

retention 

% 

Specific 

capacity 

mAhg-1 

Capacity 

retention 

% 

Specific 

capacity 

mAhg-1 

Capacity 

retention 

% 

0.1 161.7 100.00 160.0 100.00 170.5 100.00 163.8 100.00 

0.5 158.2 97.84 163.1 101.94 162.3 95.19 157.6 96.21 

1 155.2 95.98 160.9 100.56 159 93.26 153.9 93.96 

2 149.7 92.58 159.4 99.63 156.7 91.91 151.6 92.55 

5 136.9 84.66 156.8 98.00 152.5 89.44 144.9 88.46 

10 125.4 77.55 152.6 95.38 146.3 85.81 132.7 81.01 

15 99.9 61.78 146.6 91.63 136.3 79.94 124 75.70 

20 66.1 40.88 140 87.50 126.4 74.13 112.8 68.86 

0.1 167.2 - 163 - 167.8 - 159.4 - 
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4.4 Impedance Analysis 
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FIGURE 6 Impedance spectra of LTO batteries in different electrolytes after 200 cycles, (b) is an 

enlarged image of (a) at high frequency. 

 

Electrochemical impedance spectroscopy (EIS) is a very powerful way to get 

electrochemical information of a battery. EIS can not only offer detailed kinetic information, 

but can also be used to monitor changes in battery properties under different conditions. 

In our work, EIS is used to investigate the kinetics of the electrochemical process at the 

LTO electrode. FIGURE 6 shows the electrochemical impedance spectra of LTO/Li half-

cells using the electrolytes with 0%, 0.5 wt %, 1.0 wt %, 3.0 wt % ionic liquid [VAIM][TFSI] 

after 200 cycles, the frequency range is from 0.01Hz to 105 Hz. The half circle in the high 
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frequency range is attributed to the charge transfer resistance of the LTO/Li battery, the 

half circle in the low frequency range is the diffusive resistance. It can be seen from the 

graph that the impedance of the electrolyte with 0.5 wt % [VAIM][TFSI] is lowest. It 

indicates that the Li+ movement through the surface of the electrode is positive, the 

specific capacity of the half cell in the electrolyte with 0.5 wt % [VAIM][TFSI] is the largest 

and the resistance is the lowest. The cell without ionic liquid shows the highest charge 

transfer resistance compared to other electrolytes after 200 cycles, which results in 

capacity loss.  

4.5 SEM Analyses 

 

  

  

FIGURE 7 SEM images of LTO electrode after fully discharge in the base electrolyte with 0 % (a), 

0.5 wt % (b), 1.0 wt %, 3.0 wt % (d) ionic liquid [VAIM][TFSI]. 

 

FIGURE 7 (a), (b), (c) and (d) shows the surface morphology of the LTO electrode after 

full discharge in different electrolytes with 0 %, 0.5 wt %, 1.0 wt % and 3.0 wt % 

a b 

c d 
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[VAIM][TFSI], using Scanning Electron Microscopy (SEM). It can be seen from FIGURE  

(a) that lithium titanate particles are more distinct, and there is no apparent passive film 

formation. After the addition of ionic liquid, there is also no obvious passive film on the 

electrode surface. However, the boundary of lithium titanate particles becomes fuzzy, 

which can be seen from FIGURE  (b). It indicates that some decomposition of electrolyte 

with ionic liquid during the charge process is covered on the LTO electrode by the 

influence of ionic liquid. For the electrolyte with 3% ionic liquid particle clusters appear on 

the surface of the electrode. 

4.6 XPS Analysis 

X-ray photoelectron spectroscopy (XPS) has been used to verify the specific elements of 

the electrode surface[63]. The XPS spectra of the surface at the electrodes in the base 

electrolytes with different content of ionic liquid 0 %, 0.5 wt %, 1.0 wt % and 3.0 wt % 

were plotted in FIGURE , FIGURE 1, FIGURE , and FIGURE 1. In the C 1s spectra, the 

peak at 284.1 eV is attributed to the C-C bond from the carbon black, 286.0 eV is 

attributed to PVDF, 287.6 eV is attributed to the C=O bond from lithium alkyl carbonates 

(R-CH2OCO2-Li) and polycarbonates, and 290.9 eV is attributed to Li2CO3 [64]. It can be 

seen from the figures that the intensity of the Li2CO3 peak for the electrode with no ionic 

liquid is the strongest. The value decreases with the increase of ionic liquid content. It is 

indicated that this IL additive can inhibit the decomposition of electrolyte. In the O 1s 

spectra, 531.1 eV is attributed to the C=O bond from lithium alkyl carbonates (R-

CH2OCO2-Li)[65]. From the spectra, it is seen that the intensity of the C=O peak in 

electrolyte without ionic liquid is higher than other electrolyte with ionic liquid, indicating 

the inhibitory effect of ionic liquid additive on the decomposition of electrolyte. In the F 1s 

spectra, the peak at 684.5- 685.8 eV is attributed to LiF, the peak at ~686.1 eV is attributed 

to LiPxOyFz, the peak at 687 eV - 689 eV is attributed to PVDF[65]. The strength of LiF in 

the electrolyte with ionic liquid is higher than it is in the electrolyte without ionic liquid. LiF 

covers the surface of the LTO anode as a barrier layer to prevent the reductive electrolyte 

decomposition, and to reduce the gas swelling of LTO battery. This is beneficial to the 

cycling performance. The N 1s peak is clearly detected at about ~401 eV which is 

attributed to CN, and the S 2p peak can also be found at about 170.5 eV in the electrolyte 

with ionic liquid additive, but not in the electrolyte without ionic liquid. Both N and S 
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elements come from the ionic liquid [VAIM][TFSI]. It is indicated that more and more 

decomposition of ionic liquid appears on the surface of LTO electrode as the ionic liquid 

content increases. 

 

FIGURE 8 XPS spectra for the surface of LTO in electrolyte without ionic liquid [VAIM][TFSI]. 

 

FIGURE 1 XPS spectra for the surface of LTO in electrolyte with 0.5 wt % ionic liquid [VAIM][TFSI]. 

 

FIGURE 10 XPS spectra for the surface of LTO in electrolyte with 1.0 wt % ionic liquid [VAIM][TFSI]. 

 

FIGURE 11 XPS spectra for the surface of LTO in electrolyte with 0.5 wt % ionic liquid [VAIM][TFSI]. 

 

5. Conclusions  

A new type of ionic liquid 3-(2-amino-2-oxoethyl)-1-vinylimidazolium bis(trifluoromethyl-

sulfonyl)amide [VAIM][TFSI] was designed by using a CAILD method. The ionic liquid was 

synthesized using a two-step method and investigated as a multifunctional additive in the 

LTO lithium battery. Measurements show that the ionic liquid not only lowers the water 

content but also reduces the amount of HF formed. At the same time, the amount of gas 
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generated from the catalytic decomposition of organic solvents on the LTO electrode is 

reduced. This protects the battery from expansion and rapid breakdown and thereby 

increases its safety. The electrolyte with ionic liquid has good durability. The electrolytes 

based on ionic liquid of 0 %, 0.5 wt %, 1.0 wt % and 3.0 wt % for LTO/Li batteries were 

studied. The battery with 0.5 wt % ionic liquid displays good cycle and rate performance. 

