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SYNOPSIS 

Electrical double layer capacitor (EDLC) is the advanced version of capacitor, possessing 

better energy storage than conventional dielectric capacitor. The power deliverable 

capability of EDLC is also better than batteries and fuel cells.  Hence, research on EDLC 

has become an interesting topic in the field of applied electrochemistry as well as energy 

conversion and storage. The performance of an EDLC depends on the properties of both 

electrolyte and working electrode materials. Therefore, research on these two basic 

constituents of EDLC are equally important. The improved energy storage of an EDLC can 

be achieved with wider electrochemical stable potential of the electrolyte and further 

delivery of that energy can be accelerated by reducing the internal resistance of system. 

These are the two key factors for choosing suitable electrolyte for an EDLC.  

The present work explores ionic liquids (ILs) and two novel deep eutectic solvents (DESs) 

as electrolytes for exfoliated carbon based EDLC. A set of ILs based on ethyl, propyl and 

butyl substituted 1-alkyl-3-methylimidazolium [AMIM] cations with 

bis(trifluoromethylsulfonyl)imide (Tf2N) and tetrafluroborate (BF4) anions are chosen for 

electrochemical study. This work also incorporates mixture of ILs as electrolytes for 

EDLC. Further two more ILs namely 1-butyl-4-methylpyridinium tetraflouroborate 

([BMpy][BF4]) and Triethylsulfonium bis(trifluoromethylsulfonyl)imide (TESu][Tf2N])  

are also added in this study. ILs are investigated in neat form as well as solution in organic 

solvents namely acetonitrile (AN), propylene carbonate (PC) and butyronitrile (BN). 

Moreover, 1-butyl-3-methyl imidazolium methanesulphonate ([BMIM][MeSO3]) is chosen 

as hydrogen bond acceptor (HBA) for DESs. In this regard N-methylacetamide (NMAc) 

and ethylene glycol (EG) are taken as the corresponding hydrogen bond donors (HBDs). 
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Electrochemical characterization methods such as cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) are employed 

to evaluate the performance parameters for the IL electrolyte-electrode combinations. 

Moreover, transport properties namely ionic conductivity and viscosity measurements are 

executed for the favourable IL based electrolytes using both experimental tools and 

molecular dynamic (MD) simulation. MD studies enlighten the diffusive nature of ions 

with or without the presence of organic solvent. Further, Conductor like Screening Model-

Segment Activity Coefficient (COSMO-SAC) thermodynamic model is used to study the 

solid-liquid phase equilibria where eutectic point of DES is evaluated. NMR study confirms 

the physical interaction between HBA and HBD of the DESs. Water content measurement 

and thermal stability of the novel DESs are also carried out. The physicochemical properties 

e.g. density, viscosity and ionic conductivity of the DESs are further determined. 

Afterwards, linear scan voltammetry (LSV) is performed to obtain the stable potential 

window of the DESs. Lastly, electrochemical performance is appraised using CV and GCD 

techniques.  

The IL with co-solvent systems result in lower equivalent series resistance (ESR) and 

higher specific capacitance than pure ILs. On the contrary pure ILs exhibit the widest 

operating potential window (OPW) and the same decreases with the addition of organic 

solvent. [PMIM][Tf2N] with 57 weight percentage of AN delivers the best result regarding 

OPW (3 V), specific capacitance (121.95 F g-1), ESR (7.28 Ω), energy storage (152.44 Wh 

kg-1) and specific power (10.10 kW kg-1). The electrochemical performance of IL varies 

with variation in co-solvent concentration. AN and PC show opposite effects when mixed 

with [BMPy][BF4]. It is noted that co-solvent improvises the rate determining parameters 
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of EDLC up to a certain composition. The ILs, [EMIM][Tf2N] and [TESu][Tf2N] impart 

similar results irrespective of the difference in type of cationic core.   

Transport properties of pure ILs and their solutions support the electrochemical findings. 

The ionic conductivity value reaches the maximum at the composition corresponding to 

maximum specific capacitance. MD simulation provides the molecular level understanding 

regarding ion diffusion. It shows how co-solvent enhances the mean square displacement 

of ions and hence affects ionic conductivity and viscosity. The simulation successfully 

validates the experimental observations.  

COSMO-SAC predicts the molar ratio to be 1:3.5 and 1:2 for [BMIM][MeSO3]:EG and 

[BMIM][MeSO3]: NMAc respectively. The computed melting points of the formulated 

DESs are found to be 70 – 100 ºC lower than that of HBA. The viscosity of the newly 

developed DESs (~15 cp) are significantly lower than neat room temperature IL electrolytes 

and their ionic conductivity is found to be comparable to ILs. TGA study reveals no mass 

loss up to ~90 ºC favouring high temperature application of EDLC. LSV provides 

electrochemical stability up to 3.8 V against glassy carbon electrode. [BMIM][MeSO3]: 

EG and [BMIM][MeSO3]: NMAc result in OPW of 2 and 3 V respectively with porous 

exfoliated carbon electrode.  Moderate values of specific capacitance (55-67 Fg-1) and 

power (0.56-1.3 kWkg-1) are observed due to higher internal resistance. However, 

[BMIM][MeSO3]: NMAc results in noteworthy high specific energy (~ 84 Wh kg-1) due to 

its wider OPW.  

An overall summary of the thesis is presented in Figure A.  

 

Key Words: Ionic Liquids, Deep Eutectic Solvents, EDLC, Specific Capacitance, OPW, 

ESR 
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Figure A: Graphical Representation of Thesis Work
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1.1 Fundamentals, Properties and Applications of Supercapacitors 

The class of hybrid capacitors, called supercapacitors (SCs), have attracted attention from 

both academia and industry due to their high power density resulted from very fast charge-

discharge mechanism and longer life cycle [1]. The supercapacitors are also named as 

ultracapacitors or electrochemical capacitors (ECs) [2]. The prefix super implies the higher 

specific capacitance than the conventional dielectric capacitors. The growth of SCs 

commenced in the 50s of 20th century where General Electric and Standard Oil of Ohio 

conducted the first experiments in US [2]. The capacitance obtained with these first series 

of SCs was limited to 1 F. During the period of advancements in electrochemical devices, 

energy and power densities are being considered as the two most important parameters and 

the relation between these two properties is expressed as Rangone Plot. SCs can deliver 

more power density than other electrochemical devices e.g. batteries, fuel cells; and higher 

energy density than classical capacitors (Figure 1.1).  

SCs or ECs primarily include two types of capacitors based on the charging mechanism 

namely pseudocapacitors and electrical double layer capacitors (EDLCs). Pseudocapacitors 

refer the type of SCs where significant amount of electrochemical response is contributed 

by the pseudocapacitance. As the name suggests pseudocapacitance is not the real 

capacitance arising from double layer charging. Pseudocapacitor stores energy by 

involvement of redox reactions similar to batteries. On the other hand, EDLCs are distinct 

from batteries and pseudocapacitors as the surface materials do not undergo 

electrochemical reactions. EDLCs are becoming an interesting and important area of 

research because of its potential to deliver higher power than the conventional batteries.  

