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SUMMARY 

Since their introduction by Sony in 1990, lithium-ion batteries (LIBs) have acquired a sizable 

market share. They have the best energy densities, a high open circuit voltage, a low self-

discharge rate, no memory effect, and a slow loss of charge when not in use. These properties 

make them the most popular rechargeable batteries for portable gadgets, electric vehicles and 

aerospace applications. They do, however, pose major safety issues since the conventional 

electrolytes are made of fluorinated salts dissolved in volatile organic solvents, the former being 

meta-stable at ambient temperature and the latter being flammable with a high vapour pressure. 

Thus, there is an urge to develop thermally and electrochemically stable non-fluorinated 

electrolytes to improve the safety and performance of batteries. Electrolytes based on ionic 

liquids (ILs) in general offer a range of suitable advantages including low volatility and high 

thermal and electrochemical stabilities, and can additionally be made fluorine-free. In general, 

their physicochemical properties are determined by the interactions between the cations and 

anions, which are controlled by the chemical functionalities present, with vast freedom in 

structural design to reduce these interactions and enhance also the ion mobilities.   

 

In this study, favouring from the “structural designability” of ILs, three different families of 

fluorine-free IL-based electrolytes are designed and created. These families of ILs comprising 

n- tetrabutylphosphonium-, imidazolium-, and pyridinium-based cations and pyridine, pyrazine 

and various oligoether functionalized anions. The structures and purity of these new ILs and 

their intermediate products are characterized by using multinuclear NMR, FTIR and mass 

spectrometry. Several features and properties of the novel ILs and electrolytes are investigated; 

thermogravimetric analysis, differential scanning calorimetry, ionic conductivity and 

electrochemical stability. These studies are further complemented by using PFG NMR 

diffusometry to understand the possible interaction mechanisms between the oppositely 

charged ions within the ILs and the electrolytes, and especially, the influence of Li+ addition in 

the IL-based electrolytes. An overview of all the above mentioned synthesis and 

characterizations is presented.  
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1. Introduction 

The continual rise in world's population, as well as societal economic and technical progress, 

has resulted in an increase in global energy demand, posing severe problems and environmental 

challenges. The vast extraction and consumption of fossil fuels, resulting in CO2 emissions and 

pollution into the atmosphere, have hasten global climate change.1 As a result, the use of 

renewable energy sources such as solar and wind energy is gaining emphasis to minimize 

greenhouse gas emissions. To compete with the most utilized fossil fuels, energy provided by 

fundamentally discontinuous and intermittent renewable sources requires effective storage for 

grid stability and global distribution.2,3 

 

In this regard, the development of rechargeable batteries with high energy and power density, 

fast cycling rates, long service life, and made of economical materials could enable a gradual 

shift to ecologically friendly energy supply in the near future.4,5 Furthermore, replacing internal 

combustion engines with zero-emission electrified systems i.e. electric vehicles (EVs) on a wide 

scale might reduce greenhouse gas emissions even further.6 Preliminary efforts in this direction 

have already been made, with environmental regulations in place in numerous countries that 

encourage the use of EVs through consumer incentives.7 However, in order to compete with 

the traditional vehicles, the real dissemination of EVs is dependent on the development of 

energy storage systems with high volumetric and gravimetric energy and power densities, safety 

and cost.8 

 

Different types of batteries are being created and used based on different sorts of redox 

mechanisms and chemistries such as lithium-ion batteries (LIBs), lead acid batteries (Pb-A), 

nickel cadmium batteries (Ni–Cd), and Ni–MH (nickel metal hydride batteries) are just few 

examples of the most common batteries.9 Among all, LIBs, are the most versatile and appealing 

energy storage systems and have triggered the global scale diffusion of a vast array of portable 

electronic devices, the demand of which is exponentially increased during the last 25 years, and 

will continue to be the most compelling choice not only for EVs but also other energy storage 

applications.10 Significant efforts are being made by both academia and industry to produce 

new generations of batteries that are suitable for the upcoming challenging applications in terms 

of gravimetric and volumetric power density, energy density, durability, as well as 

sustainability and environmental compatibility.11,12  
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However, the safety issues are mainly related to flammability of the conventional electrolytes 

that are currently being used in LIBs. This drawback is progressively becoming even more 

serious, as the size of LIBs increases for their use in large energy storage devices such as hybrid 

electric vehicles (HEVs), and energy storage systems (ESSs) for smart grids.13,14 Figure 1 

depicts the increase in demand for LIBs from 19 gigawatt hours (GWh) in 2010 to 285 GWh in 

2019, and expected to reach 2,000 GWh by 2030, accounting for around 8% of the global energy 

supply. In terms of installed capacity, passenger and commercial electric cars continue to be 

the most common applications for LIBs, followed by stationary (energy) storage.15 

 
Figure 1. Global LIB materials demand forecast from electric vehicle sales, 2015–2030 
(thousands of tonnes, GWh). Adapted from ref. 15. 
 

2. An Electrolyte 

An electrolyte acts as a medium between the two electrodes to transport ions and to compensate 

the charge of redox reactions occurring inside the anode and cathode.16 Although an electrolyte 

is not directly engaged in a charge-storing redox process and neither directly influence the 

voltage or capacity of a battery, it is an important component with a significant impact on the 

overall performance and safety of any battery.17 The separation of oxidation and reduction in 

electrochemical processes is intrinsically dependent on charge compensation via ionic currents. 

Because ion transport is often much slower than electron transport, the power output is directly 

tied to the electrolyte's ion transport capabilities.18 Even more crucially, while the electrolyte is 

not engaged in charge-storing redox processes, it does take part in other redox events, and the 

harsh electrochemical environment of high-energy-density LIBs eventually leads to an 

electrolyte (side) reactions, which put extra responsibilities on the electrolyte and to perform, 

all of which must be executed flawlessly.19. Figure 2 shows schematic of a typical LIB 

comprising a cathode, an anode, a separator and an electrolyte.20  
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Figure 2. Schematic of a lithium-ion battery. Adapted from ref. 20. 
 

Certain characteristics must be considered while developing an electrolyte system for an energy 

storage device in general, and LIBs in particular, which are enlisted below21; 

a. To prevent the side reactions such as breakdown of an electrolyte, the electrolyte should 

be chemically and electrochemically stable. The chemical and electrochemical instability 

of an electrolyte results in an irreversible charge loss due to the salt depletion and ion 

conduction obstruction, lowering the overall ionic conductivity. 

b. To decrease cell polarization at high current densities, the electrolyte should provide high 

ionic conductivity (> 10-3 S cm-1). The amount of charge carriers (salt concentration) and 

the mobility of ions, which is affected by viscosity of the electrolyte, affects ionic 

conductivity. With a significant concentration of the ionic salt and a low solvent viscosity, 

high ionic conductivity may be achieved. 

c. The electrolyte salt should exhibit minimum ionic interactions to prevent ionic interactions 

and thus provide high ion mobility and ionic conductivity.  

d. The electrolyte should remain liquid over a wide temperature range. The temperature range 

necessary to keep an electrolyte in a liquid state has a direct impact on the operational 

temperature range of the rechargeable batteries. Because ions mobility is restricted in the 

solid form, the ionic conductivity of a liquid electrolyte drops dramatically when solidified 

at lower temperatures. 

e. The ions of an electrolyte should be small, which not only affect the volumetric and 

gravimetric energy densities, as well as the total cost of energy storage. 

f. In last but not the least, an electrolyte should be nontoxic. Because the electrolyte may 

come in contact with the users in the event of a leakage, a non-toxic electrolyte is essential 

for mobile devices. 
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2.1 Problems with Conventional Electrolytes 

Typically, an electrolyte is made by dissolving a lithium salt such as LiPF6 in organic solvents 

such ethylene carbonate (EC) combined with linear aliphatic carbonates, primarily dimethyl 

and/or diethyl carbonates (DMC and DEC).22,23 In this case, the electron-withdrawing effect of 

the fluoride’s aids in the distribution of negative charges, decreasing the lattice energy of the 

salt, promoting ion dissociation, and facilitating salt dissolution in common organic solvents.24 

It is worth mentioning here that, the use of graphite as an anode material was made possible 

exclusively by the discovery that when EC reductively degraded at the graphite surface creating 

a stable, electrically insulating, but ionically conducting solid electrolyte interphase (SEI).25 

This electrolyte solution has undoubtedly contributed to the tremendous commercial success of 

LIBs over the last 25 years, and it is undoubtedly an excellent system for small-scale portable 

electronic devices. However, for large-scale applications such as EVs, raise valid issues about 

safety in various perspectives, which are detailed below one by one in more detail.23 

 

2.1.1  Flammability 

The organic solvent-based liquid electrolytes of LIBs are flammable by nature. The cascading 

thermal runaway event, which is regarded as the primary source of battery safety issues, is one 

of the most catastrophic failures of the LIB systems. Thermal runaway occurs when an 

exothermic process becomes uncontrollable. When the temperature of the battery rises over ca. 

80°C, the rate of exothermic chemical reaction inside the battery increases, further heating the 

cell and thus resulting in a positive feedback cycle. The continuously rise in temperature, 

particularly in the case of large battery packs, may result in fire and explosion. Understanding 

the underlying causes and processes of thermal runaway can thus help in the design of new 

functional and safer electrolytes to improve the safety and durability of batteries.26 The thermal 

runaway process may be separated into three stages, as shown in Figure 3.  
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Figure 3. The three stages of the thermal runaway process of a battery cell. Adopted from 
ref. 26. 
 