The capacity retention of this battery after 200 cycles at 0.5 C remains 99.24 %, and after 

100 cycles at 1 C is 99.61 %. At high current discharge, the battery with 0.5 wt % ionic 

liquid has the best rate performance, the capacity retention is 99.43 % at 5 C and 89.41 % 

at 20 C. But in the LTO/Li battery without ionic liquid the capacity retention is only 85.37 % 

and 42.94 %, and decays very fast. From the EIS spectra, it is known that the charge 

transfer resistance is the lowest in the electrolyte with 0.5 wt % ionic liquid, and is the 

largest in the electrolyte without ionic liquid. There is a small layer on the surface of the 

electrode used in the cell containing electrolyte with ionic liquid. The decomposition of 

ionic liquid can be seen from SEM and XPS spectra. 
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Abbreviations  
 

 

CH3 methyl 

CH2 methylene 

CH2=CH vinyl 

O=C-NH2 amide 

Im (+) imidazolium  

Py (+) pyridinium  

Pyr (+) pyrrolidinium 

N (+) ammonium  

Pip (+) piperidinium  

Morp(+) morpholin 

[Tf2N]- bis(trifluoromethanesulfonyl) amide 

[BF4]- tetrafluoroborate 

[PF6]- hexafluorophosphate 

[CH3COO]- acetate 

[MeSO4]- methyl sulfate 

[EtSO4]- ethyl sulfate 

[CF3SO3]- trifluoromethanesulfonate 

[CH3SO3]- methanesulfonate 

[N(CN)2]- dicyanamide 

[B(CN)4]- tetracyanoborate 

[EtPO3]- ethyl phosphonate 

[BuPO3]- butyl phosphonate 

[HePO3]- hexyl phosphonate 

[Pf2N]- bis(perfluoroethylsulfonyl)imide 

[eFAP]- tris(pentafluoroethyl)trifluorophosph

ate 
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Appendix of manuscript 3 

Table A1 Group contributions 𝑎𝑖,𝜀 , 𝑏𝑖,𝜀  and 𝑐𝑖,𝜀  with the 𝑅0𝜀  of 6.719 S.m-1 for electrical 

conductivity 

Groups 𝑎𝑖,𝜀 𝑏𝑖.𝜀 (K) 𝑐𝑖.𝜀 (K2) 

𝑅0𝜀 6.719 (S.m-1) 

Cation cores    

Im (+) 0.766 -9.933 -0.910 

Py (+) 0.875 -13.152 -0.032 

Pyr (+) -4.399 -0.609 -0.276 

N (+) 0.686 -7.709 -0.143 

Pip (+) -4.297 -5.098 -0.071 

Morp (+) -5.437 0.367 0.261 

Substituents    

(ring)-H -0.148 5.097 -10.936 

-CH3 1.862 -4.947 -2.207 

-CH2- -1.522 9.909 -18.948 

-CH=CH2 13.101 -34.552 0.005 

-(O=C-NH2) 8.690 -29.249 7.98E-04 

Anions    

[Tf2N]- -0.676 1.609 0.063 

[BF4]- 1.105 -5.164 -0.003 

[PF6]- 0.034 3.162 -22.808 

[AC]- 18.488 -116.520 160.162 

[MeSO4]- -0.487 -1.504 -1.008 

[EtSO4]- 0.102 -2.101 -1.442 

[CF3SO3]- -0.740 0.960 0.405 

[CH3SO3]- 4.018 -15.436 -0.053 

[N(CN)2]- -4.246 -0.299 -0.095 

[B(CN)4]- 0.162 1.054 0.701 

[EtPO3]- -1.551 0.754 0.151 

[BuPO3]- -2.218 -0.597 -0.234 

[HePO3]- -8.825 21.841 -0.016 

[Pf2N]- -0.430 -1.958 -0.155 

[eFAP]- -1.758 3.594 2.073 
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Table A2 Group contributions 𝑎𝑖,η, 𝑏𝑖,η and 𝑐𝑖,η with the 𝑅0η of 1.78E-06 Pa.s for viscosity 

Groups 𝑎𝑖.η 𝑏𝑖.η (K) 𝑐𝑖.η (K2) 

𝑅0η 1.78E-06 (Pa.s) 

Cation cores    

Im (+) -1.706 14.2 13.876 

Py (+) -0.109 -0.307 44.992 

Pyr (+) -16.776 104.099 -120.452 

N (+) 0.084 8.754 11.202 

Pip (+) -8.318 35.24 18.766 

Morp (+) -7.856 40.096 5.304 

Substituents    

(ring)-H 1.709 -8.745 11.296 

-CH3 3.03 -17.878 27.32 

-CH2- -0.18 0.369 1.926 

-CH=CH2 -0.113 0.729 -0.763 

-(O=C-NH2) -19.088 37.598 77.226 

Anions    

[Tf2N]- -0.214 19.314 -13.285 

[BF4]- 1.652 3.182 25.511 

[PF6]- -7.304 57.887 -48.087 

[AC]- -38.53 -16.068 -43.873 

[MeSO4]- 0.889 10.102 11.921 

[EtSO4]- 2.206 0.616 29.953 

[CF3SO3]- 2.339 5.719 6.369 

[CH3SO3]- 10.941 -61.107 140.678 

[N(CN)2]- 2.303 3.794 5.916 

[B(CN)4]- 3.924 -9.778 30.917 

[EtPO3]- -0.708 14.549 2.358 

[BuPO3]- -3.62 16.542 20.983 

[HePO3]- -2.121 5.442 42.636 

[Pf2N]- 1.32 5.415 22.143 

[eFAP]- 0.406 14.239 1.182 
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Supporting information of manuscript 3 

 