EDLCs use electrostatic interaction to accumulate energy in Helmholtz double layer on the 

electrode/electrolyte interface. Double-layer capacitance arises from potential-dependence 
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of the surface energy stored electrostatically at the interface of the porous and electrically 

conductive electrodes. Another type of SCs is also available in literature  namely Li- ion 

hybrid supercapacitor [2,3]. However, EDLCs occupy the majority of the commercially 

available ECs’ market due to their technical advancements [1].The use of carbon electrodes 

in EDLCs also leads to easy waste disposal [4]. 
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Figure 1.1: Ragone Plot 

ECs or EDLCs can replace batteries and fuel cells in wide variety of applications, which 

demand large amount of energy in a very short span of time. The applications of ECs 

include portable electronics, fuel cell vehicles like passenger cars, trains and trolleybuses, 

electric or hybrid electric vehicles (HEVs), aircrafts and smart grids  [1,2]. HEVs use ECs 

to restart the engine once the car stops and hence lead-acid batteries are replaced. Literature 

suggests that there are nearly 600 thousands HEVs which utilize ECs for engine stop-start 
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process [2]. Moreover, in energy harvesting system e.g. solar cells and wind turbines, ECs 

or EDLCs can assist batteries [2]. Recent advances have drawn the attention of space 

scientists also to use EDLC in space technology. Storage of electrical energy on satellites 

is a crucial factor. During solar eclipse, solar panels stop generating electricity and a 

spacecraft needs to rely on stored energy which can be fulfilled by EDLCs since they have  

the ability to deliver very high bursts of electricity for a few seconds [5].  

1.2 Motivation for the Study 

Limited sources of fossil fuels and simultaneous increase in population of mankind 

motivate the scientists and engineers to carry forward the research on alternative energy 

resources. Additionally, greenhouse gases, air and water pollution from fossil fuels initiate 

the exploration of sustainable and clean energy storage technologies. Renewable energy 

resources e.g. solar and wind are highly weather dependent, while biomass energy may lead 

to deforestation without proper maintenance. Further, the world cannot be totally dependent 

on renewable energy sources in near future. The energy from renewable energy resources 

needs to be stored properly and used in future as per requirements. Hence, energy storage 

is a crucial issue for non-conventional energy resources. Batteries are used in hydropower 

plants to store the generated energy [2]. Moreover, fuel cells and SCs are also considered 

as potential energy storage devices [1] for several applications as discussed in previous 

section. 

As mentioned earlier, SCs or EDLCs can deliver energy at a faster rate than other 

electrochemical device despite their lower their energy density. The energy of EDLCs (E) 

is related to the capacitance (C) stored and operating potential window (OPW, V) as per 

equation 1.1 [6]. Moreover, specific power also depends on OPW and is determined using 
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equation 1.2, where ESR defines equivalent series resistance and m is the mass of the active 

electrode. 

21

2
E CV=           [1.1] 

2V
P

ESR m
=


          [1.2]

 

Hence, this study incorporates the suitable electrolytes for EDLCs to enhance their energy 

accumulation and discharge.  Despite their cost ionic liquids (ILs) were reported as 

potential electrolytes for EDLCs due to their wider electrochemical stability [6,7] and 

longer cycle life. However, ILs with imidazolium and pyrrolidium cations were studied the 

most. In addition to imidazolium based ILs, our study also includes pyridinium and 

sulfonium cation based ILs to interpret the effects of different cations. Deep eutectic 

solvents (DESs) have emerged as alternative solvents to ILs in variety of applications [8], 

yet their study as electrolytes for energy storage is limited. Therefore, DESs are considered 

as the second choice as electrolytes for this work.  

1.3 A Brief Layout of the Dissertation 

The dissertation includes screening of electrolytes based on literature survey with respect 

to their favourable properties e.g. OPW, ionic conductivity and viscosity. A series of ILs 

comprising three different cationic cores and two types of anion are characterized as 

electrolytes for graphene based EDLC. Pure ILs as well as their mixtures with organic 

solvents namely acetonitrile (AN), butyronitrile (BN) and propylene carbonate (PC) are 

investigated in a three-electrode configuration. Additionally, molecular dynamics (MD) 

study was also performed to have an insight of diffusive nature of cation and anion. 

Thereafter the study is directed towards DESs preparation and their application as 

electrolyte. Conductor like Screening Model-Segment Activity Coefficient (COSMO-
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SAC) model is used to predict the eutectic composition of DESs. The brief layout of this 

thesis work can be found below (Figure 1.2). The detailed work will be discussed in the 

subsequent chapters.  

 

Figure 1.2: A brief layout of the thesis work
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2.1 Introduction 

Figure 2.1 indicates how EDLCs’ performance depends on various parameters [1,9] 

associated with both electrolyte and electrode material. Ionic conductivity and viscosity of 

the electrolyte are associated with the bulk diffusion of ions and responsible for the ESR of 

the cell. Electrochemical stability of the electrolyte determines the operating potential 

window (OPW) of the device and affects energy and power densities. Further, ionic 

strength of the electrolyte, ion diffusion through the pores, pore diameter and surface area 

of the electrode material are responsible for the electrode capacitance. Absence of any 

chemical reaction between electrolyte and electrode indicates better cycle life of the EDLC.  

Moreover, reactions during charge-discharge process can release heat, which may raise 

safety issues. Thermal stability of the EDLC determines the operating temperature of the 

EDLC.  

Electrolyte plays a crucial role in determining EDLCs’ performance. The electrolytes for 

ECs can be classified in several categories e.g. liquid electrolytes, solid-state electrolytes, 

quasi-solid state electrolytes and redox active electrolytes [1].  Redox active electrolytes 

will not be discussed in this chapter since they are associated with pseudocapacitors. Liquid 

electrolytes further can be classified into two distinct categories namely aqueous and non-

aqueous electrolytes. The non-aqueous electrolytes include organic and ILs electrolytes as 

suggested by literature [1]. The scope of this study covers only two non-aqueous 

electrolytes, those are: 1) room temperature ILs (RTILs) and 2) DESs. As already 

mentioned DESs are yet a new concept in the field of EDLCs.  This chapter includes a 

detailed literature survey on each type of electrolyte used for ECs and their desirable 

properties.  
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Figure 2.1: Factors affecting EDLCs’ performance 

2.2 Electrolytes used for EDLCs 

2.2.1 Aqueous Electrolytes 

Aqueous electrolytes have been already used extensively in electrochemistry and 

specifically for ECs due to their easy handling and lesser cost compared to organic and IL 

electrolytes. In 2014, nearly 84.14% of the published literature on ECs reported aqueous 

electrolytes [1]. The higher ionic conductivity of aqueous electrolytes makes them 

advantageous over organic and IL electrolytes. This results in lower ESR and enhances the 

power density. However, most of the aqueous electrolytes suffers from narrower OPW due 
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to early decomposition of water, which limits the energy density and hence they are not 

preferable for commercial EDLCs [1]. 

Aqueous electrolytes mainly consist of different inorganic salt at various concentrations in 

water. The choice of cations and anions depend on their sizes in both bare and hydrated 

forms [1], which decides ion diffusion . Additionally, electrochemical stability is affected 

by the choice of the electrolyte. Aqueous electrolytes are further segregated as acid, alkaline 

and neutral electrolyte. H2SO4 at different molar concentration in water is the common 

choice of acid electrolyte due to its higher ionic conductivity. Further KOH and Na2SO4 

are the preferred electrolytes when alkaline and neutral electrolytes are discussed.   

The double layer behaviour of 2 M KCl solution was investigated against amorphous MnO2 

by Lee et al., where 200 F g-1 specific capacitance was reported with 1.2 V of OPW [10].  