Stage 1: The onset of overheating. The battery changes from a normal to an abnormal state, 

and the internal temperature starts to increase. Stage 2: Heat accumulation and gas release 

process. The internal temperature quickly rises, and the battery undergoes exothermic 

reactions. Stage 3: Combustion and explosion. The flammable electrolyte combusts, leading 

to fire and even explosion. 

 

2.1.2 The Fluorine Content 

The conventional electrolyte salt, LiPF6, contains about 75% fluorine content by weight, which 

is proven to decomposition at elevated temperature producing PF5 and LiF, the former rapidly 

reacts with traces of water to release HF and PF3O (Figure 4).17 These decomposition products 

are extremely reactive towards both cathode and anode, adversely affecting the performance of 

a battery cell.27 Fluorinated electrolyte components are also a source of worry during battery 

recycling, since they can pose major safety and environmental risks during handling and 

processing, including the release of poisonous HF and PF5. Fluorine appears to be unavoidable 

in traditional battery systems, not only as a part of the electrolyte but also widely used as a 

component of binder in the form of polyvinylidene difluoride (PVdF).28 With such a large level 

of fluorine contents in batteries, a slew of concerns arises, not only in terms of the battery cell 

performance, environmental and occupational safety but also at the recycling stages.17 

 
Figure 4. The decomposition pathway of LiPF6. 
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2.1.3  The Possible Solution 

Keeping in mind the problems associated with fluorine contents and flammability of the 

conventional electrolytes, creating non-fluorinated and non-flammable electrolytes is becoming 

an essential task to improve safety of electrolytes. Such fluorine-free electrolytes must meet a 

number of requirements including high thermal and electrochemical stabilities and high ionic 

conductivity. The emphasis has consequently been on developing fluorine-free electrolyte salts 

with weakly coordinating anions, in which the charge is delocalized over the anion and thus the 

dissociation energy is reduced.29 Many of these non-fluorinated salts have been revealed higher 

thermal and electrochemical stabilities and proven to be competitive with "conventional" 

battery electrolytes in terms of ionic conductivity. Another important feature of the LiPF6 

electrolyte system is its ability to passivate aluminum cathode current collector, owing to its 

fluorine atoms.17 

 

The fundamental issue with fluorine-free electrolyte salts is their poor performance at high 

potentials in passivating the aluminum, although corrosion tests using LiBOB-based 

electrolytes have demonstrated that the [BOB]- anion may passivate aluminum in the same way 

as [BF4]- or [PF6]- anions.30 This passivation is hypothesized to be due to the formation of 

borate-containing species on aluminum, particularly AlBO3, as revealed by Electrochemical 

Quartz Crystal Microbalance (EQCM). These findings suggest that fluorinated electrolytes are 

not always necessary for aluminum passivation and there is a clear possibility of developing 

fluorine-free electrolytes. In addition, developing fluorinated-free electrolytes would be a 

significant step towards developing more recyclable batteries with lower environmental 

concerns. Extensive research efforts are being made in recent years to identify and develop new 

electrolytes that might potentially address the problems associated with fluorinated electrolytes. 

Electrolytes based on ionic liquids (ILs) in general offer a range of suitable advantages 

including low volatility, high thermal and electrochemical stabilities, high ionic conductivity 

and can additionally be made fluorine-free and task-specific. The synthetic diversity allows for 

the design of appropriate functional groups with specific properties.31,32 

 

2.2 Ionic Liquids 

Ionic liquids (ILs) are salts having melting point at or below100 °C. Ethanolammonium nitrate 

with a melting point 52-55 °C was first IL discovered by S. Gabriel and J. Weiner in 1888.33 

The first room temperature IL with a melting point of 12 °C introduced in 1914 by P. Walden 
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was ethylammonium nitrate (EAN), which was created by neutralizing ethylamine with 

concentrated HNO3.34 EAN has physical properties comparable to water in that it is transparent, 

colorless and odorless but has a relatively higher viscosity. These early ILs were created to be 

utilized as solvent medium in high-temperature nuclear fuel reprocessing. However, due to their 

limited temperature range and chemical instability (as they rapidly interacted with air and 

moisture) and were not practicable.35 Hurley and Wier have described the second generation of 

ILs made by combining alkylpyridinium chlorides with AlCl3 in 1951.36 Unfortunately, many 

of the second-generation ILs were not stable in the presence of moisture, highly corrosive, toxic, 

and regulating their acidity/basicity was a difficult task.37 

 

Later, in 1992, Wilkes and Zaworotko have introduced moisture- and air-stable ILs from 

imidazolium cations and tetrafluoroborate anion, the combination revealed much better 

physical properties than the previously known ILs.38 The extra π-electrons of the imidazolium 

cation greatly enhanced the positive charge delocalization via the creation of a resonance 

structure, lowering the melting point significantly below ambient temperature. The [BF4]- anion 

is also chemically stable and relatively less reactive towards ambient moisture. Soon after this 

discovery, a research interest into ILs has been continuously growing and ILs have attracted the 

attention of academic and industrial researchers.   

   

The common inorganic salts such as NaCl or KCl, have high melting points ranging from 

hundreds to thousands of °C, while on the other hand ILs typically remain liquids at ambient 

temperature. This is mainly because of the distinct chemical structures of ILs, which involves 

organic cations interacting with larger anions and positive charge of bulky organic cations is 

stabilized/delocalized by electronic or inductive interactions with adjacent chemical groups, 

resulting in a decrease in non-covalent attractions.39,40 The strength of ionic binding is also 

reduced by the size of large ions, which lowers the potential of solid crystal formation. 

Furthermore, the nature of ionic species may be easily tuned to alter the physicochemical and 

electrochemical characteristics of ILs. Several ILs have been thoroughly explored based on this 

notion to improve their physicochemical and electrochemical capabilities.41,42 Some of the most 

commonly studied ILs in various applications are shown in Figure 5. 
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Figure 5. Structures of some commonly studied cations and anions of ILs. Adapted from ref. 
43. 
 

Because of their unusual ionic structure, ILs have tunable properties. First, since ILs possess 

stronger inter-ionic interactions rather than the inter molecular interactions as seen in organic 

solvents, they are more thermally stable than the traditional molecular solvents and have 

negligible vapor pressure, making ILs non-volatile and non-flammable.44 In general, their 

physicochemical properties are determined by the interactions between the cations and anions, 

which are controlled by the chemical functionalities present. The vast freedom in structural 

design might help to reduce these interactions and enhance the ion mobilities.45 They are also 

chemically and electrochemically robust; for example, ILs have high oxidative stability and can 

withstand voltages exceeding 4 V. These characteristics make ILs as an excellent choice for use 

as "task-specific" electrolytes in a variety of batteries.46  

 

2.2.1 Ionic Liquid-Based Electrolytes 

There are several advantages of IL-based electrolytes over conventional organic solvent-based 

electrolytes. First, as mentioned above, the concerns related to thermal instability, vapor 

pressure and flammability of the organic solvent-based electrolytes including afflict modern 

battery technology. Because of this thermal sensitivity, batteries must be cooled in many new 

applications using larger scale units.47 Not only does this reduce the specific energy density 

obtainable (per weight or volume), but it also raises the cost owing to the additional engineering 

necessary to prevent thermal runaway (and possible fire or explosion). Currently, the prices of 

modern battery systems are mainly driven by the accompanying hardware rather than the cells 

(80% system costs vs. 20% for EVs and 60% system costs vs. 40% for stationary batteries). 

Batteries with IL-based electrolytes might not require sophisticated control systems for heat 

management due to their negligible vapour pressure and higher thermal stabilities. While ILs 

and their binary or ternary salt mixes have broad electrochemical windows and adequately high 
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ionic conductivity, the main drawback is their poor low-temperature charge-transport 

properties.48 When compared to the supply of cooling systems, mild heating in conjunction with 

appropriate insulation is less expensive to construct.49 

 

The second, and more significant, application of IL-based electrolytes is their use in next-

generation batteries, particularly the ones that contain metal anodes. Among them are lithium-

sulfur and lithium air (oxygen) batteries, as well as ongoing research on replacing the graphite 

anode in lithium-ion batteries with metallic lithium.50 According to literature, several of the 

anions that give the finest liquid characteristics in IL-based electrolytes also have a significant 

impact on the efficiency with which lithium may be reversibly oxidized and reduced.51 For 

example, in the case of Li-S batteries, this is the basis for the final negative electrode (in terms 

of energy density).52 ILs and combinations of ILs with other solvents and additives have been 

examined as appropriate electrolytes since several of the cations and anions that are typical 

components of ILs share features of salts currently used in Li-S batteries.53 

 

2.2.1.1  Fluorinated Ionic Liquid-Based Electrolytes 

The most commonly studied IL-based electrolytes are based on fluorinated anions, i.e. 

bis(trifluoromethanesulfonyl)imide (TFSI)- and more recently bis(fluorosulfonyl)imide (FSI)- 

anions.48 Typically, these electrolytes are made by dissolving LiTFSI/LiFSI salts in their parent 

ILs with well-known cations such as phosphonium, pyrrolidinium, imidazolium, morpholinium 

or piperidinium.54-56 The H(TFSI) was first synthesised by Fotopoulos and DesMarteau as the 

highly acidic amine acid.57 The same group investigated its chemistry further in subsequent 

publications and the favourable electrochemical properties of its Li-salt, such as wide ESW, 

reversible Li plating and stripping, and a relatively high conductivity were investigated initially 

in polymer matrixes58 and later in liquid solution.59,60 This was motivated in part by the desire 

to replace the unstable Li[PF6] salt with a chemically more stable lithium salt having 

comparable transport properties.48 Some of the commonly studied fluorinated anions are shown 

in Figure 6. 
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Figure 6. Imide type anions and their molar masses in []. Adapted from ref. 59. 