No. of IL 
additives Group combinations 

MW 
g/mol Tm/K 

Viscosity/
Pa.s 

Electricity 
conductivity/ S.m-1 

IL1 1 [Im], 1 [Tf2N], 1 CH2=CH 648.942 271.123 0.0195 6.999 

IL2 1 [Im], 1 [Tf2N], 1 CH2, 1 CH2=CH 692.976 267.364 0.0225 5.031 

IL3 1 [Im], 1 [Tf2N], 1 CH3, 1 CH2=CH 662.969 287.719 0.0204 4.802 

IL4 1 [Py], 1 [Tf2N], 1 CH2=CH 657.949 275.692 0.0245 4.076 

IL5 1 [Im], 1 [Tf2N], 2 CH2, 1 CH2=CH 737.01 263.605 0.0259 3.617 

IL6 1 [Im], 1 [Tf2N], 1 CH3, 1 CH2, 1 CH2=CH 707.003 283.96 0.0235 3.452 

IL7 1 [Py], 1 [Tf2N], 1 CH2, 1 CH2=CH 701.983 271.933 0.0282 2.930 

IL8 1 [Py], 1 [Tf2N], 1 CH3, 1 CH2=CH 671.976 292.288 0.0256 2.796 

IL9 1 [N], 1 [Tf2N], 1 CH3, 3 CH2, 1 CH2=CH 746.039 295.792 0.0227 2.718 

IL10 1 [Im], 1 [EtSO4], 1 CH2, 1 CH2=CH 537.952 296.575 0.0556 2.665 

IL11 1 [Pyr], 1 [Tf2N], 2 CH2, 1 CH2=CH 734.006 297.484 0.0337 2.653 

IL12 1 [Im], 1 [eFAP], 1 CH2=CH 813.803 270.925 0.0415 2.640 

IL13 1 [Im], 1 [MeSO4], 1 CH2=CH 479.891 296.07 0.0420 2.638 

IL14 1 [Im], 1 [Tf2N], 3 CH2, 1 CH2=CH 781.044 259.846 0.0299 2.600 

IL15 1 [Pip], 1 [Tf2N], 1 CH2=CH 657.949 275.322 0.0620 2.504 

IL16 1 [Im], 1 [Tf2N], 1 CH3, 2 CH2, 1 CH2=CH 751.037 280.201 0.0271 2.481 

IL17 1 [Im], 1 [EtPO3], 1 CH2=CH 476.826 265.822 0.0132 2.212 

IL18 1 [Py], 1 [Tf2N], 2 CH2, 1 CH2=CH 746.017 268.174 0.0325 2.107 

IL19 1 [Im], 1 [Pf2N], 1 CH2=CH 748.958 291.406 0.0024 2.022 

IL20 1 [N], 1 [Tf2N], 1 CH3, 4 CH2, 1 CH2=CH 790.073 292.033 0.0262 1.954 

IL21 1 [Im], 1 [EtSO4], 2 CH2, 1 CH2=CH 581.986 292.816 0.0642 1.916 

IL22 1 [Pyr], 1 [Tf2N], 3 CH2, 1 CH2=CH 778.04 293.725 0.0388 1.907 

IL23 1 [Im], 1 [eFAP], 1 CH2, 1 CH2=CH 857.837 267.166 0.0478 1.898 

IL24 1 [Im], 1 [MeSO4], 1 CH2, 1 CH2=CH 523.925 292.311 0.0485 1.897 

IL25 1 [Im], 1 [Tf2N], 4 CH2, 1 CH2=CH 825.078 256.087 0.0345 1.869 

IL26 1 [Im], 1 [eFAP], 1 CH3, 1 CH2 827.83 287.521 0.0434 1.811 

IL27 1 [Pip], 1 [Tf2N], 1 CH2, 1 CH2=CH 701.983 271.563 0.0715 1.800 

IL28 1 [Im], 1 [Tf2N], 1 CH3, 3 CH2, 1 CH2=CH 795.071 276.442 0.0313 1.784 

IL29 1 [Im], 1 [HePO3], 1 CH2=CH 532.934 282.878 0.0116 1.775 

IL30 1 [Pip], 1 [Tf2N], 1 CH3, 1 CH2=CH 671.976 291.918 0.0648 1.718 

IL31 1 [Im], 1 [Tf2N], 2 CH3, 2 CH2, 1 CH2=CH 765.064 296.797 0.0284 1.702 

IL32 1 [N], 1 [EtPO3], 1 CH3, 1 CH2, 1 CH2=CH 485.855 298.009 0.0115 1.662 

IL33 1 [Im], 1 [Tf2N], 1 CH2=CH, O=C-NH2 674.98 283.132 0.0638 1.639 

IL34 1 [Im], 1 [EtPO3], 1 CH2, 1 CH2=CH 520.86 262.063 0.0152 1.590 

IL35 1 [Py], 1 [eFAP], 1 CH2=CH 822.81 275.494 0.0520 1.538 

IL36 1 [Im], 1 [EtPO3], 1 CH3, 1 CH2=CH 490.853 282.418 0.0138 1.518 

IL37 1 [Py], 1 [Tf2N], 3 CH2, 1 CH2=CH 790.051 264.415 0.0375 1.514 
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IL38 1 [Im], 1 [Tf2N], 1 CH3 649.95 276.695 0.0208 1.473 

IL39 1 [Im], 1 [Pf2N], 1 CH2, 1 CH2=CH 792.992 287.647 0.0027 1.454 

IL40 1 [Py], 1 [Tf2N], 1 CH3, 2 CH2, 1 CH2=CH 760.044 284.77 0.0340 1.445 

IL41 1 [Im], 1 [EtSO4], 3 CH2, 1 CH2=CH 626.02 289.057 0.0740 1.377 

IL42 1 [Pyr], 1 [Tf2N], 4 CH2, 1 CH2=CH 822.074 289.966 0.0448 1.371 

IL43 1 [Im], 1 [eFAP], 2 CH2, 1 CH2=CH 901.871 263.407 0.0552 1.364 

IL44 1 [Im], 1 [MeSO4], 2 CH2, 1 CH2=CH 567.959 288.552 0.0559 1.364 

IL45 1 [Im], 1 [Tf2N], 5 CH2, 1 CH2=CH 869.112 252.328 0.0398 1.344 

IL46 1 [Im], 1 [eFAP], 1 CH3, 1 CH2, 1 CH2=CH 871.864 283.762 0.0500 1.302 

IL47 1 [Pip], 1 [Tf2N], 2 CH2, 1 CH2=CH 746.017 267.804 0.0824 1.294 

IL48 1 [Im], 1 [Tf2N], 2 CH2, 1 CH2=CH, O=C-NH2 714.016 294.964 0.0617 1.291 

IL49 1 [Py], 1 [EtPO3], 1 CH2=CH 485.833 270.391 0.0165 1.288 

IL50 1 [Im], 1 [CH3SO3], 2 CH2, 1 CH2=CH 551.959 295.258 0.0925 1.284 

IL51 1 [Im], 1 [Tf2N], 1 CH3, 4 CH2, 1 CH2=CH 839.105 272.683 0.0361 1.282 

IL52 1 [Im], 1 [HePO3], 1 CH2, 1 CH2=CH H 576.968 279.119 0.0134 1.276 

IL53 1 [Pip], 1 [Tf2N], 1 CH3, 1 CH2, 1 CH2=CH 716.01 288.159 0.0747 1.235 

IL54 1 [Im], 1 [Tf2N], 2 CH3, 3 CH2, 1 CH2=CH 809.098 293.038 0.0327 1.224 

IL55 1 [N], 1 [EtPO3], 1 CH3, 2 CH2, 1 CH2=CH 529.889 294.25 0.0133 1.195 

IL56 1 [Im], 1 [Tf2N], 1 CH2, 1 CH2=CH, O=C-NH2 719.014 279.373 0.0736 1.179 

IL57 1 [Py], 1 [Pf2N], 1 CH2=CH 757.965 295.975 0.0030 1.178 

IL58 1 [Pyr], 1 [EtPO3], 1 CH2, 1 CH2=CH 517.856 295.942 0.0197 1.166 

IL59 1 [Im], 1 [EtPO3], 2 CH2, 1 CH2=CH 564.894 258.304 0.0175 1.143 

IL60 1 [Py], 1 [EtSO4], 2 CH2, 1 CH2=CH 590.993 297.385 0.0805 1.116 

IL61 1 [Py], 1 [eFAP], 1 CH2=CH 866.844 271.735 0.0600 1.105 

IL62 1 [Py], 1 [MeSO4], 1 CH2, 1 CH2=CH 532.932 296.88 0.0608 1.105 

IL63 1 [Im], 1 [EtPO3], 1 CH3, 1 CH2, 1 CH2=CH 534.887 278.659 0.0159 1.091 

IL64 1 [Py], 1 [Tf2N], 4 CH2, 1 CH2=CH 834.085 260.656 0.0433 1.089 

IL65 1 [Im], 1 [Tf2N], 1 CH3, 1 CH2 693.984 272.936 0.0239 1.059 

IL66 1 [Py], 1 [eFAP], 1 CH3, 1 CH2=CH 836.837 292.09 0.0544 1.055 

IL67 1 [Im], 1 [CF3SO3], 5 CH2, 1 CH2=CH 
738.032

5 296.446 0.0491 1.054 

IL68 1 [Im], 1 [Pf2N], 2 CH2, 1 CH2=CH 837.026 283.888 0.0032 1.045 

IL69 1 [Py], 1 [Tf2N], 1 CH3, 3 CH2, 1 CH2=CH 804.078 281.011 0.0393 1.039 

IL70 1 [Py], 1 [HePO3], 1 CH2=CH 541.941 287.447 0.0146 1.034 

IL71 1 [N], 1 [eFAP], 1 CH3, 3 CH2, 1 CH2=CH 910.9 295.594 0.0483 1.025 

IL72 1 [Im], 1 [Tf2N], 2 CH3 663.977 293.291 0.0217 1.011 

IL73 1 [N], 1 [Tf2N], 1 CH3, 6 CH2, 1 CH2=CH 878.141 284.515 0.0349 1.010 

IL74 1 [Pip], 1 [Tf2N], 1 CH2, 1 CH2=CH 898.867 297.286 0.0716 1.001 

IL75 1 [Im], 1 [Tf2N], 1 CH3, 3 CH2, 1 CH2=CH 670.054 285.298 0.0853 0.990 

IL76 1 [Im], 1 [Tf2N], 1 CH2=CH 866.108 286.207 0.0517 0.986 

IL77 1 [Pip], 1 [eFAP], 1 CH3, 1 CH2=CH 945.905 259.648 0.0636 0.981 

IL78 1 [Im], 1 [MeSO4], 3 CH2, 1 CH2=CH 611.993 284.793 0.0645 0.980 

IL79 1 [Im], 1 [Tf2N], 6 CH2, 1 CH2=CH 913.146 248.569 0.0459 0.966 
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IL80 1 [Py], 1 [Tf2N], 1 CH2=CH, O=C-NH2 683.987 287.701 0.0801 0.955 