Chandrasekaran et al., studied aqueous Mg(NO3)2 as electrolyte for activated carbon based 

EDLC [11]. The maximum specific capacitance was reported to be 124.1 F g-1 with OPW 

of 0.8 V and corresponding energy density was found to be 8.5 kWh kg-1 for 1 M aqueous 

solution of Mg(NO3)2. Further, hierarchically porous carbon based EDLC was tested with 

four different aqueous electrolytes namely  (NH4)2SO4, Na2SO4, H2SO4 and KOH by Zhang 

et al., [12]. The analysis reported 6 M KOH solution to be the best performing electrolyte 

with the highest specific capacitance of 61.5 F g-1 and the lowest ESR of 2.83 Ω. Moreover, 

the same electrolyte delivered the most stable cyclic behaviour up to 1.2 V of OPW.  

Following this work,  Barzegar et al., have reported aqueous solutions of KOH, LiCl and 

Na2SO4 for activated carbon based EDLCs [13]. Similar to Zhang et al., this study also 

stated 6 M KOH to be the most advantageous electrolyte with 129 F g-1 specific 

capacitance, 0.66 Ω ESR and 0.8 V OPW. 1 M KCl showed 1.6 V of OPW with porous 
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silicon carbide electrode material in a study reported by Kim et al., [14].The observed 

specific capacitance and energy density were 82.9 F g-1 and 29.47 Wh kg-1 respectively.  

H2SO4 in water was investigated simultaneously by various researchers during 2013-2014. 

Zhang et al., used 1 M H2SO4 acid electrolyte to test the performance of hierarchical porous 

carbon electrode and observed a combination of double layer and pseudo capacitive 

behaviour [15]. They have reported extra high capacitance of 428.1 F g-1, even though 

corresponding OPW was limited to only 0.8 V. Capacitive behaviour of  liquefied wood 

fiber containing carbon electrode was examined  using 1 M H2SO4 electrolyte by Jin et 

al.,[16]. The authors observed 1 V of OPW with specific capacitance of 280 F g-1. Further, 

the same electrolyte was tested for graphene quantum dots based electrode by Chen et al., 

where a  purely double layer behaviour was observed for an OPW of 0.8 V with a specific 

capacitance value of 268 F g-1 [17]. Hybrid graphene electrode’s performance was 

evaluated using 1 M aqueous H2SO4 by Liu et al., where an ultra-high capacitance of 

1045.51 F g-1 was measured due to faradic reactions with an OPW of 1 V [18]. In a similar 

study by Jana et al., chemically derived graphene was investigated and pseudocapacitance 

(375 F g-1) dominating behaviour was observed [19].  

Chen et al., studied heteroatom doped carbon nanofiber based EDLC using 2 M aqueous 

solution of H2SO4 and found maximum power density of 186.03 kWh kg-1 for 1 V of OPW 

[20]. Previously same electrolyte was tested by Mun et al., to rate hierarchically structured 

partially graphitized carbon electrode [21]. However, pseudo capacitive (maximum 120 F 

g-1) behaviour was observed by the authors and OPW was also limited to 1 V only.  

Aqueous solution of KOH and Na2SO4 were also studied by Wang et al., to evaluate the 

double layer nature of flower like porous carbon electrode [22]. They have reported double 

layer capacitance (294 F g-1) with 1 V OPW for 6 M KOH using three-electrode set up. 
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Further two-electrode configuration was employed for 1 M Na2SO4 where corresponding 

power and energy densities are 317.5 W kg-1 and 15.9 Wh kg-1 respectively with 1.8 V 

OPW. Antifreezing aqueous electrolytes were prepared by dissolving NaClO4 in pure water 

as well as in binary solvents e.g. methanol-water, ethanol-water, glycerol water and 

ethylene glycol-water at room temperature [23]. Nearly 1.2 V of OPW was reported for all 

the electrolytes and NaClO4 in methanol-water was sustained up to -40 °C. The highest 

specific capacitance was limited to nearly 21 F g-1. 

The main drawback observed from the literature in case of aqueous electrolytes is their 

lower OPW. This results in lower energy storage despite higher specific capacitance. 

Surprisingly, a recent study reported by Tomiyasu et al., showed that saturated aqueous 

solution of sodium perchlorate could be stable up to 3.2 V for graphite based capacitor [24]. 

However, such cases are very rare to locate with aqueous electrolytes. Hence, here the 

necessity to study organic electrolytes appears.  

2.2.2 Organic Electrolytes 

Organic electrolytes are the common choice for commercial EDLCs due to their wider 

OPW (2.5-2.8 V) than aqueous electrolytes [1], which can result into the enhancement of 

both energy and power densities. However, lower ionic conductivity of organic electrolytes 

cause reduction in specific capacitance. The fabrication cost of organic electrolyte based 

EDLCs is more as compared to aqueous one. Tetraethylammonium tetrafluroborate 

[TEABF4] is the most common organic salt used for EDLCs. Similar to aqueous 

electrolytes, ion size, ion-solvent interaction, ionic conductivity and viscosity of the 

solution are the key factors while choosing organic electrolyte for EDLCs or ECs.  

Tetraethylammonim (TEA+) and tetrabutylammonium (TBA+) salts of 

hexafluorophosphate (PF6), tetrafluroborate (BF4) and perchlorate (ClO4
-) were solvated 
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with ethylene carbonate and the effects of anion size on ionic conductivity, viscosity and 

electrochemical stable potential window (ESPW) were observed by Morita et al., [25]. Lai 

et al., did a comparative study of electrolytes using 1 M TEABF4 and 1.6 M 

Tetraethylammonium difluoro(oxalato)borate (TEAODFB) in PC with activated carbon 

electrode [26]. The authors suggested 1.6 M TEAODFB as better electrolyte than 1 M 

TEABF4 in terms of ionic conductivity, ESR and capacitance. TEABF4 in adiponitrile 

(ADN) was experimented as electrolyte for EDLC by Brandt et al., [27]. Even though the 

ionic conductivity of this novel electrolyte was lesser, the OPW achieved was wider (3.5 

V) than standard 1 M TEABF4 in AN.  

TEABF4 in AN remains as the most popular choice of electrolyte during the past 10-15 

years [1,9] . This is primarily used to evaluate the efficiency of newly developed electrode 

material for EDLCs. TEABF4 as 1 M solution in AN was studied through carbon aerogel 

electrode containing EDLC whereby 2.5 V OPW was reported with 9.1 F g-1 at 1 A g-1 [28]. 

The same electrolyte was again used by Yang et al., for pore size controlled carbon aerogels 

where 2.5 V of OPW was observed [29]. However, reported specific capacitance was 

limited to 20 F g-1. Density functional theory (DFT) study was also performed by Jiang et 

al., to observe the electrode pore size dependence of EDLCs’ capacitance using 

TEABF4+AN electrolyte [30]. 1 M TEABF4 in methoxypropionitrile and ethylene 

carbobnate (EC) mixture was formulated by Perricone et al., [31] and EDLC performance 

was further compared with 1 M TEABF4 in AN and PC. However, the capacitance and 

resistance performances are not better than 1 M TEABF4 in AN.  