 

Because of the low basicity, high degree of charge delocalization61, and the presence of 

perfluorinated conferred by the two trifluoromethylsulfonyl groups in the [TFSI] anion, 

MacFarlane's group was able to create thermally and electrochemically stable ILs coupled with 

pyrrolidinium cations in 1999.62 These anions have gained tremendous attentions in the ILs 

community, especially the ones working on energy storage devises. Katayama et al.63 and 

Matsumoto et al.64 have reported the first studies on the lithium electrochemistry of TFSI-

based ILs. The creation of a protective (semi-passivating) SEI was hypothesized as the main 

cause of the reversible plating and stripping of lithium on numerous substrate materials. A 

number of spectroscopic methods were used to describe the SEI that occurs on lithium 

electrodes in subsequent studies.65,66 As a result, numerous groups have demonstrated how a 

lithium metal electrode may function well in a device with an electrolyte based on a [TFSI] 

IL.67-70 

 

These investigations have emphasized not only advancement in fundamental physicochemical 

features, but also the critical chemical role of sulfonyl- and fluoro-functionalities in the creation 

of a stable SEI on the electrode surfaces. Detailed combined XPS, SEM, and electrochemical 

investigations of SEI layers generated by chemical and electrochemical ion breakdown have 

revealed important information about their chemical composition, shape, and stability. 

 

Despite the considerable efforts, a relatively small success with [TFSI]-based ILs have been 

realized. Overall, it appears that:48 (i) the conductivity of mixtures of lithium salts and [TFSI]-

based ILs is only just sufficient for low rates of charge-discharge duty; (ii) lithium-ion transport 

is sub-optimal at typical concentrations, limiting their higher rate performance; and (iii) the SEI 

formed in the presence of [TFSI]- anion does not provide long term stability to the lithium 
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electrode. Another disadvantage of thermally stable [TFSI]-based salts is that they cannot 

preserve the aluminum current collector in LIBs above 3.7 V vs. Li+/Li.71,72 This problem is 

worsened at high temperatures due to the breaking of passivation layer and increased solubility 

of surface species. It has been demonstrated that during the early stages of aluminium corrosion, 

Alx[TFSI]y complexes were generated as a result of the interactions with the protective Al2O3 

layer.73 Although these complexes are moderately soluble in typical carbonate solvents and 

hence lack of passivation action, certain ILs may hinder their dissolution. 

 

Furthermore, fluorinated ILs require laborious synthetic routes and hence relatively expensive, 

and the presence fluoride species pose risks to human health and the surrounding environment. 

From a safety and environmental standpoint, this has naturally sparked research towards the 

design of new fluorine-free IL-based electrolytes that can potentially replace fluorinated IL-

based electrolytes. 

 

2.2.1.2  Non-Fluorinated Ionic Liquid-Based Electrolytes 

The transition from a traditional fossil-energy dominated world to a clean electrified world 

require a greener and sustainable energy storage technology. Therefore, there is an urge to 

replace the fluorinated electrolytes with non-fluorinated and greener electrolytes. One of the 

first attempt was undertaken in the mid-1990s to synthesize salts based on aromatic anions 

(following the Hückel rule) as prospective battery electrolytes, the idea was well supported by 

molecular modeling.74-76 Among the various aromatic anions synthesized by cyclization, LiTDI 

salt (lithium 4,5-dicyano-2-(trifluoromethyl)imidazolate) was produced on a considerable 

scale.77 LiPDI (lithium 4,5-dicyano-2-(pentafluoroethyl)imidazolate) and LiHDI (lithium 4,5-

dicyano-2-(n-heptafluoropropyl)imidazolate) were also created.78,79 The newly created unique 

salts were thermally stable, and unlike LiPF6, they were also moisture stable. Furthermore, 

voltammetric tests indicated that the aromatic salts (LiTDI and LiPDI) based electrolytes were 

extremely stable on the surface of Pt electrode even in a broad potential window of 4.8 V vs 

Li+/Li.80 

 

In early 2012, Johansson et al.81 presented the notion of pseudo-delocalized anions, which are 

anions having discrete positive and negative charge regions. Computer-aided calculations were 

used to evaluate these lithium salts as prospective electrolytes for lithium batteries, and 

fascinating synthetic targets for future study. Later in 2016, the hypothesis was validated, and 

the same group synthesized the first generation of pseudo-delocalized anions-based lithium and 
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sodium salts.82 The salts have been thoroughly characterized using Raman and FT-IR 

spectroscopic techniques, thermogravimetry, X-ray crystallography, and ionic conductivity and 

electrochemical stability window measurements as aqueous electrolytes to reveal both basic 

properties in terms of thermal stability and solubility, as well as the ion-ion interactions and 

coordination. Together, they provided a picture of the salts potential as electrolyte components, 

especially for use in sodium-ion batteries and low voltage fluorine-free aqueous lithium-ion 

batteries. 

 

Brennecke et al. proposed the synthesis of fluorine-free ILs based on aprotic heterocyclic anions 

(AHAs).83 This study revealed that the ILs with both planar anions and cations have lower 

viscosities and higher ionic conductivities than those with more spherical geometries, while still 

retaining competitive EWs. Savateev et al.84 presented the synthesis of three novel "completely 

organic" ILs, composed of heterocyclic cation and anion building blocks with high thermal and 

electrochemical properties. However, due to the presence of heteroatoms in both counter parts 

makes these systems heavy and resulted in a lower ionic conductivity as compared to the 

conventional fluorinated IL-based electrolytes. 

 

Shah et al.85 have reported on the ion dynamics in fluorine-free, hydrophobic, and 

hydrolytically stable phosphonium bis(salicylato)borate [P4,4,4,8][BScB] IL-based electrolytes. 

However, these electrolytes have provided lower ionic conductivities than the conventional IL-

based electrolytes due to the larger molecular masses of the cation and anion. More recently, 

Shah et al.86 have introduced new classes of fluorine-free ILs composed of tetra(n-

butyl)phosphonium (P4444)+ and tetra(n-butyl)ammonium (N4444)+ cations paired with 2-furoate 

(FuA)−, tetrahydo-2-furoate (HFuA)−, and thiophene-2-carboxylate (TpA)− anions. The effect 

of electron delocalization in anion and the mutual interactions between cations and anions on 

their physical and electrochemical properties was investigated in detail. Combined 

experimental and theoretical investigation revealed that the nature of the cation and anion, as 

well as electron delocalization in the anion, has a substantial influence on the physical and 

electrochemical characteristics of the ILs. Thermal investigation demonstrated that tetra(n-

butyl)phosphonium-based ILs have lower glass transition temperatures and are thermally more 

stable than the tetra(n-butyl)ammonium-based ILs with common anions. The aromatic structure 

of 2-furoate and thiophene-2-carboxylate anions improved electrostatic interactions with 

cations, resulting in very stable ILs. 
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It was further demonstrated that the aromatic anions (FuA) and (TpA)-based ILs are more 

thermally stable and have larger ESWs than the analogous nonaromatic anion-based ILs 

(HFuA). Bearing in mind the superior physiochemical and electrochemical properties, 

(P4444)(FuA) IL was doped with Li(FuA) salt in different molar ratios to make LIB 

electrolytes.87 It was revealed that the electrolytes have Tonset temperatures below 568 K and 

provide adequate ionic conductivities across a wide temperature range. The pulsed field 

gradient nuclear magnetic resonance (PFG-NMR) investigations indicated that the (FuA)- 

anion diffuses quicker than the (P4444)+ cation in the pristine (P4444)(FuA) IL; however, doping 

of the neat IL with a Li salt slows down the anion diffusion. Over the entire temperature range 

investigated, the Li+ ion interacts strongly with the carboxylate functionality in the (FuA)- anion 

and diffuses slower than other ions. 7Li NMR and Fourier transform infrared (FTIR) 

spectroscopy indicated interactions of the Li+ ion with the carboxylate group of the anion. With 

increasing Li+ ion concentration, the transference number of the Li+ ion has increased. 

 

Passerini et al.88 have synthesized N-methyl-N-butylpyrrolidinium (Pyr14)-based ILs with two 

different cyano-based anions, namely dicyanamide (DCA) and tricyanomethanide (TCM), and 

their mixtures with the respective Li salts (1:9 salt:IL molar ratio), as well as their mixtures 

(DCA–TCM), as potential electrolytes for lithium metal batteries (LMBs). The electrolytes 

exhibited high ionic conductivity (5 mS cm-1) at ambient temperature, as well as an ESW up to 

4 V, making them appropriate for low-voltage LMBs such as Li–sulfur batteries. The SEI 

formed by this class of IL-based electrolytes is studied for the first time, in addition to the 

detailed physicochemical (viscosity, ionic conductivity) and electrochemical (ESW, 

stripping/plating, and impedance spectroscopy in symmetrical Li cells) characterizations. X-

ray photoelectron spectroscopy (XPS) revealed a SEI dominated by a polymer-rich layer 

including carbon–nitrogen single, double, and triple bonds, resulting in an excellent ionic 

conductivity and mechanical stability, as well as the cycle stability. 