IL81 1 [Im], 1 [eFAP], 1 CH3, 2 CH2, 1 CH2=CH 915.898 280.003 0.0577 0.936 

IL82 1 [Pip], 1 [Tf2N], 3 CH2, 1 CH2=CH 790.051 264.045 0.0950 0.930 

IL83 1 [N], 1 [Tf2N], 3 CH2, 1 CH2=CH, O=C-NH2 758.05 291.205 0.0711 0.928 

IL84 1 [Py], 1 [EtPO3], 3 CH2, 1 CH2=CH 529.867 266.632 0.0191 0.926 

IL85 1 [Im], 1 [Tf2N], 1 CH3, 5 CH2, 1 CH2=CH 883.139 268.924 0.0416 0.922 

IL86 1 [Im], 1 [HePO3], 2 CH2, 1 CH2=CH 621.002 275.36 0.0154 0.917 

IL87 1 [Pip], 1 [Tf2N], 1 CH3, 2 CH2, 1 CH2=CH 760.044 284.4 0.0862 0.888 

IL88 1 [Py], 1 [EtPO3], 1 CH3, 1 CH2 499.86 286.987 0.0173 0.884 

IL89 1 [Im], 1 [Tf2N], 2 CH3, 4 CH2, 1 CH2=CH 853.132 289.279 0.0377 0.880 

IL90 1 [Im], 1 [HePO3], 1 CH3, 1 CH2, 1 CH2=CH 590.995 295.715 0.0140 0.875 

IL91 1 [N], 1 [EtPO3], 1 CH3, 1 CH2, 1 CH2=CH 573.923 290.491 0.0153 0.859 

IL92 1 [Py], 1 [Tf2N], 1 CH3 658.957 281.264 0.0260 0.858 

IL93 1 [Im], 1 [Tf2N], 2 CH2, 1 CH2=CH, O=C-NH2 763.048 275.614 0.0849 0.847 

IL94 1 [Morp], 1 [EtPO3], 1 CH2=CH 489.822 275.434 0.0689 0.847 

IL95 1 [Py], 1 [Pf2N], 1 CH2, 1 CH2=CH 801.999 292.216 0.0034 0.847 

IL96 1 [Pyr], 1 [EtPO3], 2 CH2, 1 CH2=CH 561.89 292.183 0.0227 0.839 

IL97 1 [Im], 1 [EtPO3], 3 CH2, 1 CH2=CH 608.928 254.545 0.0202 0.822 

IL98 
1 [Im], 1 [Tf2N], 1 CH3, 1 CH2, 1 CH2=CH, 
O=C-N H2 733.041 295.969 0.0770 0.809 

IL99 1 [Py], 1 [EtSO4], 3 CH2, 1 CH2=CH 635.027 293.626 0.0928 0.802 

IL100 1 [Py], 1 [eFAP], 2 CH2, 1 CH2=CH 910.878 267.976 0.0692 0.795 
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HIGHLIGHTS 

A novel multifunctional ionic liquid was designed and synthesized using two-step method. 

Physicochemical properties of the new ionic liquid with DMC and EMC were investigated. 

The cycle performance and rate properties were enhanced by adding ionic liquid additive. 

The mechanisms were determined by CV, SEM and XPS analysis techniques. 

 

Keywords: Lithium ion batteries, Electrolyte, Ionic liquid, High-voltage, additive 

 

ABSTRACT 

The ionic liquid 1-vinyl-3-propionamide imidazolium bis(trifluoromethylsulfonyl) imide 

([VPIM][TFSI]) was  synthesized and applied in the electrolyte of Li/LiNi0.6Co0.2Mn0.2O2 

lithium ion batteries. The thermostability of this pure ionic liquid was investigated and is 

reported here. The physicochemical properties of binary mixtures of ionic liquid with DMC 

and EMC, such as density and viscosity, were measured at different temperatures and 

with different ionic liquid mole fractions. [VPIM][TFSI] widens the electrochemical window 

of the electrolyte. The ionic liquid inhibits the increase of water and HF content of the 

electrolyte. A comparison of charge and discharge performances in different electrolytes 

with various content of ionic liquid is reported. The electrolyte with the concentration of 
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1.0 wt % [VPIM][TFSI] has good electrochemical properties. It enhances the initial 

capacity up to 185.1 mAhg-1 at 0.5 C rate, the capacity retention of the cell is 81% after100 

cycles. The ionic liquid [VPIM][TFSI] also increases the high current rate performance of 

the cells. SEM and XPS were used to analyze the surface film on the electrodes. 

 

1. Introduction 

Lithium-ion batteries have been considered a main power source for electric vehicles 

(EVs) and hybrid electric vehicles (HEVs) owing to their long cycle life, high energy 

density and low self-discharge[1–4]. The cathode is a key component of lithium-ion 

batteries and has recently been developed to meet the requirements of EVs and HEVs. 

The ternary cathode material, layered oxide LiNi1-x-yCoxMnyO2 (NCM) might become 

the mainstream cathode material in the future. This is due to its advantages of energy 

density, rate performance, cycle life, storage stability, operating voltage and safety. The 

common ternary materials include LiNi1/3Co1/3Mn1/3O2 (NCM111), LiNi0.5Co0.2Mn0.3O2 

(NCM523), LiNi0.6Co0.2Mn0.2O2 (NCM622), LiNi0.8Co0.1Mn0.1O2(NCM811) and 

LiNi0.75Co0.10Mn0.15O2 [5–7]. The rich nickel material NCM622 has attracted much 

attention in the literature, owing to its balanceable high specific capacity, low cost, high 

operating potential and low toxicity[8]. However, NCM622 reacts aggressively with the 

electrolyte in the charged state, which leads to poor cycle life, rate performance and safety 

of the battery at high operating voltages[7].  

In order to improve the cyclic and rate performances at high operating voltage, more 

stable electrolytes are required to restrain the decomposition of solvent, and various 

electrolyte additives were tested[9–13]. Qin et al. [14] used triisopropyl borate as an 

electrolyte additive to improve the high voltage stability of the NCM cathode. Kang et al. 

[15] used 1,3,5-Trihydroxybenzene as a film-forming additive to enhance the coulombic 

efficiency and cyclic life of high voltage positive electrodes. Zuo et al. [16] studied 

tris(trimethylsilyl)borate as an additive of NCM cells which resulted in a good cycling 

performance. Ionic liquids, due to their unique characteristics such as thermal stability, 

chemical stability, electrochemical stability, nonflammability, nonvolatility and good 

conductivity[17–21], have been considered as friendly and potential solvents and 

additives of lithium batteries[22–27]. Ionic liquids were also used as additives or solvents 
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in NCM lithium batteries to improve their cyclic performance. 1-ethyl-3-methylimidazolium 

tetrafluoroborate was used as a functional additive in electrolytes to improve the low-

temperature performance of NCM lithium-ion batteries[28]. Dong et al. [29] used 1-

methyl-1-butylpiperidinium bis(trifluoromethanesulfonyl)-imide, sulfolane, and lithium 

difluoro(oxalato)borate (LiDFOB) to improve the performance of 

Li/Li1.15(Ni0.36Mn0.64)0.85O2 lithium ion batteries at elevated temperature. Hoffknecht et al. 