LiPF6 at 1 M concentration in EC [32] and PC [33] were also investigated as electrolytes 

for EDLCs with human hair derived carbon and graphene based electrode respectively. An 

OPW of 3 V with 126 F g-1 was obtained using 1 M LiPF6 with human hair derived carbon 
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electrode [32]. An ultra-high specific capacitance of 424 F g-1 was achieved for nano-

porous Co3O4 and graphene composite electrode [33]. TEABF4 in PC was examined  by 

Jung et al., for GO-CNT based EDLC, where 3 V of OPW was reported with maximum 

capacitance of 35 F g-1 [34]. Later Zhou et al., used the same electrolyte for fluorine rich 

carbon electrode whereby double layer behaviour of 168 F g-1 with 2.5 V was concluded 

[35]. LiClO4 salt as in 0.5 M solution PC was tested as supporting electrolyte with 

polyaniline as the primary electrolyte for graphite EDLC by Zhang et al., [36]. The study 

revealed consistency up to 30000 cycles with 300 F g-1 and 1 V. Further, 1 M solution of 

LiClO4 salt in PC resulted in pseudo capacitive behaviour with MoO3 nanosheet and 

SWCNT composite electrode [37]. Francke et al., tried to replace AN and PC with 

1,1,1,3,3,3-Hexafluoropropan-2-ol for different TEA+ salts [38]. This novel solvent 

possesses non-flammability in contrast to AN and PC. However, ionic conductivity of the 

electrolyte solutions in 1,1,1,3,3,3-Hexafluoropropan-2-ol is lower than that in the other 

two solvents. The observed electrochemical stability was similar for all the three solvents.  

Literature suggested some other studies using 1 M TEABF4 in AN and PC  to rate the 

performance of novel electrode materials [14,39–41]. The reason behind this preference 

given to 1 M TEABF4 is its better ionic conductivity and reasonable electrochemical 

stability. Nitrogen containing carbon nanospheres based electrode was characterized by 1 

M LiPF6 in EC electrolyte by Li et al., ,whether reported OPW was limited to 2 V [42].  

The basic advantage of organic electrolytes over aqueous is their wider electrochemical 

stability. The reviewed literature suggests the same even though they observed a lower 

specific capacitance. Moreover, capacitance is more dependent on electrode morphology 

rather than type of electrolyte. Despite wider OPW than aqueous electrolytes, the research 

on alternatives to organic electrolytes commenced to avoid the safety issues related to their 

TH-2708_166107001



Chapter 2 

   18 | P a g e  
 

lower thermal stability. Lower ionic conductivity than aqueous electrolytes [1] is another 

flaw in organic electrolytes.  

2.2.3 Ionic Liquid Electrolytes 

ILs are basically composed of ions: an organic cation and either organic or inorganic anion, 

having melting point lower than 100 °C [1]. The flexibility in cation-anion combinations 

results in a wide variety of ILs. Majority of ILs possess melting point below room 

temperature and hence they are termed as room temperature ILs (RTILs). ILs are well 

known for their non-flammability, low volatility, thermal and chemical stability and hence 

they cover wide range of applications. Moreover, reasonable ionic conductivity and higher 

ESPW are the two more attractive properties of ILs or RTILs for their use in 

electrochemical storage device [43].  Reported literature thoroughly reviewed the scope of 

ILs as energy storage material for EDLCs [7,44]. However, the main disadvantage with 

pure ILs is their higher viscosity than organic electrolytes at room temperature, which leads 

to higher ESR. In this regard again the secondary approach with respect to IL and organic 

solvent mixture electrolyte was developed [6]. 

ILs, containing imidazolium and pyrrolidinium cations were studied extensively. The most 

essential properties for EDLCs’ electrolyte, e.g. ESPW, ionic conductivity, viscosity and 

thermal conductivity, are affected by size and type of cations and anions [44]. The literature 

suggested the following order of cations with respect to reduction stability: 

piperidinium>pyrrolidinium>ammonium>imidazolium>pyridinium. Commonly used 

anions are BF4, PF6 and bis(trifluoromethylsulfonyl)imide (Tf2N). Due to the smaller cation 

size, 1-ethyl-3-methylimidazolium (EMIM) gained the highest attention from the 

researchers worldwide. The next choice of imidazolium cation is 1-butyl-3-

methylimidazolium (BMIM), which offers a higher resistance because of its size. Generally 
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imidazolium cations offer better ionic conductivity, while pyrrolidinium offers wider 

ESPW [1]. Wider potential window results in higher energy storage following equation 1.1. 

On the other hand, higher ionic conductivity and lesser viscosity reduce the ESR by 

enabling faster charge-discharge and hence facilitates the faster delivery of the stored 

energy. Therefore, the different properties of the cationic core affect the performance of the 

EDLC differently. Further, type of anion also influences the electrochemical stability of the 

ILs [45]. It should be noted that as per standard protocol, the reduction potential 

corresponds to cathodic limit. On the contrary oxidation potential is determined by the 

anodic limit. However, literature suggests that  the cationic core can undergo oxidation 

ahead of the anion [45].   

Pure [EMIM][Tf2N] and [EMIM][BF4] have been the preferred choice of researchers when 

novel electrode materials for ECs were investigated with IL electrolytes. This is primarily 

due to its smaller size of the cationic core [6,7]. Polypyrole derived activated carbon 

electrode material was tested against [EMIM][BF4] by Wei et al., in 2011. The OPW was 

found to be 2.3-3 V [46]. The highest specific capacitance reported was 300 Fg-1. Sun et 

al., investigated the same IL for mesoporous carbon spheres based EDLC which resulted 

in a specific capacitance of 147 Fg-1 [47]. Further Zhou et al., also studied [EMIM][BF4] 

for porous carbon sheets containing EDLC. This resulted in an OPW of 3 V along with 

specific capacitance 147 Fg-1 [48]. Moreover, AN diluted [EMIM][BF4] was also examined 

by Hantel et al., to measure the capacitance of intercalation like carbon materials. Here  the 

highest specific capacitance of 180 Fg-1 was found [49].  

[EMIM] cation with different anions have been tested in 2014 by Shi et al., for graphene 

based EDLC [50]. Among different ion pairs, [EMIM][DCA] gave the best value of 

specific capacitance (95 Fg-1) due to the lowest viscosity, molecular weight and size among 
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all the other ILs followed by [EMIM][BF4] and [EMIM][Tf2N]. However, the 

corresponding OPW was quite low (2.3 V), whereas [EMIM][BF4] and [EMIM][Tf2N] 

delivered OPW ~ 4 and 3.5 V respectively. Again, [EMIM][BF4] was reported to be less 

viscous than [EMIM][Tf2N]. This study revealed the effects of anion on the electrochemical 

behaviour of the EDLC. Further [EMIM][Tf2N] was examined by Tran et al., where 80 Wh 

kg-1 energy density was reported for binder free EDLC [51]. Aken et al., formulated 

mixture of [EMIM][BF4] and [EMIM][Tf2N] at different weight ratios for onion like carbon 

based EDLC and compared electrochemical stability to that of neat ILs [52]. Further, 

specific capacitance, ESR and cyclic stability were also reported.  

EMIM cation with bis(fluorosulfonyl)imide anion was also investigated for activated 

carbon based EDLCs by Handa et al., [53]. The results obtained with this neat IL were 

comparable to that of 1.96 M triethylmethylammonium tetrafluoroborate dissolved in PC. 

The authors reported higher ionic conductivity of this IL than [EMIM][Tf2N]. An OPW of 

3.5 V and corresponding specific capacitance of 174 F g-1 were obtained for graphene-

derived carbon EDLC with [EMIM][Tf2N] in AN [54].  

[BMIM][BF4] mixed with AN was found to have OPW of 3.5 V when tested for activated 

carbon based EDLC [55]. [BMIM][Tf2N] was used by Qiao et al., with different varieties 

of Si-nanowire based electrodes and the observed OPW was limited to 1.7 V only [56]. 