 

The field of fluorine-free IL-based electrolytes is still in its early phases, and much more 

research is needed to develop new electrolytes that can compete with the conventional 

fluorinated IL-based electrolytes. There is, however, little or no information available on the 

systematic battery performance of non-fluorinated IL-based electrolytes. 
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2.3 Scope of the Thesis 

As it is obvious that electrolytes based on ILs offer a range of suitable advantages including low 

volatility, high thermal and electrochemical stabilities, high ionic conductivity and structural 

designability. The chemical structure and nature of the cation and anion components play an 

important role in governing the key physicochemical and electrochemical properties of IL-

based electrolytes. Therefore, this thesis is focussed on the design, synthesis, physicochemical 

and electrochemical characterizations of new fluorine-free ILs and electrolytes to establish a 

systematic correlation between the chemical structure and the key properties. 

 

Paper 1 is dedicated to the synthesis, thermal and electrochemical characterizations, and DFT 

calculations of five new ionic materials derived from nitrogen containing heterocyclic aromatic 

anions. The established structure-reactivity relationship significantly contributes to the 

understanding of how minor structural tuning of one counter part of ionic materials can have a 

significant impact on the overall physiochemical properties, and simply altering the position of 

nitrogen atom around the aromatic ring can produce ionic materials ranging from supercooled 

liquids to room temperature liquid ILs and ionic plastic crystals. 

 

Paper 2 is focussed on the synthesis of five new ILs with anions based on oligoether substituted 

aromatic carboxylates coupled to a common n- tetrabutylphosphonium (P4444)+ cation. The 

electrolytes created by doping two selected ILs with 10 mol % of lithium salts containing 

common anions are studied in detail. The nature and position of the attached oligoether chain 

to the phenyl ring influenced the physicochemical and electrochemical properties, in particular 

thermal stability, phase behavior, ion transport, and inter-ionic interactions. 

 

Paper 3 discusses the synthesis, physicochemical and electrochemical properties of four new 

fluorine-free ILs with imidazolium and pyrrolidinium cations, coupled to two different 

oligoether-based anions such as 2-(2-methoxyethoxy)acetic acid, (MEA)- and 2-[2-(2-

methoxyethoxy)ethoxy]acetate anion (MEEA)-. The physicochemical and electrochemical 

properties including thermal stability, phase behavior, ionic conductivity, and ion diffusion are 

studied. 
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3. Experimental 

3.1  Materials 

Unless otherwise noted, all commercial reagents were utilized without any additional 

purification. 2-picolic acid (2-PyrA), nicotinic acid (3-PyrA), isonicotinic acid (4-PyrA), 

pyrazinoic acid (2,5-PyrA), 2,6-pyridinedicarboxylic acid (Pyr-2,6-diA), salicylic acid (ACS 

reagents, >95 % purity), 4-toluenesulfonyl chloride (ACS reagents, >97 % purity), 2-

ethoxyethanol (>99 % purity), iso-propoxy ethanol (>99 % purity), diethylene glycol 

monoethyl ether (>99 % purity) 1,2-dimethylimidazole (ACS reagents, >97 % purity), n-

methylpyrrolidine (ACS reagents, >97 % purity), 1-bromobutane (>99 % purity), silver(I) oxide 

(>99.9 % purity), 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (>97 % purity), 2-(2-

methoxyethoxy)acetic acid (>97 % purity), aqueous solution of tetrabutylphosphonium 

hydroxide (40 wt % in water), lithium hydroxide monohydrate (ACS reagents, >98 % purity) 

were received from Sigma-Aldrich. Sodium sulphate, methanol, dichloromethane (DCM) and 

diethylether were purchased from VWR (BDH) chemicals. 

 

3.2    Synthesis 

The detailed synthesis and characterization of each intermediate and final product is discussed 

in the corresponding paper. Here, a brief summary of few compounds is presented. 

 

3.2.1   Synthesis of Aromatic Acids 

The oligoether functionalized aromatic acids were synthesized using a multistep synthesis 

protocol. In a typical experiment, the synthetic procedure of 2-(2-isopropoxyethoxy)benzoic 

acid (2-IEBA) is regarded as an example, which is detailed below. All the other oligoether 

functionalized aromatic acids are synthesized using the same procedure. 

 

A solution of 2-isopropoxyethyl 4-methylbenzenesulfonate (38.7 g, 0.15 moles, 1.5 equiv. in 

100 ml of dry acetonitrile), methyl salicylate (15.2g, 0.1 moles, 1 equiv.) and potassium 

carbonate (69 g, 0.5 moles, 5 equiv.) in dry acetonitrile (250 mL) was heated at 70 °C under N2 

and continuous stringing for 48 hrs. The yellow suspension was filtered off and the solid was 

washed with acetonitrile (60 mL). The extract and washes were concentrated via rotary 

evaporation. The residue was extracted with DCM (3 x 50 mL). The organic phase was washed 

with water (6 x 150 mL). The organic layer was dried over MgSO4, gravity filtered, and the 

solvent was removed by rotary evaporation to afford the product B2 as a yellow oil. B2 was 

dissolved in THF:MeOH (1:1, 50 mL) and dropped into the aqueous solution of LiOH.H2O (3 
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equiv.), stirred at room temperature for 12 hrs, neutralized with 0.1 M HCl and extracted with 

DCM (3 x 25 mL). The organic phase was washed with water (6 x 150 mL), dried over MgSO4, 

gravity filtered, and the solvent was removed by rotary evaporation to afford the product 2-(2-

isopropoxyethoxy)benzoic acid (2-IEBA)  as a dark yellow liquid. All the acids were separated 

in good yields ca. 60%.  

 

2-(2-isopropoxyethoxy)benzoic acid (2-IEBA): Dark yellow liquid. 1H NMR (400.21 MHz, 

CDCl3), δ(ppm): 10.34 (b, 1H), 8.16-8.14 (d, 3JHH = 8.2 Hz 1H), 7.56-7.52 (d, 3JHH = 8.1 Hz, 

1H), 7.11-7.03 (t, 3JHH = 8.3 Hz 1H), 4.37-4.34 (t, 3JHH = 4.3 Hz, 2H, O-CH2-), 3.84-3.82 (t, 
3JHH = 4.5 Hz, 2H, -CH2-O), 3.72-3.66 (sept, 3JHH = 6.1 Hz, 1H, -CH), 1.21-1.20 (d, 3JHH = 6.1 

Hz, 6H, -CH3) ppm. 13C NMR (100.64 MHz, CDCl3): 171.20, 163.58, 132.43, 121.78, 114.56, 

72.47, 68.12, 66.45, 22.19. 

 

3-(2-isopropoxyethoxy)benzoic acid (3-IEBA):: Dark yellow liquid. 1H NMR (400.21 MHz, 

CDCl3), δ(ppm): 11.66 (b, 1H), 7.73-7.71 (d, 3JHH = 7.6 Hz 1H), 7.66 (s, 1H),7.40-7.36 (t, 3JHH 

= 8.0 Hz 1H), 7.19-7.18 (t, 3JHH = 8.0 Hz 1H), 4.20-4.17 (t, 3JHH = 4.8 Hz, 2H, O-CH2-), 3.85-

3.82 (t, 3JHH = 4.7 Hz, 2H, -CH2-O), 3.76-3.69 (sept, 3JHH = 6.7 Hz, 1H, -CH), 1.24-1.23 (d, 
3JHH = 6.2 Hz, 6H, -CH3) ppm. 13C NMR (100.64 MHz, CDCl3): 171.20, 163.58, 132.43, 

121.78, 114.56, 72.47, 68.12, 66.45, 22.19. 

 

4-(2-isopropoxyethoxy)benzoic acid (4-IEBA): Dark yellow liquid. 1H NMR (400.21 MHz, 

CDCl3), δ(ppm): 8.07-8.05 (d, 3JHH = 8.6 Hz, 2H), 7.99-7.97 (d, 3JHH = 8.6 Hz, 2H), 4.21-4.18 

(t, 3JHH = 4.6 Hz, 2H, O-CH2-), 3.83-3.81 (t, 3JHH = 5.2 Hz, 2H, -CH2-O), 3.81-3.68 (sept, 3JHH 

= 6.0 Hz, 1H, -CH), 1.24-1.22 (d, 3JHH = 6.1 Hz, 6H, -CH3) ppm. 13C NMR (100.64 MHz, 

CDCl3): 171.20, 163.58, 132.43, 121.78, 114.56, 72.47, 68.12, 66.45, 22.19. 

 

2-(2-ethoxyethoxy)benzoic acid (2-EEBA): Dark yellow liquid. 1H NMR (400.21 MHz, 

CDCl3), δ(ppm): 10.81 (b, 1H), 8.14-8.12 (d, 3JHH = 7.9 Hz 1H), 7.55-7.51 (t, 3JHH = 7.6 Hz, 

1H), 7.13-7.11 (d, 3JHH = 7.5 Hz 1H), 7.10-7.03 (t, 3JHH = 8.3 Hz, 1H),  4.37-4.34 (t, 3JHH = 4.3 

Hz, 2H, O-CH2-), 3.84-3.82 (t, 3JHH = 4.2 Hz, 2H, -CH2-O), 3.62-3.56 (t, 3JHH = 6.9 Hz, 2H, -

CH2-O), 1.25-1.21 (d, 3JHH = 6.9 Hz, 3H, -CH3) ppm. 13C NMR (100.64 MHz, CDCl3): 165.85, 

157.64, 134.93, 133.71, 122.62, 118.74, 113.75, 69.48, 67.86, 67.09, 15.03. 
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2-(2-(2-methoxyethoxy)ethoxy)benzoic acid (2-MEMBA): Dark yellow liquid. 1H NMR 

(400.21 MHz, CDCl3), δ(ppm): 10.91 (b, 1H), 8.18-8.16 (d, 3JHH = 8.0 Hz 1H), 7.55-7.52 (d, 
3JHH = 8.1 Hz, 1H),7.14-7.06 (t, 3JHH = 8.1 Hz 1H), 4.40-4.37 (t, 3JHH = 4.6 Hz, 2H, O-CH2-), 

3.95-3.92 (t, 3JHH = 4.9 Hz, 2H, -CH2-O), 3.64-3.62 (t, 3JHH = 4.3 Hz, 2H, -CH2-O), 3.54-3.53 

(t, 3JHH = 5.2 Hz, 2H, -CH2-O), 1.20 (t, 3JHH = 5.1 Hz, 3H, -CH3) ppm. 13C NMR (100.64 MHz, 

CDCl3): 165.71, 157.57, 134.92, 133.81, 122.65, 118.70, 113.57, 71.05, 69.93, 69.33, 68.83, 

66.87, 15.23. 