[30] used PYR14TFSAM in the electrolyte to improve the cycling performance of NCM/Li 

batteries at 40 °C. 

In this work, we designed and synthesized a new type of ionic liquid 1-vinyl-3-

propionamide imidazolium bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]). The effect of 

[VPIM][TFSI] on the density and viscosity of relevant solvents of electrolytes was 

investigated. It was also studied how this ionic liquid electrolyte additive influences the 

content of water and HF in the electrolyte. The electrochemical windows of electrolytes 

with [VPIM][TFSI] additive was measured to evaluate the operating potential of lithium ion 

batteries. The cyclic stability and rate performance of Li/LiNi0.6Co0.2Mn0.2O2 lithium ion 

batteries with different concentration of ionic liquid were detected by charge-discharge 

tests. Scanning electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS) 

were used to analyze the surface features. 

2. Experimental  

2.1. Synthesis of ionic liquid  

1-vinyl-3-propionamide imidazolium bis(trifluoromethylsulfonyl) imide ([VPIM][TFSI]) was 

synthesized using the two-step process shown in Fig. . In the first step, the chloride salt 

(1-vinyl-3- propionamide imidazole chloride) was obtained through the reaction of 1-vinyl 

imidazole and 3-Chloropropionamide in acetonitrile solvent under the protection of 

nitrogen gas at 75 °C for three days. The obtained white blocky middle product was 

washed and filtered with acetonitrile, then dried in a vacuum oven at 80 °C for 2 hours. In 

the second step, 1-vinyl-3- propionamide imidazole chloride and lithium 

bis(trifluoromethylsulfonyl) imide were dissolved in water and reacted in a flask at room 

temperature for 2 hours. After reaction, the solution separated in two layers. The upper 

layer was a water phase, and the lower layer was the target ionic liquid. The ionic liquid 

[VPIM][TFSI] was washed with water until chloride ions could not be detected in the wash 
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water using AgNO3[31]. After reduced pressure distillation, the ionic liquid was dried in a 

vacuum oven at 70 °C for several days until the water content was detected to be below 

50 ppm by Karl Fischer titration (Mettler-Toledo C20X). The structure of synthesized ionic 

liquid was confirmed by 1H NMR and 13CNMR spectra shown in Fig S1. The chemicals 

used in this study were summarized in Table 7. 

 

Fig. 1. Synthesis of ionic liquid [VPIM][TFSI] using two-step method. 

  

Table 7  

CAS number, Source and Mass Fraction Purity of the Chemicals. 

Chemical Name CAS Reg. No. Source Purity 

N- vinyl imidazole 1072-63-5 Sigma-Aldrich 0.99 

3-Chloropropionamide 5875-24-1 Sigma-Aldrich 0.98 

Lithium 

bis(trifluoromethylsulfonyl)azanide 
90076-65-6 www.DoDochem.com 0.995 

Acetonitrile 75-05-8 Sigma-Aldrich 0.99 

Dichloromethane 75-09-2 Sigma-Aldrich 0.99 

Dimethyl carbonate 616-38-6 Sigma-Aldrich 0.99 

Ethyl methyl carbonate 623-53-0 Sigma-Aldrich 0.99 

Standard electrolyte  

Linzhou Keneng 

Materials Technology 

Co., Ltd. 

 

 

2.2. Preparation of electrolyte and cells 

The base electrolyte used in this study was 1 M (M= mol/L) LiPF6 in EC/DMC/EMC 

(v/v/v=1/1/1). The amount of ionic liquid additive with 1 wt % and 3 wt % was added to 

the standard electrolyte. The multifunctional electrolyte was kept in a glove box filled with 
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argon for more than 24 hours. Afterwards, the water content was measured by the Karl 

Fischer method to be under 10 ppm. 

The experimental cathode was fabricated by mixing 80 wt % LiNi0.6Co0.2Mn0.2O2 

(NCM622), 10 wt % acetylene black, and 10 wt % polyvinylidene difluoride (PVDF). The 

combination was mixed into a slurry using a planetary ball mill for 5 hours. The electrode 

material was coated on an aluminum current collector using a laboratory-scale scraper 

blade. The electrode tapes were cut into disks with a diameter of 14 mm and dried at 

80 °C for 12 h in vacuum oven before use. 

NCM622/Li CR2025 cells were assembled with NCM622 cathode, Celgard 2400 

separators, electrolyte, and lithium foil electrode in the glove box, in which both water and 

oxygen content were less than 1ppm. 

2.3. Thermal analysis 

The melting point of ionic liquid was measured using differential scanning calorimetry 

(DSC) System (Mettler Toledo) with a heating and cooling rate of 10 °C min-1 from -70 °C 

to 30 °C under a flow of nitrogen atmosphere. The thermal decomposition temperature of 

the ionic liquid was detected on a Discovery TGA from TA Instruments in a nitrogen 

atmosphere with a heating rate of 10 °C min-1 from room temperature to 400 °C.  

2.4. Density and viscosity measurements 

Density measurements were performed on the Anton Paar DMA 4100 Density meter from 

293.15 K to 333.15 K. Viscosities were determined by a PAAR AMV 200 Viscosity meter 

which is a falling ball automated viscometer using standardized glass capillaries from 

298.15 K to 333.15 K. The measurements were carried out in four capillaries (diameters 

1.6 mm, 1.8 mm, 3.0 mm and 4.0 mm, respectively) and matching balls (diameter 1.5 mm, 

1.5 mm, 2.5 mm and 3.0 mm, respectively). 

2.5. H2O and HF measurements 

The titration method was used to determine the content of hydrogen fluoride (HF). The 

titrant was sodium methoxide in ethanol solution, its concentration was confirmed by 

benzoic acid. The indicator was 1wt% bromothymol blue in ethanol. 

Karl Fischer Coulometer (METTLER TOLEDO C30) was used to detect the water content 

of all the electrolytes. Every sample was measured three times, and the average value 

was used in this work. 
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2.6. Electrochemical measurements 

Linear sweep voltammetry (LSV) measurement of the electrolytes was performed on an 

Electrochemical Workstation (CHI660E). This is a three-electrode system: stainless steel 

as working electrode, lithium foil as counter and reference electrodes from 0V to 6V at a 

scan rate of 1 mV s−1. The cyclic voltammetry (0.5 mV s-1) and AC impedance of 

NCM622/Li half-cells were also performed on the Electrochemical Workstation (CHI660E). 

The charging-discharging performance was carried out on Battery Test Systems (LAND 

CT2001A) from 2.5 V to 4.5 V at different rates. 

2.7. Surface analysis 

Surface morphology of the cathode was investigate by Scanning electron microscope 

(SEM, JSM-7001f) to study the cathode electrolyte interphase (CEI) after cycles. Surface 

composition analysis of passivated layer on the cathode was determined by X-ray 

photoelectron spectroscopy (XPS, ESCALAB 250XI). After cycles, the electrodes were 

washed three times with DMC and placed in a vacuum oven for 2 h at 50 °C before use. 