Moreover, different specific capacitance values were also reported for different electrodes. 

Earlier BMIM cation with PF6 and BF4 anions were investigated for ECs by Balducci et 

al., and obtained results were compared to 1 M TEABF4 in PC [57]. Among all three, 

[BMIM][PF6] provided the best cathodic and anodic stability limits. N-butyl-n-

methylpyrrolidinium bis(trifluoromethane sulfonyl) imide ([PYR14][TF2N]) IL was studied 

as organic solvent diluted electrolyte for EDLC by Ruiz et al.,[58]. The authors reported 
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that IL+BN mixture provided the highest specific capacitance (125 Fg-1) and widest range 

of operating temperature (-20 to 80 ºC). The IL+solvent electrolytes showed ESPW of 4-6 

V. The same IL was further used to evaluate the performance of cellulose nanofibrils 

modified activated carbon electrode by Li et al.,[59]. This particular combination of 

electrolyte and electrode resulted in OPW of 3 V and the observed specific capacitance was 

limited to nearly 85 F g-1. A series of imidazolium and ammonium cations comprising of 

alkyl, vinyl, allyl and 1-butenyl groups with Tf2N and BF4 anions were examined as 

EDLC’s electrolyte by Orita et al.,[60]. The authors reported that substitution of allyl group 

induces viscosity reduction. The study basically compared the specific capacitance, 

viscosity and ionic conductivity among several ILs and organic solvent diluted ILs.  

Triethylammonium bis(tetrafluoromethylsulfonyl)amide neat IL and solution in AN was 

explored by Timperman et al., as an electrolyte for activated carbon based EDLC [61]. The 

favourable ESPW against Pt electrode and OPW were found to be 4 and 2.5 V respectively. 

The same group of authors also reported a variable temperature study on AN diluted 

tributylphosphonium tetrafluoroborate IL as electrolyte for EDLC [62]. The OPW was 

limited to 1.5 V and the authors commented that the specific capacitance was comparable 

to aqueous electrolytes.  Three different types of sulfonium cations with Tf2N anion along 

with [PYR14][Tf2N] were investigated by Rennie et al.,[63]. The authors suggested that 

diethylmethyl sulfonium Tf2N can perform better than [PYR14][Tf2N] in terms of power 

and energy density at room temperature despite its lower OPW (2.7 V). A study by Mousavi 

et al., covered several ionic liquids with structurally diverse anions (BF4, 

trifluoromethanesulfonate and Tf2N) and cations (imidazolium, ammonium, pyridinium, 

piperidinium,pyrrolidinium) [64].The study analysed the effects of anion and cation on 

ESPW of neat ILs with respect to glassy carbon electrode and specific capacitance for a 
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mesoporous carbon model electrode. Further pyridinium based room temperature protic ILs 

were examined with metal oxide based electrode containing EC [65]. The authors 

confirmed the presence of pseudocapacitive behaviour. The specific capacitance was 

reported to be 40-50 F g-1.  

Ong et al., employed molecular dynamics (MD) simulations and density functional theory 

(DFT) calculations to investigate the cathodic and anodic stable potential limits of six 

RTILs formed from a combination of two common cations, BMIM and N,N-

propylmethylpyrrolidinium and three anions PF6, BF4 and Tf2N [66]. This study suggested 

that pyrrolidinium based ILs possessed lower cathodic stability than BMIM. Further it has 

been observed that anodic stability of the anions behaved differently for different cation.  

2.2.4 Deep Eutectic Solvent Electrolytes 

DESs constitute another class of newly emerging solvents, which is earning a lot of 

attention from the scientific and industrial community for their attractive physicochemical 

properties. A DES is an eutectic mixture of a hydrogen bond acceptor (HBA) and a 

hydrogen bond donor (HBD)  which are associated through hydrogen bond interactions, 

when those are mixed in a specific molar ratio [67].  The newly formed phase is 

characterized by a freezing point, which is lower than the fusion or melting temperatures 

of both the constituent materials. This difference in the temperatures is defined as the 

depression in freezing point of a DES. Although DESs share many characteristics with 

conventional ILs (non-reactive with water, non-volatile, biodegradable) [68],  they  cannot 

be labelled as ionic liquids because they are not entirely comprised of ions . Further deep 

eutectic solvents can be prepared from non-ionic species as well [67]. Most of the of the 

studies on DESs were primarily focused on quaternary ammonium and imidazolium salts 

as the hydrogen bond acceptor (HBA) with a hydrated metal salt or a suitable hydrogen 
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bond donor (HBD) such as amides, alcohols, glycols and carboxylic acids [68]. Choline 

chloride (ChCl) was the most commonly used HBA as suggested by literature [68]. Table 

2.1 represents the conventional types of DESs as suggested by Smith et al., [68]. 

Table 2.1: Classification of DESs 

Types of DES General Notation  

Type I Cat+X- zMClx M= Zn, Sn, Fe, Al, Ga and In 

Type II Cat+X- zMClx. yH2O M= Cr, Co, Cu, Ni and Fe 

Type III Cat+X- zRZ Z= CONH2, COOH and OH 

Type IV MClx + RZ M= Al, Zn and Z= CONH2, OH 

The use of deep eutectic solvents as electrolytes in EDLCs or supercapacitors have not been 

explored in depth until very recent years. Ju et al., reported ChCl based DESs having 

glycerol, malonic acid and urea as HBDs for EDLC [69].The OPW observed in this study 

was limited to 2 V. Electrochemical characterization of DES having sodium nitrate and N-

methyl acetamide (NMAc) for carbon based supercapacitor application was done by Zaidi 

et al., [70].  Reasonable results were obtained at 80 °C with a two-electrode configuration 

at an operating voltage up to 2.0 V. The cell remained stable after 1000 charge-discharge 

cycles. However, presence of psuedocapacitance (~ 302 Fg-1) was also reported. Further, 

the combination of  ChCl and glycerol was again studied against platinum, gold and glassy 

carbon as working electrodes [71]. The electrochemical stability was found to be nearly 1 

V only. Zaidi et al., further investigated DESs based on NMAc and lithium salts of PF6, 

Tf2N and NO3 [72]. Previously, the combination of LiTf2N and NMAc was also studied by 

Boisset el al.,[73]. The authors characterized the DES as electrolyte for activated carbon 

based EDLC as well as for Li ion batteries with LiFePO4 electrode. A protic IL, sulfonium 

bis(trifluoromethylsulfonyl)imide was tested as HBA with two HBDs namely formamide 
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and trifluoroamide to apply as electrolytes for EDLCs [74]. The DESs were characterized 

at different potential window and corresponding specific capacitance were measured. A 

DES consisting of LiTf2N salt and formamide as HBA and HBD respectively; was prepared 

and used as electrolyte for activated carbon based EDLC by Phadke et al., [75]. The authors 

measured energy density close to 30 Wh kg-1 at 2.4 V of OPW with this system.  

2.2.5 Solid or Quasi Solid-State Electrolytes 

The solid-state electrolytes have gained great interest in the recent past since it is liquid-

leakage proof and has the advantage of easy packaging and fabrication. Moreover, solid 

state electrolytes can act as the ion transport media and electrode separators simultaneously 

[1]. Majority of the work on solid or quasi solid-state electrolytes covers polymer-based 

electrolytes. However, inorganic materials e.g. ceramic based solid electrolytes are the least 

explored. Polymer based electrolytes are further classified as solid polymer electrolyte 

(SPE), gel polymer electrolyte (GPE) and polyelectrolyte. SPE is totally solvent free and 

formed by combining a polymer and a salt. GPE is also termed as quasi solid-state 

electrolytes. It is composed of a polymer and a conducting media dissolved in a solvent. 