 

3.2.2  Synthesis of Ionic Materials 

An aqueous solution of the tetrabutylphosphonium hydroxide (13.82 g, 50 mmol) was added 

dropwise into the stirred aqueous solution of the acid (50 mmol in 50 ml of water). The reaction 

mixture was stirred at room temperature for 4 hours and progress of the reaction was monitored 

via thin layer chromatography (TLC) and upon completion of the reaction water was removed 

under reduced pressure using a rotary evaporator. The products were washed three times with 

50 ml of diethyl ether before being dissolved in dichloromethane and dried over anhydrous 

Na2SO4. Finally, the solution was filtered, residual solvent was removed under reduced 

pressure, and the final products were dried in a vacuum oven at 80 °C for more than 4 days. All 

the products were separated in quantitative yields. 

 

(P4444)(2-IEBA): Pale yellow liquid. MS (ESI). [C16H36P]+: Calcd m/z 259.2556. Found m/z 

259.2565, [C12H15O4]-: Calcd m/z 223.0975, Found m/z 223.1071.  1H NMR (400.21 MHz, 

CDCl3), δ(ppm): 7.45-7.44 (d, 3JHH = 6 Hz 1H), 7.09-7.07 (d, 3JHH = 7.5 Hz, 1H), 6.85-6.82 (m, 

2H), 4.18-4.16 (t, 3JHH = 5.6 Hz, 2H, O-CH2-), 3.76-3.73 (t, 3JHH = 5.1 Hz, 2H, -CH2-O), 3.61-

3.58 (sept, 3JHH = 5.1 Hz, 1H, -CH), 2.41-2.34 (m, 8H, P-CH2-), 1.48-1.46 (m, 16H, -CH2-), 

1.21-1.20, (d, 3JHH = 6.1 Hz, 6H, -CH3) ppm. 0.84-0.87 (t, 3JHH = 7.1 Hz, 12H, -CH3) ppm. 13C 

NMR (100.64 MHz, CDCl3): 171.20, 163.58, 132.43, 121.78, 114.56, 72.47, 68.12, 66.45, 

22.19. 31P NMR (162.01 MHz, CDCl3): 33.00 ppm. 

 

(P4444)(3-IEBA): Pale yellow liquid. MS (ESI). [C16H36P]+: Calcd m/z 259.2556. Found m/z 

259.2569, , [C12H15O4]-: Calcd m/z 223.0975, Found m/z 223.0934. 1H NMR (400.21 MHz, 

CDCl3), δ(ppm): 7.67-7.65 (m, 2H), 7.20-7.16 (m,1H), 6.90-6.88 (m, 1H), 4.17-4.13 (t, 3JHH = 

5.0 Hz, 2H, O-CH2-), 3.78-3.75 (t, 3JHH = 6.11 Hz, 2H, -CH2-O), 3.72-3.67 (sept, 3JHH = 6.6 

Hz, 1H, -CH), 2.45-2.38 (m, 8H, P-CH2-), 1.52-1.47 (m, 16H, -CH2-), 1.20-1.18, (t, 3JHH = 5.2  

Hz, 6H, -CH3) ppm. 0.98-0.92 (t, 3JHH = 3.5 Hz, 12H, -CH3) ppm. 13C NMR (100.64 MHz, 
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CDCl3): 171.48, 158.57, 142.61, 128.08, 122.25, 116.48, 114.71, 72.06, 67.86, 66.83, 24.21, 

24.07, 24.06, 24.03, 22.27, 19.18, 18.17, 13.60. 31P NMR (162.01 MHz, CDCl3): 33.03 ppm. 

 

 (P4444)(4-IEBA): Pale yellow liquid. MS (ESI). [C16H36P]+: Calcd m/z 259.2556. Found m/z 

259.2565, [C12H15O4]-: Calcd m/z 223.0975, Found m/z 223.0934. 1H NMR (400.21 MHz, 

CDCl3), δ(ppm): 7.99-7.97 (d, 3JHH = 8.4 Hz, 2H), 6.82-6.80 (d, 3JHH = 8.4 Hz, 2H), 4.10-4.08 

(t, 3JHH = 4.9 Hz, 2H, O-CH2-), 3.77-3.64 (m, 2H), 1.42-1.40 (m, 16H, -CH2-), 1.20-1.18, (t, 
3JHH = 5.2  Hz, 6H, -CH3) ppm. 0.98-0.92 (t, 3JHH = 3.5 Hz, 12H, -CH3) ppm. 13C NMR (100.64 

MHz, CDCl3): 171.82, 160.00, 132.72, 131.14, 113.37, 116.48, 72.25, 67.77, 66.67, 24.10, 

23.95, 23.89, 23.85, 22.19, 19.00, 18.53, 13.54. 31P NMR (162.01 MHz, CDCl3): 32.96 ppm. 

 

 (P4444)(2-EEBA): Pale yellow liquid. MS (ESI). [C16H36P]+: Calcd m/z 259.2556. Found m/z 

259.2565, , [C12H15O4]-: Calcd m/z 223.0975, Found m/z 223.1074.1H NMR (400.21 MHz, 

CDCl3), δ(ppm): 7.45-7.43 (d, 3JHH = 7.2 Hz 1H), 7.09-7.05 (d, 3JHH = 7.9 Hz, 1H), 6.85-6.81 

(m, 2H), 4.19-4.16 (t, 3JHH = 5.4 Hz, 2H, O-CH2-), 3.76-3.73 (t, 3JHH = 5.3 Hz, 2H, -CH2-O), 

3.57-3.51 (t, 3JHH = 6.9 Hz, 2H), 2.39-2.36 (m, 8H, P-CH2-), 1.46-1.44 (m, 16H, -CH2-), 1.19-

1.17, (d, 3JHH = 7  Hz, 3H, -CH3) ppm. 0.84-0.87 (t, 3JHH = 7.1 Hz, 12H, -CH3) ppm. 13C NMR 

(100.64 MHz, CDCl3): 172.67, 155.29, 134.71, 129.02, 127.54, 120.93, 114.18, 69.32, 68.93, 

66.88, 24.18, 24.03, 23.98, 19.01, 18.54, 15.41, 13.66. 31P NMR (162.01 MHz, CDCl3): 33.03 

ppm. 

 

(P4444)(2-MEMBA): Pale yellow liquid. MS (ESI). [C16H36P]+: Calcd m/z 259.2556. Found 

m/z 259.2552, [C13H17O5]-: Calcd m/z 253.1081, Found m/z 253.1321. 1H NMR (400.21 MHz, 

CDCl3), δ(ppm): 7.43-7.41 (m, 1H), 7.08-7.04 (m, 1H), 6.83-6.79 (m, 2H), 4.17-4.15 (t, 3JHH = 

5.2 Hz, 2H, O-CH2-), 3.82-3.79 (t, 3JHH = 5.3 Hz, 2H, -CH2-O), 3.68-3.66 (t, 3JHH = 4.3 Hz, 

2H), 3.56-3.45 (m, 8H) 2.33-2.30 (m, 8H, P-CH2-), 1.46-1.44 (m, 16H, -CH2-), 1.19-1.17, (d, 
3JHH = 7  Hz, 6H, -CH3) ppm. 0.84-0.87 (t, 3JHH = 7.1 Hz, 12H, -CH3) ppm. 13C NMR (100.64 

MHz, CDCl3): 172.78, 155.29, 134.42, 128.93, 127.67, 120.84, 114.51, 77.59, 77.28, 76.96, 

70.77, 69.97, 68.88, 66.68, 24.13, 23.98, 23.95, 23.90 18.96, 18.49, 15.27, 13.61. 31P NMR 

(162.01 MHz, CDCl3): 33.04 ppm. 

 

3.2.3   Synthesis of Lithium Salts 

All the lithium salts were prepared by direct neutralization of acids with Lithium bicarbonate 

(LiHCO3). Under continuous stirring, aqueous solutions of the acids were treated with solid 
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LiHCO3 in small portions, until the generation of gas bubbles stopped. All the salts were 

obtained in quantitative yields after lyophilization and subsequent drying in vacuo. 

 

3.4  Physiochemical Characterizations   

3.4.1  Nuclear Magnetic Resonance Spectroscopy 

The structures and purity of all the synthesized ILs were confirmed by using a Bruker Ascend 

Aeon WB 400 (Bruker BioSpin AG, Fallanden, Switzerland) NMR spectrometer. CDCl3 was 

used as a solvent. The working frequencies were 400.21 MHz for 1H, 100.64 MHz for 13C, and 

162.01 MHz for 31P. Data were processed using Bruker Topspin 3.5 software. 

 

3.4.2  FTIR Spectroscopy 

The attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra of samples were 

recorded using a Bruker IFS 80v spectrometer equipped with a deuterated triglycine sulfate 

(DTGS) detector and diamond ATR accessory, employing the double-side forward–backward 

acquisition mode. The total number of scans was 256, co-added and signal-averaged at an 

optical resolution of 4 cm-1. 