3. Results and discussion 

3.1. Thermal properties of ionic liquid 

The thermal properties of this ionic liquid, including melting point and thermal 

decomposition temperature are shown in Fig.2 and Fig.3. The DSC curve in Fig. 2 shows 

that the melting point of pure ionic liquid [VPIM][TFSI] is as low as -50 °C± 5 °C, which is 

lower than most common solvents and additives of lithium batteries. The TGA trace 

related to the thermal decomposition of this ionic liquid is shown in Fig.3. There is no 

mass loss of ionic liquid below 200 °C. The ionic liquid starts decomposing at 

temperatures near 200 °C. The decomposition reaches a weight loss percentage of ≈ 92% 

at 400 °C. The very low melting point and high decomposition temperature contribute to 

a wide stability range of this electrolyte, and improve the thermostability of lithium-ion 

batteries. 

https://www.sciencedirect.com/topics/chemistry/platinum
https://www.sciencedirect.com/topics/chemistry/working-electrode
https://www.sciencedirect.com/topics/chemistry/reference-electrode
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Fig. 2. TGA curve of ionic liquid ([VPIM][TFSI]. 

Fig. 3. DSC curve of ionic liquid ([VPIM][TFSI]. 
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3.2. Physicochemical properties of ionic liquid in DMC and EMC 

The experimental densities of the ionic liquid [VPIM][TFSI] and its binary mixtures with  

DMC and EMC were measured in the temperature range from 293.15 K to 333.15 K as 

shown in Fig. 4 and Fig. 5. The densities of both mixtures increase along an asymptotic 

line with increasing mole fraction of ionic liquid. The densities decrease linearly with 

increasing temperature shown in Fig. S 2 and Fig. S 4, this reflects that the number of 

ions per unit volume is reduced with temperature. 

The viscosity of the solvent affects the mobility of ions which is essential for the successful 

development of an ionic liquid electrolyte. The density and viscosity of the electrolyte can 

also affect the energy density, wetting and electrochemical performance of lithium ion 

batteries. Three carbonates were used as solvents in this work, ethylene carbonate (EC) 

with high dielectric constant, dimethyl carbonate (DMC) with low viscosity, ethyl methyl 

carbonate (EMC) with low melting point. Because EC is solid, only DMC and EMC are 

the subjects of these mixture with ionic liquid. The density and viscosity of ionic liquid with 

solvents DMC and EMC were measured to determine the effect of ionic liquid on these 

two properties of the electrolytes.  
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Fig. 4. Density of binary mixture of ionic liquid and DMC as a function of mole fraction of IL at 

different temperatures. 
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Fig. 5. Density of binary mixture of ionic liquid and EMC as a function of mole fraction of IL at 

different temperatures. 
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Fig. 6. Viscosity curves of binary mixture of ionic liquid and DMC as a function of mole fraction of 

IL at different temperatures. 
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Fig. 7. Viscosity curves of binary mixture of ionic liquid and EMC as a function of mole fraction of 

IL at different temperatures. 

The viscosities of the binary mixtures of ionic liquid with DMC and EMC were measured 

using a falling ball automated viscometer from 293.15 K to 333.15 K. It can be seen from 

Fig. 6 and Fig. 7 that the viscosities of the two mixtures increase along an asymptotic line 

with increasing mole fraction of ionic liquid. The viscosities decrease along an asymptotic 

line with increasing temperature shown in Fig. S 3 and Fig. S 5. Comparison of the two 

mixtures shows that the viscosity of ionic liquid in EMC is higher than that in DMC. 

The temperature dependence of the viscosities of the mixtures of ionic liquid with DMC 

and EMC can be calculated by the Vogel−Fulcher−Tammann (VFT) equation[32]. 

η(T) = Aexp (
B

T−T0
)                                                          (4) 

Where η(T)  is viscosity, A, B and T0  are adjustable parameters. The best fitted 

parameters and the average absolute relative deviation (AARD %) of the two mixtures 

are listed in Table 8 and Table 9. From the data, a remarkable agreement is observed 

between the calculated and the experimental viscosity data by using VFT equation. The 
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overall average absolute relative deviation of the mixture of ionic liquid with DMC is 

smaller than 2.98 %. The overall average absolute relative deviation of the mixture of 

ionic liquid with EMC is smaller than 2.23 %. 

From the values of densities and viscosities of the two mixed systems, both density and 

viscosity of the two mixtures increase with the increasing content of ionic liquid.  

 

Table 8 

Fitted Values of the VFT Parameters, A, B and 𝑇0 and AARD for the Viscosities of binary mixtures 

[VPIM][TFSI] and DMC. 

xIL A B T0 AARD(%) 

0.09 0.05 755.11 107.25 1.10 

0.20 0.04 1130.66 100.00 1.35 

0.30 0.05 1040.70 135.22 1.15 

0.40 0.18 738.42 178.56 1.19 

0.50 0.00 2294.59 100.00 1.45 

0.60 0.22 747.85 196.58 2.98 

0.69 0.01 1772.52 148.29 1.34 

0.80 0.00 2174.05 133.94 1.46 

 

Table 9 

Fitted Values of the VFT Parameters, A, B and 𝑇0 and AARD for the Viscosities of binary mixtures 

[VPIM][TFSI] and EMC. 

xIL A B T0 AARD(%) 

0.09 0.36 263.92 195.92 1.57 

0.19 0.12 1028.26 110.67 1.40 

0.30 0.19 1007.08 138.23 1.33 

0.40 0.55 756.84 178.29 2.04 

0.50 0.01 2260.44 100.00 2.19 

0.59 0.00 2851.68 87.23 2.23 
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3.3. H2O and HF content 
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Fig. 8. Water content of electrolyte with different content of IL at different times. 
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Fig. 9. HF content of electrolyte with different content of IL at different times. 
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The content of water and hydrogen fluoride (HF) is the most important factor of organic 

electrolyte, affecting the performance of lithium ion batteries. Acidic species such as POF3, 

PF5 and HF formed from the reaction of LiPF6 and water can damage the cathode 

electrolyte interphase (CEI) and corrode the structure of the cathode. To control the 

content of HF, stabilizers were usually added to the electrolytes[33,34]. 

In the first charging of a lithium ion battery, trace water and HF reacts with electrolyte to 

generate lithium carbonate, lithium fluoride and lithium oxide and so on. These 

components form a CEI film covering the surface of the electrode, which improves the 

cycling and rate performances. However, this reaction should not be excessive, the 

content of water and HF in the organic electrolyte should be controlled at a low level. 

More water and HF can react with more lithium salt, which results in two disadvantages: 

On the one hand, the reaction consumes valuable lithium, resulting in an increase of the 

irreversible capacity of the battery. On the other hand, the reaction product lithium fluoride 

on the electrode reduces the electrochemical performance. In addition, the reaction can 

generate gas, leading to an increasing pressure inside the cell.   

The experimental samples containing different content of [VPIM][TFSI] (0%, 1 wt % and 

3 wt %) were placed in a drying room and tested at different times. Fig. 8 shows that the 

content of water in the base electrolyte is higher than in the electrolytes with ionic liquid, 

the content decreases with increasing concentration of [VPIM][TFSI]. After a period of 

time, the water content of all samples increases, but the amount of water in the electrolyte 

without ionic liquid increase most, and the content of water in the electrolyte with 3.0 wt % 

ionic liquid is the lowest. Similar results for HF were obtained as shown in Fig. 9. The 

base electrolyte without ionic liquid has the highest content of HF, the amount decreases 

with the content of ionic liquid additive. The HF content of all samples increases with time. 

From the data, it can be seen that this ionic liquid additive improve the quality of the 

electrolyte. 