Polyelectrolytes are made of charged polymer chains.  Due to the presence of a liquid phase 

GPE, it possesses the highest ionic conductivity among all the three types. Hence GPE acts 

as the dominant electrolyte in the field of solid-state electrolytes.  

GPE consisting of polyvinylpyrrolidone (PVP) and PVP–polyvinylacetate (PVP–PVAc) as 

base polymers and TEABF4 as the electrolyte salt were reported by Matsuda et al.,[76].The 

ionic conductivity at 25 °C was measured to be 10-3 S cm-1 and calculated discharge 

capacitance was 38 F g-1 for activated carbon based electrodes. Further, in the recent past 

several studies were conducted with GPE. Pandey et al., experimented IL based GPEs 

containing [EMIM][Tf2N] incorporated with ploy(ethyleneoxide) based Mg2+ and Li+ ion 
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conducting polymers [77]. The ionic conductivity of the electrolytes at ambient temperature 

was measured to be ~10-4 S cm-1. The ESPW and OPW of the electrolytes were 4 and 2 V 

against stainless steel and MWCNT electrodes respectively. The EDLC cells with Mg and 

Li-based polymer electrolytes delivered capacitance of 2.6-3 and 1.7-2.1 F g-1 respectively. 

A combination of [BMIM][Tf2N] IL and poly(methyl methacrylate) was investigated for 

graphene based EDLC whereby OPW of 3 V was observed [78]. A novel boron cross-

linked graphene oxide/polyvinyl alcohol nanocomposite gel with KOH solution was chosen 

as GPE in activated carbon based EDLC [79]. The electrolyte showed potential window of 

nearly 1 V with specific capacitance up to 140 F g-1. 

Syahindah et al., performed EDLC studies using GPE based on poly(vinyl 

pyrrolidone)/poly(vinylidenefluoride-co-hexafluoropropylene) containing 1-butyl-2,3-

dimethylimidazolium BF4 IL [80]. The electrolyte resulted in ionic conductivity of 2.92 

10-3 S cm-1 and the widest OPW of 2 V. High performance GPE having LiClO4 gel and 

poly(arylene ether ketone)/poly (ethylene glycol) grafted poly(arylene ether ketone) 

polymer composite was studied by Ruiqi et al.,[81].The authors claimed that the 

microporous polymer electrolyte had ionic conductivity as high as 810-3 S cm-1 and 

delivered specific capacitance of 118.63 F g-1 with activated carbon electrode. They also 

synthesized solvent free SPE based on [EMIM][Tf2N] and poly(ethylene oxide)-

copoly(propylene oxide) . The study revealed 3 V OPW with porous carbon electrode and 

power density of 12.3 kW kg-1 [82]. Succinonitrile and [BMIM][BF4] were combined with 

copolymer poly(vinylidene fluoride-co-hexafluoropropylene) to form thermostable GPE 

by Pandey et al., [83]. The authors suggested ESPW ~ 5.5 V even though OPW was limited 

to only 2.5 V when applied for activated carbon EDLC. The GPE-activated carbon system 

resulted in nearly 176 F g-1. Around 80% of the initial capacitance was observed after 10000 
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cycles. SPE based on fumed silica nanoparticles, hydroxylethyl cellulose, EMIM 

trifluoromethanesulfonate (IL) and Mg trifluoromethanesulfonate was prepared by Chong 

et al., to characterize its electrolytic behaviour for activated carbon based EDLC [84]. This 

study suggested that use of silica nanoparticles brought enhancement on specific 

capacitance (25 F g-1). However, observed OPW was limited to 2 V. In the same year, a 

novel GPE composed of polyurethane-poly(acrylic acid) and 1 M KOH was used in order 

to apply them as electrolytes by Wang et al.,[85]. The ionic conductivity was observed to 

be 10-2 S cm-1. The potential window was found to be 1 V due to the use of aqueous KOH 

when tested against acid treated carbon paper electrode. Recently, the scope of a poly(vinyl 

alcohol) based SPE having sodium trifluoromethanesulfonate salt and [BMIM][Br] was 

explored by Farah et al.,[86]. The electrochemical studies resulted in OPW of 1 V and 

specific capacitance of 16.32 F g-1 for carbon coated aluminium electrode. 

2.3 Other Applications of Ionic Liquids and Deep Eutectic Solvents 

ILs or RTILs are considered as effective solvents for numerous chemical engineering 

applications. In this regard, DESs have also emerged as substitutes to ILs in past two 

decades. The lower cost and ease of preparation accelerate the research on DESs. This 

section includes a brief literature survey on some applications of ILs and DESs other than 

electrolytes for ECs to interpret their ability to serve as potential solvents for different 

scientific and industrial practices. 

2.3.1 Ionic Liquids 

Reported literatures suggest several applications of ILs for the development of science and 

technology. However, only a few of recent literature will be discussed here. Yue et al., 

reviewed different types of task-specific ILs to be used as catalysts or solvents in organic 

reactions [87].This study discussed ILs of different categories studied previously e.g. 
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acidic, basic, chiral and OH- group containing ILs. The use of [BMIM][Cl] IL as a medium 

for electrodeposition of gold-platinum alloy nanoparticles on glassy carbon electrode was 

reported by Safavi et al., [88]. Liu et al., investigated the thermal performance of 

[HMIM]BF4] as graphene added heat transfer fluid for solar energy collectors [89]. EMIM 

ethylsulfate IL was used as solvent for extraction of toluene from a mixture of cycloalkanes 

for room temperature liquid-liquid extraction [90]. A review study by Ventura et al., 

extensively discussed the effectiveness of ILs as extraction and separation media for 

bioactive compounds e.g. fats, proteins, amino acids, vitamins, essential oils, 

pharmaceuticals and drugs  [91]. Recently a study on separation of hydrocarbon gases were 

conducted by Makino et al., using imidazolium and phosphonium based RTILs [92].   

BMIM cation with three different anions were considered as liquid membrane for phenol 

removal [93]. This work covered both experimental and optimization research. Further 

BMIM thiocyanate IL supported by metal-organic framework was explored for CO2 

capture by Gupta et al.,[94]. A recent review study done by Hijo et al., explained 

thoroughly the applications of ILs or RTILs in food and bioproduct [95]. Watanabe et al., 

analysed the use of ILs as electrolytes for energy storage devices e.g. Li/Na, Li-S, Li-O2 

and fuel cells [44]. ILs were used successfully to remove unwanted compounds e.g. sulphur 

and nitrogen containing compounds, aromatics, naphthenic acids and asphaltenes from 

refinery feedstock as suggested by Palou and Luque [96]. A series of ILs consisted of 

imidazolium, pyridinium, ammonium and phosphonium cations were investigated as 

chemicals for enhanced oil recovery process by Dahbag et al., [97]. Allyl based IL 

facilitated thermal dehydrogenation of ethylene diaminebisborane was reported by 

Banerjee et al., in 2016 [98]. A combination of experimental and simulation studies were 

performed by Dehury et al., for extraction of butanol from aqueous phase [99].  Further, 
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solid-liquid equilibrium studies were carried out by evaluating the solvation efficiency of 

several ILs for cellulosic materials [100]. This study by Mohan et al., includes both 

quantum chemical and experimental studies. A recent development by Le et al., published 

in May 2020 illustrated the IL-protein complex interactions for better understanding of IL 

catalysed biological processes [101].  