 

3.4.3  Thermal Analysis 

Thermogravimetric analysis (TGA) was performed using a PerkinElmer TGA 8000 under N2 

gas at a heating rate of 10 °C per min using ca. 2-4 mg samples. The onset of decomposition 

temperature, Tonset, was calculated from the intersection of the baseline weight and the tangent 

of the weight versus temperature curve using Pyris software. Differential scanning calorimetry 

(DSC) was performed using a PerkinElmer DSC 6000 on 2-5 mg of sample placed in an 

aluminum pan. DSC data were collected at a scanning rate of 5 °C min-1 for both cooling and 

heating traces ranging from -75 to 200 °C. To maintain an inert environment inside the sample 

chamber, dry N2 gas was delivered at a constant flow rate of 20 mL min-1. The Tg was 

determined by using the inflection mid-point of the initial S-shaped transition slope and 

determined from the onset with the aid of Pyris software.  

 

3.4.4  Pulsed Field Gradient Diffusometry 

NMR self-diffusion measurements were performed using a Bruker Ascend/Aeon WB 400 

(Bruker BioSpin AG) NMR spectrometer with a resonance frequency of 400.27 MHz for 1H 

and 155.56 MHz for 7Li. Pulsed-Field Gradient (PFG) NMR self-diffusion measurements were 

performed on 1H with a PFG NMR probe Diff50 (Bruker) with a maximum amplitude of the 
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magnetic field gradient pulse of 29.73 T m-1. The samples were placed in a standard 5 mm 

NMR glass tube and closed with a plastic stopper to avoid contact with air. Prior to 

measurements, each sample was equilibrated at a specific temperature for 30 min. The details 

of the PFG NMR technique for measuring molecular diffusion coefficients are available 

elsewhere.89 The diffusivity of a molecule is the diffusion decay (DD) of amplitude A of NMR 

spectral line, obtained by Fourier transformation of a descending half of stimulated-echo (StE), 

as a function of the amplitude of applied pulsed field gradient. For the stimulated echo pulse 

sequence used, diffusion decay of A in the case of simple non-associating molecular liquid can 

be described by the Eq.(1):90 

 
                  

(1) 

where A(0) is the factor proportional to the proton content in the system, and to spin-lattice and 

spin-spin relaxation times, g is the gyromagnetic ratio for a used nucleus; g and d  are the 

amplitude and duration of the gradient pulse; td is the diffusion time; and D is the self-diffusion 

coefficient. td was in the range 4-100 ms for 1H diffusion and 5-15 ms for 7Li diffusion. 

 

3.3  Electrochemical Characterization 

All the electrochemical characterizations were performed by using a Metrohm Autolab 

PGSTAT302N electrochemical workstation with a FRA32M module for impedance 

measurements, all of which were controlled by Nova 2.02 software. Prior to each measurement, 

the electrodes were polished with a 0.25 m of Kemet diamond paste. 

 

3.3.1  Linear Sweep Voltammetry 

A sealed Microcell HC from RHD instruments was used to hold about 70 µL of sample. Linear 

sweep voltammetry (LSV) was performed with a three-electrode setup: a Pt wire with a 

diameter of 0.25 mm and/or GC with a diameter of 2 mm as working electrodes (WE), a Pt 

crucible as counter electrode (CE), as well as sample container, and an Ag wire coated with 

AgCl as a pseudo-reference electrode (RE). Both cathodic and anodic scans were recorded at a 

rate of 1 mV s-1. The electrochemical potentials were calibrated using ferrocene (Fc) as internal 

reference and shifted using ELi/Li+ ≈ EFc/Fc+ + 3.2 V.91 The ESWs limits were defined by a 0.1 

mA cm-2 cut-off current density.  

 

 

 

)exp()0(),,( 222
dd DtgAtgA dgd -=
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3.3.2  Ionic conductivity  

The ionic conductivity was obtained from the impedance measurements performed in a 

frequency range from 1 Hz to 1 MHz with an AC voltage amplitude of 10 mVrms. All the 

impedance spectra were measured during heating and cooling over a temperature range from -

20 to 100 ± 0.1 °C. A two-electrode configuration was employed for ionic conductivity 

measurements, with a wire Pt as WE and a 70 µL Pt crucible as a sample container, as well as 

CE. The cell constant was calculated using a Metrohm 100 S cm-1 KCl standard solution (Kcell 

= 18.5396 cm-1). The cell was thermally equilibrated for 10 minutes before recording the 

impedance spectra. 
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4. Results and Discussion 

A brief summary of synthesis is presented, followed by assessing the phase and thermal 

behaviour of the synthesized ionic materials, before moving on to more LIB-relevant 

performance parameters such as ionic conductivity, ESW, and self-diffusion of electrolytes 

made and finally some examples of FTIR spectroscopic data for addressing the local 

interactions, coordination, and ion–ion interactions are discussed.  

 

4.1   Synthesis of Ionic Liquids 

A multistep synthetic protocol is used to create the ether functionalized acids and their ILs. A 

brief description of synthesis and characterization is provided below, and the details are given 

in the manuscript. We begin by tosylation of the alcohols to replace –OH by a better leaving 

group and make it acceptable for its use as an alkylating agent (Scheme 1a). 

 

Scheme 1. (a) Tosylation of iso-propoxy ethanol (2-IE), (b) Synthetic rout for 2-(2-

isopropoxyethoxy)benzoic acid (2-IEBA). 

 

In second step, the tosylated alcohols are reacted with methyl esters in the presence of a mild 

base i.e; K2CO3 and acetonitrile as a reaction medium to obtain ether functionalized 

methylsalicylates. The esters are further converted into their corresponding acids via basic ester 

hydrolysis (Scheme 1b). Finally, the heterocyclic (Paper I), aromatic oligoether (Paper II) and 

oligoether acids (Paper III) are converted into ionic materilas via a simple neutralization 

reaction with  n-tetrabutylphosphonium, imidazolium and pyrrolidinium hydroxides in aqueous 

medium. The structures and abbreviation of the ionic component of the synthesized ILs are 

shown in Scheme 2.  
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Scheme 2. Chemical structures and abbreviations of the ionic components of all the synthesized 

ILs. 

 

The chemical structures of all the ILs agree well with the NMR spectroscopic analysis and the 

mass spectrometric data. First, the 1H NMR spectra of the ILs show characteristic resonance 

lines for the methylene protons of the ether chains in the anions in the range from 3.5 to 4.3 

ppm (Paper II and Paper III), and the presence of aromatic resonance lines, 6.5-8.5 ppm 

(Paper I). Second, the absence of the broad resonance line for the acidic proton and the 

appearance of distinct resonance lines in the aliphatic region; 0.90-1.0 ppm for the terminal 

methyl groups, the multiplet 1.46-1.54 ppm for the methylene protons, and another multiplet 

2.39-2.46 ppm for the aliphatic alkyl chains attached to the (P4444)+ cation (Paper I and Paper 

II) and presence of characteristic resonance lines for the butyl chain, methylene protons alpha 

to the charged nitrogen atom appear in the range of 4.1 to 4.5 ppm for imidazolium and 3.5 to 

3.7 ppm for pyrrolidinium based ILs, and methyl protons with distinct triplet appear at 0.9 to 1 

ppm for both systems (Paper III), corroborated the successful deprotonation of the 

corresponding acids and formation of the ionic materials. Third, the 13C NMR spectra revealed 

resonance lines in the region 65-80 ppm attributed to the aliphatic carbon directly attached to 

the oxygen atoms in ether chains of the anions (Paper II and Paper III). In addition, the 13C 
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resonance lines for the carboxylate groups in the anions are found in the range 165-180 ppm. 

Finally, the 31P NMR spectra indicate single resonance lines at ca. 33 ppm for each IL (Paper 

I and Paper II). 

 

4.2  Thermal Properties 

One of the fundamental qualities that distinguishes IL-based electrolytes from typical organic 

solvent-based electrolytes is their higher thermal stability.92 Generally, thermal stability 

measurements are carried out by thermogravimetric analysis (TGA), more specifically ramped 

temperature analysis (also called step-tangent or dynamic TGA analysis) with most common 

heating rates of 10 °C min−1 and 20 °C min−1. Here, it is important to mention that the thermal 

decomposition temperature greatly depends on the heating rate. In these experiments, the 

decomposition temperature obtained are considered as the short-term thermal stability and 

indicated with Tonset, which is a number computed by thermal analysis software, and defined as 

the intersection of the zero-weight-loss baseline and the tangent of the weight-temperature 

curve as decomposition proceeds. The actual degradation already starts at a lower temperature 

(Tstart) than the Tonset. Tz (decomposition degree z) is another measure used to describe short-

term thermal stability, as it indicates the temperatures at various decomposition degrees (Figure 

7).93 

 
Figure 7.  Thermal parameters of ILs obtained from dynamic TGA curves. Adapted from ref. 

93. 

 

Thermal stability of ILs depends upon the chemistries of cation and anions and their ionic 

interactions. Figure 8 shows the TGA curves of some neat ILs and their electrolytes. All the 

systems show excellent short-term thermal stability up to 280 °C at a scan rate of 10 °C min-1, 

showing considerably improved thermal stability compared to any traditional organic-solvent-

based electrolytes. However, the thermal stability measured by dynamic TGA is overestimated 
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and must be complimented with the isothermal TGA to determine the precise thermal stability 

of IL-based electrolytes. Neat ILs with heterocyclic anions showed better thermal stability than 

carbocyclic anions, and ILs with donating groups at meta-position with respect to the carboxyl 

group improve thermal stability significantly, which suggest that the thermal stability of neat 

ILs is heavily dependent on the anion chemistry, including the delocalization of electrons 

around aromatic rings and ion polarity. In general, doping the neat ILs with lithium salts brings 

an additional polarity and electrostatic interactions to the systems and lead to further 

improvement in thermal stability (Figures 8a and 8c). The increase in thermal stability is 

attributed to the rigid, planar, aromatically stabilized structures of anions and hence efficient 

electron delocalization (Figures 8b and 8d).  