3.4. Electrochemical stability of electrolyte 

The oxidation potential of the electrolyte determines the operating voltage at which the 

electrolyte can be used in batteries. In this work, the oxidation potentials of the electrolytes 

with different content of ionic liquid [VPIM][TFSI] (0%, 1 wt % and 3 wt %) were measured. 
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The curves from linear sweep voltammetry were plotted from 3 V to 5.5 V (vs. Li/Li+) and 

are shown in Fig. 10. The peak at about 4.5V is attributed to the oxidation of the electrolyte 

without ionic liquid. This indicates that the electrolyte is no longer stable at a voltage 

higher than 4.5 V. There is no obvious peak at 4.5 V in the linear sweep voltammetry 

curves of electrolytes with ionic liquid, showing that the oxidation potential is increased 

as the content of ionic liquid is increased. This shows that the ionic liquid [VPIM][TFSI] 

can improve the electrochemical stability of the electrolyte and inhibit the decomposition 

of electrolyte at higher potential. 
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Fig. 10. Linear sweep voltammetry curves of electrolytes with different content of ionic liquid 

[VPIM][TFSI]. 

3.5. Charge-discharge characteristics of Li/NCM622 cells 

The charge-discharge characteristics of Li/NCM622 cells using [VPIM][TFSI] as additive 

of electrolytes were examined at different rates. Fig. 11 shows the discharge cycle 

performance of Li/NCM622 cells without and with 1.0 wt % and 3.0 wt % ionic liquid at 

0.5 C rate. The cells were charged and discharged for the first three cycles at 0.1 C rate 

and then at 0.5 C rate. The initial discharge capacities of the cells without and with 1.0 
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wt % and 3.0 wt % ionic liquid additive at 0.5 C were 175.9 mAhg-1, 185.1 mAhg-1 and 

168.5 mAhg-1, respectively. The discharge capacities at the 100th cycle at 0.5 C rate were 

136.0 mAhg-1, 150.4 mAhg-1and 126.0 mAhg-1, a preservation of 77 %, 81% and 75 % of 

the initial capacities. From the curves and data, it can be seen that the cell with 1.0 wt % 

[VPIM][TFSI] ionic liquid has the highest discharge capacity and capacity retention ratio 

compared to the cells without and with 3.0 wt % additive. It indicates that a small amount 

of ionic liquid reduces the interfacial resistance and enhances the capacity of a lithium 

ion battery. Fig. 12 shows the different rate performances of the cells without and with 

ionic liquid at 0.1 C, 0.2 C, 0.5 C, 1.0 C, 2.0 C, 5.0 C and 7.0 C, respectively. From the 

curves it can be seen that the discharge capacities of all the cells decrease with the 

increase of the current rate. The cell with 1.0 wt % ionic liquid additive has the highest 

discharge capacity at all current rates. The values at 0.1 C, 0.2 C, 0.5 C, 1.0 C, 2.0 C, 5.0 

C and 7.0 C are 203.4 mAhg-1, 197.5 mAhg-1, 187.5 mAhg-1, 174.5 mAhg-1, 156.5 mAhg-

1, 124.7 mAhg-1 and 103.9 mAhg-1, respectively. After cycles at high current rate, the cell 

has a discharge capacity of 193.9 mAhg-1 at low rate (0.1 C) again, the capacity retention 

is 95.3 % compared with the initial capacity. The cell without ionic liquid additive has lower 

discharge capacity at every rate compared with the cell with 1.0 wt % ionic liquid additive. 

The discharge capacity at 0.1 C after high rates is 180.3 mAhg-1, which is 95.0 % of the 

initial capacity at 0.1 C. The better capacity recovery performance shows that the addition 

of ionic liquid protect the electrode structure from being damaged. From the curves, it can 

also be seen that the content of ionic liquid should not be too high, which influences the 

high rate performances of Li/NCM622 cells. 

The first charge and discharge curves of Li/ NCM622 cells using the base electrolyte with 

different concentrations of ionic liquid [VPIM][TFSI] at 0.5 C are shown in Fig. 13. The 

mean discharge voltage plateaus of the cells with 0 %, 1.0 wt % and 3.0 wt % ionic liquid 

at 0.5 C are 3.8077 V, 3.8126 V and 3.7658 V, respectively. The cell using the base 

electrolyte with 1.0 wt % ionic liquid has the lowest charge plateau as well as the highest 

discharge plateau of the three cells examined. The polarization in this cell is lower than 

in the cells without and with 3.0 wt % ionic liquid, and has a reduced irreversible 

capacity[6]. The initial capacity of the cell with 1.0 wt % ionic liquid additive is higher than 

that of the other two cells, indicating that its interfacial impedance between the electrode 
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and electrolyte is lower than for the others. The first cyclic voltammograms of the three  
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Fig. 11. Discharge capacity during cycling of Li/NCM622 cells with different content of ionic liquid. 
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Fig. 12. Rate performance of Li/NCM622 cells without and with ionic liquid. 
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Fig. 13. The first charge and discharge curves of the Li/NCM622 cells with different concentration 

of ionic liquid at 0.5 C. 
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Fig. 14. The first cyclic Voltammograms of NCM622 electrode in different electrolytes. 
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cells are shown in Fig. 14. The redox peak corresponding to the Ni2+/Ni4+ reaction which 

mainly supply the capacity of cells is marked in the figure. The difference of redox peak 

potentials influences the reversibility of the electrode[5][35]. The peak position is not the 

same in different electrolytes. The peak position in electrolytes with ionic liquid is lower 

than that in the base electrolyte, resulting in a better reversibility and a higher initial 

capacity of Li/NMC cells. 

3.6. Surface structure and components analysis 

The surface morphology of the fresh electrode and cycled electrodes in the ionic liquid 

electrolytes were measured by SEM. Fig. 15 (a) shows the surface of the fresh electrode. 

The structure can be observed and no deposits are found. The surface of the electrode 

cycled in the electrolytes with ionic liquid additive has turned fuzzy, and some deposits 

can be seen in Fig. 15 (b) and (c). There is more decomposition on the surface of the 

electrode cycled in electrolyte with 3.0 wt % ionic liquid additive than that with 1.0 wt %. 

XPS analysis of the surface of electrodes were used for detecting the components of the 

decomposition. Fig. 16 displays the XPS spectra of the cycled electrodes using base 

electrolyte and ionic liquid-containing electrolytes. For the C 1s spectra, the peak at 284.5 

eV is typical of acetylene black[36]. The intensity of this peak decreases dramatically with 

the increasing of ionic liquid content. It is indicated that the surface of the electrode is 

gradually covered by the decomposition. And the thickness increases with increasing 

content of ionic liquid. The peaks at 286.4 eV and 287.6 eV are attributed to the C-O and 

C=O bonds from the decomposition of electrolyte. The intensity of these peaks increase 

with increasing content of ionic liquid. It implies that a dense film is formed on the surface 

of the electrode using [VPIM][TFSI] as additive in the electrolyte. The peak at 291.9 eV is 

attributed to the C-F bond from the PVDF adhesive. For the O 1s spectra, the intensity of 

the peaks of C-O and C=O bond do not change significantly. The peak of M-O bond at 

530 eV decreases with the increasing of ionic liquid content and disappears on the 

electrode in the electrolyte with 3.0 wt % [VPIM][TFSI]. It also indicates the formation of 

a surface film on the NCM622 electrodes in the existence LiPxOyFz, 687 eV - 689 eV. For 

F 1s spectra, the peak at 689 eV is attributed to the LiPxOyFz from the decomposition of 

LiPF6 and H2O. The reduction of the peak strength illustrates that [VPIM][TFSI] restrains 

the reaction of LiPF6 and H2O and decreases the amount of hazardous substance HF. 
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For the N 1s spectra, the peaks at 401 eV in Fig. 16 (a) and (b) correspond to the C=N 

bond from ionic liquid, which is not present in the base electrolyte. In the S 2p spectra, 

the peak at 170.5 eV can also be found on the surface of NCM622 electrodes using the 

ionic liquid electrolyte, but not in the electrolyte without ionic liquid. Both N and S peaks 

indicates the formation of surface film from the decomposition of ionic liquid on the 

electrodes. 