2.3.2 Deep Eutectic Solvents 

DESs are considered as emerging solvents with comparable physicochemical properties to 

ILs. The review by Tome et al., published in 2018 clearly depicted how ChCl based DESs 

have dominated the research on DESs from the beginning of 21st century [102]. The authors 

discussed the applications of DES mainly in the fields of polymer science, metal processing 

and nanomaterials. Previously Gracia et al., compared the physicochemical properties of 

several reported DESs based on ChCl, ammonium and phosphonium salts and also analysed 

their use for gas separation primarily for absorption of CO2 and SO2 [103]. A work by 

Malaquis et al., reported electrodeposition of Cu-In alloy using ChCl:Urea (1:2) DES for 

photovoltaic applications [104]. ChCl based DESs with urea and glycerol as HBDs were 

investigated as surfactants for enhanced oil recovery by Hadj-Kali et al.,[105]. A series of 

DESs having ZnCl2 as HBA were prepared and characterized for electrolytic use by Bagh 

et al.,[106]. Further ChCl: p-chlorophenol at 1:2 molar ratio was prepared and used as 

extractive solvent by Farajzadeh et al., for separation of polycyclic aromatic hydrocarbons 

from aqueous phase [107].  

A phosphonium based DES was explored as the catalyst for esterification reaction of oleic 

acid with glycerol by Williamson et al.,[108]. DES was considered for gold nanoparticles 

synthesis to be used in enzymatic biosensor by Krishnan et al., [109]. A review study by 

Morales et al., highlighted the free radical polymerisation and the use of DES as functional 
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materials in different applications. The authors primarily evaluated the literature based on 

ChCl consisting DESs [110]. Moreover, ChCl based DES was also employed to 

functionalize graphene derivative as flame reductant [111]. Nevertheless, DESs without 

quaternary ammonium salts were also suggested for solvent extraction operation [112] and 

heat transfer fluids [113,114]. For ammonia absorption, a DES prepared with 

[BMIM][MeSO3] and urea was also a viable option [115]. 

2.4 Knowledge Gap in the Literature 

As per the discussion in section 2.2, it can be well understood that IL based electrolytes are 

the preferred sustainable choices for the researchers. In this regard, primarily cations like 

imidazolium and pyrrolidinium remained as the core application. However scant literature 

is observed with cations e.g. pyridinium, sulfonium, phosphonium and ammonium with 

respect to the applications of these ILs. Therefore, this thesis work involves pyridinium and 

sulfonium group containing ILs with BF4 and Tf2N anions respectively along with other 

frequently used imidazolium ILs. Additionally, one unfamiliar imidazolium IL namely 1-

propyl-3-methylimidazolium Tf2N is also investigated as EDLC’s electrolyte. The choice 

of three different cationic cores and two anions is made to encapsulate the effects of IL’s 

molecular structure (alkyl chain) on the performance of the EDLC.  

The recent developments on DESs encourage us to explore their scope in the domain of 

EDLCs. Moreover, till date only a handful of DES electrolytes were reported which further 

builds interest on electrolytic behaviour of DES. The feasible association between several 

HBAs and HBDs gives the advantage of preparation of a DES according to their 

application. Hence, considering the requirement of favourable ionic conductivity of the 

DES, IL is used as HBA in this work. Further, the limitation with majority of the studied 

DESs is their high viscosity [8,67,110,116]. Here the disadvantage of using them as 
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electrolytes comes into the picture. Hence, this study aims at preparation of low viscous 

DESs for EDLC application.  

2.5  Objectives of the Thesis Work 

The thesis work is based on mainly four basic objectives as mentioned below.  

1. Electrochemical Characterization of IL-based Electrolytes  

The primary requirements for being an effective electrolyte for EDLCs are wider OPW, 

better charge storage capacity, higher power densities and longer cycle life. Hence, 

electrochemical characterization of pure ILs as well as their mixtures in co-solvents was 

performed and subsequently OPW, specific capacitance (C), ESR, specific power and 

energy were evaluated.  

2. Measurement of Transport Properties of IL-based Electrolytes 

Based on the electrochemical performance of ILs, some of the favourable electrolytes were 

further used to measure ionic conductivity and viscosity. Evaluation of these two transport 

properties predicted the effects of dilution of ILs with different solvent concentration. 

Moreover, molecular dynamics (MD) simulation tool was also adopted to provide 

microscopic insights through the diffusional behaviour of ions. 

3. Preparation of DESs 

For novel DESs, the preparation procedure needs to be done iteratively to determine the 

appropriate HBA: HBD ratio and corresponding freezing point so as to satisfy the definition 

of eutectic mixture. In order to eliminate experimental iterative process, Conductor like 

Screening Model-Segment Activity Coefficient (COSMO-SAC) thermodynamic model 

was chosen for determination of eutectic points of the DESs. Further DESs were prepared 

following standard experimental procedure according to the molar ratio obtained from 

computation. 
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4. Physical and Electrochemical Characterization of DESs 

Initially 1H and 2-D NMR analysis were executed for the DESs. Thereafter physical 

properties of the DESs e.g. density, viscosity and ionic conductivity were measured. 

Further thermogravimetric analysis (TGA) of the DESs was carried out. Finally, 

electrochemical performance was investigated using CV and GCD techniques. 
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3.1 Materials 

3.1.1 Electrolytes 

ILs, namely 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([EMIM][Tf2N]),  1-propyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([PMIM][Tf2N]), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([BMIM][Tf2N]), 1-ethyl-3-methylimidazolium tetrafluroborate ([EMIM][BF4]), 1-butyl-

3-methylimidazolium tetrafluroborate ([BMIM][BF4]), 1-butyl-4-methylpyridinium 

tetraflouroborate ([BMpy][BF4]) and Triethylsulfonium bis(trifluoromethylsulfonyl)imide 

([TESu][Tf2N])  were considered for our work. Primarily acetonitrile (AN), propylene 

carbonate (PC) and butyronitrile (BN) were used as co-solvents. 

Table 3.1: List of chemicals 

Chemical Name Purity Grade Supplier 

[EMIM][Tf2N]  98% (HPLC) Sigma-Aldrich 

[PMIM][Tf2N]  98% (H-NMR) Sigma-Aldrich 

[BMIM][Tf2N]  98% Sigma-Aldrich 

[EMIM][BF4]  98% (HPLC) Sigma-Aldrich 

[BMIM][BF4]  98% (BFSA) Sigma-Aldrich 

[BMPy][BF4] >97% (T) Sigma-Aldrich 

[TESu][Tf2N] >95% (qNMR) Sigma-Aldrich 

AN (bp: 81-82°C, mp: -45 °C) 99.8% Sigma-Aldrich 

PC (bp: 240 °C, mp: -55 °C) 99.7% Sigma-Aldrich 

BN (bp: 115 °C, mp: -112 °C) 99% Sigma-Aldrich 

[BMIM][MeSO3] 95% Sigma-Aldrich 

NMAc 99% Sigma-Aldrich 

EG Extra pure AR SRL Pvt. Ltd 

1-butyl-3-methyl imidazolium methanesulphonate ([BMIM][MeSO3]) was chosen as HBA 

for IL-based DESs. In this regard N-methylacetamide (NMAc) and ethylene glycol (EG) 
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were taken as the corresponding HBDs. Table 3.1 reports the chemical purities and the 

corresponding supplier. All the ILs and HBDs were vacuum dried at 70-100 °C for 10-12 

hrs to remove volatile impurities. The Table below (Table 3.2) represents the molecular 

structure of the studied electrolytes. 