 

 
Figure 8. TGA thermograms of the neat ILs (a), (c) and the electrolytes made (b) and (d). 
 

Differential scanning calorimetry (DSC) traces of the neat ILs and the electrolytes are shown 

in Figure 9. Multiple solid–solid phase transitions are observed for (P4444)(4-PyrA) and 

(P4444)2(Pyr-2,6-diA), indicating ionic plastic crystal behavior.94-96 (P4444)(4-PyrA) displays a 

low temperature glass transition at -35 °C, multiple solid–solid phase transitions at -9, 2 and 
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36 °C and, finally, a sharp melting transition with an onset at 42 °C. The DSC trace of 

(P4444)2(Pyr-2,6-diA) shows a Tg at -16 °C, a relatively broader peak indicating multiple 

exothermic cold crystallizations at 31°C, followed by a sharp Tm with onset at ca. 118 °C 

(Figure 9b). A similar thermal behavior is observed for the neat (P4444)(3-PyrA) but in a much 

lower temperature range and behaved as a supercooled liquid upon heating, revealing  Tg, Tc 

and Tm at -53, -15, and 31 °C, respectively. The neat (P4444)(2-PyrA), (P4444)(2,5-PyrA), 

(P4444)(2-IEBA), (P4444)(3-IEBA), (P4444)(4-IEBA), (P4444)(2-EEBA) and (P4444)(2-MEMBA)   

exhibit only glass transitions (Figure 9a and c). 

 

The addition of 10 mol % of Li(3-PyrA) salt to (P4444)(3-PyrA) lead to a slight shift in the glass 

transition to -55 °C, however, both the crystallization and melting peaks are completely 

disappeared, and the resulting electrolyte behaves as a pure glass-forming liquid. This dramatic 

change in the thermal behavior is associated with the smaller radius of Li+, causing an increase 

in the ionic strength and/or ion-ion interactions leading to the disruption of crystallization and 

melting peaks.87 A similar change in the glass transition is observed for (P4444)(2,5-PyrA), 

(P4444)(2-IEBA), (P4444)(2-EEBA) when doped with 10 mol %  Li-salt. 

 
Figure 9. DSC traces for some neat ionic materials and their electrolytes. 
 

4.3  Ionic Conductivity  

 When creating electrolytes for LIBs, conductivity is an important feature to be considered.97,98 

The ionic conductivities of some ILs and their electrolytes are shown in Figure 10. In the case 

of the ILs with aromatic heterocyclic anion (Paper I), the neat (P4444)(3-PyrA) IL and its 

electrolyte shows higher ionic conductivity over the whole temperature range as compared with 

the neat (P4444)(2,5-PyrA) IL and the corresponding electrolyte. The difference in ionic 

conductivity of these systems is linked to the simultaneous influence of electronic structures 

and flexibility of the ions generated by variations in the geometrical forms or steric hindrance.99 

In the case of (P4444)(3-PyrA), the negative inductive and resonance effects in the anion reduces 

the ionic interactions and thus provide higher ionic conductivity than the (P4444)(2,5-PyrA) IL. 
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 For the aromatic carbocyclic ILs, we found that changing the position of the ether functionality 

can influence the ionic conductivity to a larger extent than changing length of the ether 

functional group. The (P4444)(2-IEBA) IL with ortho substitution shows the highest conductivity 

among its structural analogues, which is attributed to the reduced ionic interactions as a result 

of the repulsion between the terminal isopropyl group of the (2-IEBA)- anion and alkyl chains 

of the (P4444)+ cation. The para substituted (P4444)(4-IEBA) IL reveals the lowest ionic 

conductivity because the ether group is far from carboxylate group and there is no hindrance 

for the (P4444)+ cation to approach the (4-IEBA)- anion. The (P4444)(2-EEBA) IL with a shorter 

ether chain provide comparable ionic conductivity to the (P4444)(2-MEMBA) IL with a slightly 

longer ether chain, which is in accordance with the previous findings for ether functionalized 

cation-based ILs100 (Figure 10b, Paper II). 

 

Figure 10. Ionic conductivity as a function of temperature for the neat ILs and the electrolytes 
(a) Paper I, for the neat ILs (b) and the electrolytes (c) Paper II.  
 

The addition of Li+ ions to the ILs lead to a slight decrease in the ionic conductivity of the 

electrolytes, which is primarily due the reduction of free volume as a result of stronger 

electrostatic interactions (Figures 10a and 10c). It is quite expected because the incorporation 

of Li+ ions into ILs is known to create clusters by simultaneous coordination with multiple 

anions, leading to dynamic cross-linking and thus reduce the overall ionic mobility. The ionic 

conductivities are further analyzed by fitting the data to the Vogel-Fulcher-Tammann (VFT) 

equation.101,102 
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Where σ0 is a pre-exponential factor, B and T0 are adjustable parameters of Equation (2), where 
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transition temperature, at which configurational entropy vanishes, which can be determined by 

fitting the temperature-dependent conductivity data to the VFT equation for the best linearity 

relationship. The Eσ value of (P4444)(2,5-PyrA) is slightly greater than the Eσ of (P4444)(3-PyrA) 

(Table 1), suggesting a relatively larger thermal energy is required to achieve the same ion 

mobility. The resulting VFT parameters for IEBA-based neat ILs show that the Eσ decreases in 

the order (P4444)(4-IEBA) > (P4444)(3-IEBA) > (P4444)(2-IEBA) (Table 1), which agrees well 

with the DSC data and again indicates that a higher thermal energy is required to reach the same 

ion mobility.   

 

On the other hand, an increase in the Eσ values is observed for the electrolytes, which is yet 

another indication of relatively stronger interactions between the Li+ ion and the organic ions 

within the electrolytes. As expected, the T0 values in all these systems are about 50-60 K smaller 

than the glass transition temperatures Tg and agree well to the empirical approximation of ionic 

liquids-based electrolytes: T0/Tg ≈ 0.75.103  

 

Table 1. VFT equation parameters and apparent activation energies for ionic conductivity of 
the neat aromatic heterocyclic anions based ILs and the electrolytes. 
 
System 

s0 
(mS/cm) 

B 
(K) 

T0 (K) Es, 
(kJ/mol) 

(P4444) (3-PyrA) 1.218 1381 156 11.4 
(P4444) (2,5-PyrA) 0.135 1496 150 12.4 
[(P4444)(3-PyrA)]0.9 [(Li)(3-PyrA)]0.1 2.352 1600 148 13.3 
[(P4444) (2,5-PyrA)]0.9 [(Li)(2,5-PyrA)]0.1 0.216 1626 143 13.5 
(P4444)(2-IEBA) 0.293 993 167 8.3 
(P4444)(3-IEBA) 0.616 1254 159 10.4 
(P4444)(4-IEBA) 2.45 1690 132 14.1 
(P4444)(2-EEBA) 0.933 1609 135 13.4 
(P4444)(2-MEMBA) 0.556 1416 144 11.8 
[(P4444)(2-IEBA)]0.9 [(Li)(2-IEBA)]0.1 0.678 1422 151 11.8 
[(P4444)(2-EEBA)]0.9 [(Li)(2-EEBA)]0.1 0.376 1331 152 11.1 

 

4.4  Electrochemical stability 

Applicability of IL-based electrolytes in LIBs is profoundly governed by their ability to 

withstand the working potential range. A relatively reliable means to measure the potential 

range of stability is by performing either linear sweep or cyclic voltammetry.104 In this thesis, 

the electrochemical stability of all the ILs and the electrolytes is determined by using linear 

sweep voltammetry (LSV).  Both cathodic and anodic LSV experiments were performed at 20 
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°C using a scan rate of 1 mV s-1. The ESWs limits were defined by a 0.1 mA cm-2 cut-off 

current density. 

 

Figure 11a shows the cathodic and anodic scans of the neat aromatic heterocyclic anions based 

ILs and the electrolytes. During cathodic scans, all the ILs and electrolytes reveal continuous 

reduction below 1 V (vs Li/Li+), which is consistent with the previous reports on phosphonium-

based ILs.86,105,106 The low cathodic stability of phosphonium-based ILs is attributed to the 

presence of acidic alpha methylene protons of the phosphonium cations.107 (P4444)(3-PyrA) 

shows improved cathodic potential among other neat ILs which again would be related to the 

electronic donating effect of the nitrogen atom towards carboxylate group via resonance effect, 

resulted in shielding of alpha protons of cations through strong ionic interaction (Paper I). For 

the same reason among the oligoether functionalized ILs, (P4444)(3-IEBA) shows improved 

cathodic potential as compared with the other neat ILs, which again might be related to the 

electron donating effect of the oxygen atom towards carboxylate group via resonance effect. 

On the anodic side, anions of the neat ILs are oxidizing between 3.50-4.00 V (vs Li/Li+). An 

increase in the number of ethoxy units in the anions increases the anodic limit (Paper II). 