 

 

Fig. 15. SEM images of NCM622 cathodes: (a) is fresh cathode, (b) is cathode in base electrolyte 

with 1.0 wt % ionic liquid after 5 cycles, (c) is cathode in base electrolyte with 3.0 wt % ionic liquid 

after 5 cycles. 

 

Fig. 16. XPS spectra of NCM622 electrodes after 5 cycles. (a) is electrode in base electrolyte, (b) 

is electrode in base electrolyte with 1.0 wt % ionic liquid, (c) is electrode in base electrolyte with 

3.0 wt % ionic liquid. 
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4. Conclusions  

A novel ionic liquid [VPIM][TFSI] was designed and synthesized using a two-step method. 

The ionic liquid exhibits a good thermostability from -50 °C± 5 °C to 200 °C. In the binary 

mixtures of [VPIM][TFSI] with DMC or EMC, the density and viscosity increase with the 

increasing of mole fraction of [VPIM][TFSI], and decrease with temperature. The addition 

of [VPIM][TFSI] improve the electrochemical window of the electrolytes and promote the 

use of the ionic liquid additive to electrolytes in the higher voltage lithium ion batteries. As 

a promising inhibitor, [VPIM][TFSI] restrains the increase of water and HF in the 

electrolyte for a long time. As a prominent CEI film-forming additive, [VPIM][TFSI] at the 

concentration of 1.0 wt % enhances the initial capacity from 175.9 mAhg-1 to 185.1 mAhg-

1 at 0.5 C rate. It improves the cyclic performance and delivers a capacity retention up to 

81% after100 cycle, which is more than for cells with the electrolyte without ionic liquid 

(77%). Meanwhile, the ionic liquid [VPIM][TFSI] reinforces the high current rate 

performance, the cells discharge at a higher capacity, 103.9 mAhg-1 at 7.0 C rate. A 

suitable surface film was found on the surface of the NCM622 cathode using the 

electrolyte with 1.0 wt % [VPIM][TFSI] by SEM and XPS. 
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Fig. S 2. Densities of the binary mixtures [VPIM][TFSI] and DMC as a function of temperatures 

at different of content of ionic liquid. 

 

Fig. S 1. 1H spectrum for the synthesized ionic liquid [VPIM][TFSI]. Peak integrals are indicated 

for hydrogen area. 
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Table S 1. Densities (ρ, kg·m−3) of the binary mixtures [VPIM][TFSI] and DMC at different 

temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.0889 1.2057 1.1997 1.1937 1.1877 1.1816 1.1756 1.1695 1.1634 1.1573 

0.1991 1.3139 1.3083 1.3027 1.2972 1.2916 1.286 1.2805 1.2749 1.2693 

0.2975 1.3795 1.3742 1.3689 1.3636 1.3583 1.3529 1.3476 1.3424 1.3371 

0.3984 1.4283 1.4232 1.4181 1.4130 1.4079 1.4029 1.3978 1.3927 1.3877 

0.4995 1.4667 1.4617 1.4567 1.4517 1.4467 1.4417 1.4367 1.4316 1.4265 

0.5953 1.4959 1.4909 1.4858 1.4809 1.476 1.4711 1.4663 1.4614 1.4565 

0.6899 1.5182 1.5133 1.5083 1.5034 1.4984 1.4936 1.4889 1.4841 1.4793 

0.7995 1.5398 1.5349 1.53 1.5251 1.5202 1.5153 1.5105 1.5058 1.5011 

1.0000 1.5711 1.5663 1.5614 1.5566 1.5518 1.5471 1.5423 1.5375 1.5327 
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Fig. S 3. Viscosities of the binary mixtures [VPIM][TFSI] and DMC as a function of temperatures 

at different of content of ionic liquid. 

 

 
Table S 2. Viscosities (η, mPa·s) of the binary mixtures [VPIM][TFSI] and DMC at different 

temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.09 2.71 2.51 2.28 2.08 1.87 1.75 1.59 1.42 1.36 

0.20 12.64 10.84 9.85 8.57 7.26 6.57 5.72 5.24 4.63 

0.30 39.35 31.71 27.22 22.48 18.29 15.99 13.50 12.03 10.39 

0.40 110.38 83.64 68.08 53.39 41.50 34.84 28.54 24.60 20.79 

0.50 247.64 178.99 141.79 105.96 77.97 63.52 49.28 40.49 32.26 

0.60 508.98 352.52 268.04 194.39 139.14 106.49 82.38 63.25 50.84 

0.69 1079.30 701.30 508.64 351.35 240.27 177.82 132.32 98.42 76.44 

0.80 1935.00 1266.44 902.96 614.37 412.28 300.94 222.54 162.07 124.72 

 



Manuscript 4 
Synthesis and application of a novel imidazolium-based ionic liquid in LiNi0.6Co0.2Mn0.2O2 lithium ion 
batteries 

194 

 

290 300 310 320 330

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

D
e
n
s
it
y
 /
 g

 c
m

-3

Temperature / K

 0.1

 0.2

 0.3

 0.4

 0.4

 0.6

 0.7

 0.8

 1.0

 
Fig. S 4. Densities of the binary mixtures [VPIM][TFSI] and EMC as a function of temperatures 

at different of content of ionic liquid. 

 
 
 
 

Table S 3. Densities (ρ, kg·m−3) of the binary mixtures [VPIM][TFSI] and EMC at different 

temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.0889 1.1553 1.1496 1.1439 1.1382 1.1325 1.1268 1.1210 1.1153 1.1095 

0.1887 1.2600 1.2546 1.2492 1.2438 1.2384 1.2330 1.2276 1.2223 1.2170 

0.2975 1.3319 1.3268 1.3216 1.3164 1.3111 1.3059 1.3007 1.2955 1.2903 

0.4001 1.3917 1.3867 1.3816 1.3766 1.3715 1.3665 1.3614 1.3563 1.3512 

0.5030 1.4347 1.4297 1.4246 1.4196 1.4147 1.4098 1.4048 1.3999 1.3950 

0.5936 1.4678 1.4628 1.4579 1.4529 1.4480 1.4431 1.4383 1.4335 1.4287 

0.6858 1.5050 1.5002 1.4953 1.4904 1.4855 1.4807 1.4758 1.4709 1.4661 

1.0000 1.5711 1.5663 1.5614 1.5566 1.5518 1.5471 1.5423 1.5375 1.5327 
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Fig. S 5. Viscosities of the binary mixtures [VPIM][TFSI] and EMC as a function of temperatures 

at different of content of ionic liquid. 

Table S 4. Viscosities (η, mPa·s) of the binary mixtures [VPIM][TFSI] and EMC at different 

temperatures from 298.15 K to 333.15 K, at 0.1 MPa. 

xIL 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K 

0.09 5.26 4.78 4.30 3.95 3.41 3.19 2.91 2.66 2.44 

0.19 33.43 28.78 26.25 22.67 19.13 17.28 15.04 13.69 12.14 

0.30 129.15 104.97 90.96 74.83 60.61 52.81 44.53 39.47 34.02 

0.40 397.12 294.17 245.63 192.93 144.36 122.30 98.57 85.97 72.41 

0.50 825.69 613.68 506.28 384.81 280.19 216.31 171.42 137.14 109.02 

0.59 1889.80 1438.20 1122.70 812.75 585.44 447.45 337.72 271.23 209.18 

 

 

 