 

The [(P4444)(2-EEBA)]0.9[(Li)(2-EEBA)]0.1 electrolyte shows an oxidation peak at 3.79 V (vs 

Li/Li+), which might be due to the oxidation of the ethoxy groups present in the anion.108 In 

addition, two pronounced peaks C1 and  C2 observed on the cathodic scan side at 1.30, and 0.75 

vs Li/Li+ V. The C1 and C2 peaks can be associated with the underpotential deposition (UPD) 

of lithium and partial decomposition of the (P4444)+ cation on GC electrode.56,57 The UPD layer 

formation can modify the nature of the GC working electrode surface, which is beneficial for 

the extended cathodic limits of the electrolytes, where the Li+ ions can pass and prevent further 

reduction of the (P4444)+ cation.  

 

Overall, the ESWs (ca. 2.29–3.74 V) (Table 2) of these novel ILs are comparable with the 

commonly studied imidazolium-109 and phosphonium110-based ILs containing TFSI and other 

fluorinated anions. However, all of these ESWs should be regarded as the upper limits because 

we are utilizing a sweep approach and the ILs and the electrolytes are viscous at room 

temperature. 
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Figure 11. LSV curves of the neat aromatic heterocyclic anions based ILs and electrolytes (a) 

and the aromatic carbocyclic ILs and electrolytes (b). 

 

Table 2. Cathodic limit and anodic limit and ESWs of the neat ILs and the electrolytes at 20 °C 
using GC as a WE. The ESWs limits were defined by a 0.1 mA cm-2 cut-off current density. 
System EC (V vs Li/Li+) EA (V vs Li/Li+) ESW 
(P4444)(2-IEBA) 0.53 3.85 3.32 
(P4444)(3-IEBA) 0.40 3.89 3.49 
(P4444)(4-IEBA) 0.88 4.01 3.13 
(P4444)(2-EEBA) 0.43 4.02 3.59 
(P4444)(2-MEMBA) 1.12 4.20 3.08 
[(P4444)(2-IEBA)]0.9 [(Li)(2-IEBA)]0.1 0.42 3.89 3.47 
[(P4444)(2-EEBA)]0.9 [(Li)(2-EEBA)]0.1 1.39 3.68 2.29 
(P4444) (3-PyrA) 4.97 1.39 3.57 
[(P4444)(3-PyrA)]0.9 [Li(3-PyrA)]0.1 5.03 1.29 3.74 
(P4444) (2,5-PyrA) 4.09 1.27 2.82 
[(P4444) (2,5-PyrA)]0.9 [Li(2,5-PyrA)]0.1 4.15 1.02 3.13 

 

4.5  NMR Diffusometry 

Following the establishment of overall mobilities at a more macroscopic level using DSC and 

impedance spectroscopy, PFG NMR diffusometry was used to better understand the ionic 

mobility and, in particular, the effect of Li+ ion addition on the overall diffusivity of the IL-

based electrolytes. It is observed that the diffusional decays (DDs) for the neat ILs and the IL-

based electrolytes has a single exponential form (Equation 1) and are not affected by the 

diffusion time td. Experimental DDs are then fitted to Equation 1 to obtain the diffusion 

coefficients. 

 

For the all system, as expected, the PFG NMR diffusion coefficients of all species show 

monotonous increases as a function of temperature and follows the VFT behavior, temperature 
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dependency of self-diffusion coefficients of these systems is shown in Figure 12. For neat 

system containing heterocyclic moieties (Paper I) the diffusion of ions are accordance to ionic 

sizes, and the anions diffuse faster than the cation across the whole temperature range. A 

comparison between two neat systems show that the (2,5-PyrA)- diffuse slower than (3-PyrA), 

which is again due presence of an extra nitrogen atom in the aromatic rings which not only 

increase the ionic size but also can increase ionic interactions. 

 

Interestingly, for oligoether substituted carbocyclic ILs (Paper II) self-diffusion coefficients of 

cation (Dcation) and anion (Danion) in all the neat ILs measured by 1H NMR is approximately 

same and cannot be separated, which is primarily due that their comparable molar masses 

(Figures 12b). For heterocyclic systems, doping Li salts, reduces the diffusion of both cation 

and anion to the same extent, indicating the formation of aggregates, facilitated by interaction 

of anion with Li ions through the present nitrogen atom. The addition of lithium salts to the ILs 

lead to a decrease in diffusivity of both cations and anions due to additional electrostatic 

interactions in the systems leading ion clustering and thus reduced diffusivity (Figures 12a).  

 
Figure 12. Diffusion coefficients of ions in the (a) neat (P4444)(3-PyrA) IL and its electrolyte 

and (b) the neat aromatic carbocyclic IL. Symbols indicate experimental data and the solid lines 

represent the VFT fittings.  

 

4.6  Infrared Spectroscopy 

FTIR spectroscopy is employed to better understand the ionic interactions in the neat ILs and 

the electrolytes, mainly focusing on the symmetric and asymmetric stretching of the carboxylate 

group, C–O stretching and CH2 rocking bands of the anions (Figure 13). In the case of (P4444)(3-

PyrA) and (P4444)(2,5-PyrA) ILs, the prominent single bands centered at 1603 cm-1 and 1615 
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cm-1 with shoulders on the right side, suggesting single mode of interaction, which is more 

similar to a carbonyl group interaction.111 The symmetric stretching band of the carboxylate 

group appears as a single and symmetrical peak at ca. 1350 cm-1 for (P4444)(3-PyrA) and 

(P4444)(2,5-PyrA) ILs again indicates one kind of ionic interactions and justifying the low 

melting of these materials. For the other systems, (P4444)(2-PyrA), (P4444)(4-PyrA) and 

(P4444)2(Pyr-2,6-diA) the asymmetric stretching bands appeared in the frequency range 

(1570-1650 cm-1) and the symmetric stretching bands at (1320-1370 cm-1), suggesting the 

presence of long range strong ionic interactions justifying their room temperature solid/semi-

solid nature. A similar sort of absorption peaks for the carbonyl group was observed for the 

oligoether substituted ILs, which are detailed in Paper II. 

  

  
Figure 13. FTIR spectra of (a and b) the neat ILs and (c and d) the electrolytes. 

 

The modes of cation-anion interactions change upon doping of the neat ILs with the 

corresponding lithium salts. In the case of [(P4444)(2,5-PyrA)]0.9[(Li)(2,5-PyrA)]0.1 electrolyte, 

two new asymmetric stretching bands at 1380 and 1400 cm-1 appeared in addition to original 

peak at 1350 cm-1 (Figure 7d), while a significant broadening of the asymmetric band at 1615 
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cm-1 with distinct shoulders at both sides occurred. Similar spectral features are observed in the 

case of [(P4444)(3-PyrA)]0.9[(Li)(3-PyrA)]0.1 electrolyte. These drastic changes in the infrared 

absorption behavior clearly suggests the interaction of Li+ ion with carboxylate groups of the 

anions.  

 

5. Conclusions 

In this work, new classes of fluorine-free ILs comprising different anions and the most popular 

cations such as phosphonium, pyrrolidinium and imidazolium. The established structure-

reactivity relationship significantly contributes to the understanding of how minor structural 

tuning of one counterpart can have a significant impact on the overall physiochemical properties 

of the ionic materials. The ILs and electrolytes comprising aromatic heterocyclic analogous 

anions based on pyridine and pyrazine coupled to a common (P4444)+ cation revealed promising 

physicochemical and electrochemical performance. The neat (P4444)(3-PyrA) IL and its 

electrolyte exhibit much superior thermal and electrochemical stabilities, higher ionic 

conductivity and ion diffusivity. Among all the ions, Li+ ions revealed slowest diffusivity in the 

electrolytes suggesting stronger electrostatic interactions leading to ion association. It is found 

that altering the position of nitrogen atom in the aromatic ring of the anion can dramatically 

affect the cation-anion interactions and influence the overall physiochemical properties of the 

ionic materials, ranging from RTILs and organic ionic plastic crystals. 

 

In the case of ILs and the electrolytes with anions based on oligoether substituted aromatic 

carboxylates coupled to a common n- tetrabutylphosphonium (P4444)+ cation, the nature and 

position of the attached oligoether chain to the phenyl ring dramatically influenced the 

physicochemical and electrochemical properties. Despite the structural similarities, (P4444)(2-

IEBA) IL offered key beneficial properties including lower Tg, higher ionic conductivity and 

higher ion diffusivity. This IL, however, revealed lower dynamic thermal stability than its 

structural isomers (P4444)(3-IEBA) and (P4444)(4-IEBA) ILs. As expected, the addition of Li+ 

ions to the ILs decrease ionic mobility and leading to reduced ionic conductivity and ion 

diffusivity, although a monotonous increase in both the ionic conductivity and ion diffusivity 

is observed as a function of temperature. The anions diffused faster within the electrolytes than 

the (P4444)+ cation and Li+ ion, in spite of the fact that FTIR revealed interactions between the 

Li+ ions and the carboxylate group of the anions. 
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The other new classes of fluorine-free oligoether functionalized ILs and their concentrated 

electrolytes with two different cations such as imidazolium and pyrrolidinium coupled to two 

oligoether anions, (MEA)- and (MEEA)-, revealed quite different thermal properties but 

comparable ion transport behaviors. The pyrrolidinium-based ILs exhibited lower thermal 

stability but at the same time revealed lower glass transition temperatures than the 

corresponding imidazolium-based ILs. It was found that the solubility of the lithium salts is 

quite high in these ILs, up to 80 mol % of the lithium salts are dissolved in the parent ILs.   

 

Altogether, the newly created ILs and the electrolytes have promising properties to be used as 

electrolytes in next-generations batteries operating at elevated temperatures and over a wide 

potential range. 
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