Table 3.2: Molecular structures of cations, anions, HBA and HBDs 

Ionic Liquids 

Cations Anions 

 

  

 

 

 

 
Deep Eutectic Solvents 

Hydrogen Bond Acceptor (HBA) Hydrogen Bond Donors (HBDs) 
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Initially 1-alkyl-3-methylimidazolium (AMIM) Tf2N ILs with organic solvent AN were 

taken for analytical studies. The amount of IL in the solvent was considered in terms of 

molar concentration, which were 2, 1 and 0.5 mol dm-3. These three molar concentrations 

were nearly equivalent to 25, 57 and 75 weight percentage (wt. %) of AN in the electrolyte 

solution. However, for other ILs due to the difference in molecular weight, the same molar 

concentrations do not result the corresponding wt. %. Hence, to maintain the consistency 

of the study, for other ILs the same wt. % of organic solvents were maintained. Table 3.3 

show the solvent wt. % and corresponding abbreviations used for the IL electrolytes.  

Table 3.3: Composition of IL+ co-solvent electrolytes and corresponding abbreviations   

wt. % of organic solvent Abbreviation 

25 IL+AN/PC/BN_I 

57 IL+ AN/PC/BN _II 

75 IL+ AN/PC/BN _III 

3.1.2 Electrodes 

All the electrochemical experiments were performed using the three-electrode method. This 

particular set up requires three different electrodes which are working electrode (WE), 

reference electrode (RE) and counter electrode (CE). Two different WEs: a) exfoliated 

carbon electrodes (reduced graphene oxide, RGO) for capacitive measurements and b) 

glassy carbon electrode to evaluate the ESPW of novel DESs were employed.  The porous 

exfoliated carbon sheet electrodes comprising of butyl rubber binder were supplied by 

Vikram Sarabhai Space Center, Thiruvanthapuram. BET surface area of the electrodes was 

found to be 635 m2/g in presence of binder with average pore size of 2.6 nm as measured 

by Quantachrome (Autosorb-IQ MP) surface area and pore size analysis. Glassy carbon 

electrode was prepared by uniform heating of glassy carbon powder and paraffin wax (5:3 

wt/wt ratio) at 60 ºC followed by moulding in a rectangular shape and inserting a Cu wire 
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at the middle of the mould [117]. Subsequently the mould was cooled to room temperature. 

Glassy carbon powder (spherical, 2-12 µm, 99.5% trace metals basis) and paraffin wax 

(99%) were purchased from Sigma Aldrich and Loba Chemie Pvt. Ltd respectively. 

Further, the choice of RE depends on the composition of electrolytes. The standard RE 

namely a) Ag/Ag+,0.1 M AgNO3 in AN+IL solution and b) Ag/AgCl, 0.1 M 

tetrabutylammonium chloride in AN+ IL were adopted for IL based electrolytes as per 

literature [118]. The IL, used as electrolyte, was also employed to prepare the solution for 

RE’s glass compartment. However, ILs namely [EMIM][Tf2N] and [EMIM][BF4] went 

through some chemical changes when mixed with AgNO3 and tetrabutylammonium 

chloride salts. Therefore, Ag wire [119] was used for these two ILs. Again, there is no such 

standard RE for DES. Hence Ag wire was employed as pseudo RE for DES electrolytes 

[70] . For all the systems, spiral platinum (Pt) electrode was used as CE. Ag and Pt 

electrodes were collected from CH instruments Inc. (Austin. USA). The salts extra pure 

AgNO3 and tetrabutylammonium chloride (> 97%) were supplied by Sisco Research 

Laboratories Pvt.  Ltd and Sigma-Aldrich respectively. 

3.2 Evaluation of Eutectic Composition and Preparation of DESs  

3.2.1 Eutectic Temperature and HBA: HBD Molar Ratio 

Preparation of DESs involves heating and continuous stirring of a definite ratio of HBA: 

HBD at 100 ºC until a clear liquid is formed [8]. Subsequent cooling of the prepared DES 

is done to determine the freezing point. For new DESs, the preparation procedure needs to 

be done iteratively to determine the appropriate HBA: HBD ratio and corresponding 

freezing point to satisfy the definition of eutectic mixture. However, this process seems to 

be not economical regarding the use of chemicals. Literature suggests a handful of 

computational approach for eutectic point calculation of DES using Conductor like 
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Screening Model-Segment Activity Coefficient (COSMO-SAC) [120] and Perturbed-

Chain Statistical Associating Fluid Theory(PC-SAFT) [121–123] models. Further, PC-

SAFT thermodynamic model was successfully applied for vapour pressure calculation of  

DESs [124]. COSMO-SAC model was used also applied successfully to predict activity 

coefficient of solid ethylene diaminebisborane in ILs [98].  

This work incorporates prediction of eutectic temperature and corresponding composition 

of HBA and HBD using COSMO-SAC approach. Literature reports agreement between 

experimental findings and predicted data from COSMO-SAC [114,125]. COSMO-SAC is 

a variant of Conductor like Screening Model for real solvent (COSMO-RS) [126] and can 

be used to predict activity coefficient along with other thermodynamic properties. It 

considers the molecule as a segmented surface and computes the chemical potential of each 

segment using statistical mechanical framework. The chemical potential is further used to 

compute the segmental activity coefficients. The summation of all the segmental activity 

coefficients results in the activity coefficient of the molecule. More details of this model 

was discussed explicitly in reported literature  [127].  To evaluate the eutectic point of DES, 

the concept of mutual solubility was applied. Initially activity coefficients of HBA and 

HBD as a function of temperature were calculated using COSMO-SAC. Further, the 

eutectic composition and temperature were calculated employing the solid-liquid 

equilibrium (SLE) theory (equation 3.1) as per standard chemical engineering 

thermodynamics [128]. The basic requirements to apply COSMO-SAC are the freezing 

point or melting point (Tm) and heat of fusion (ΔHfus) data of each components, which are 

reported in Table 3.4.  

1 1
ln( ) ( )

fus

solute solute

m m

H
x

RT T T


−
= −        [3.1] 
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where, solute and solutex  are the activity coefficient and mole fraction of the solute 

respectively. 

Table 3.4: Melting point and heat of fusion data for COSMO-SAC calculations 

Name of the compound Tm (K) Δ Hfus (kJ/mol) 

[BMIM][MeSO3][129]  347.65 12.86 

EG [130] 260.80 11.62 

NMAc [131] 303.72 10.11 

Prior to COSMO-SAC calculations, molecular structures were  first drawn using Gauss 

View 5.0 [132] software followed by geometry optimization in Gaussian 09 [133]  using 

density functional theory (DFT) B3LYP [134] along  with 6-311G* basis set. Thereafter the 

COSMO files were obtained from Gaussian 09 by the BVP86/TZVP/DFT level of theory. 

Standard global adjustable parameters such as surface area of the segment (=6.32 Å2), 

misfit energy interaction constant (=8419 kcal Å4 mol-1 e-2), cut off for hydrogen-bonding 

interaction (= 0.0084 e Å-2) and hydrogen-bonding interaction constant (= 75,006 kcal Å4 

mol-1 e-2) were adopted to compute activity coefficient [114] using COSMO-SAC. The 

computation procedure basically involves three steps. Initially the activity coefficient was 

taken to be unity and ideal case mole fractions of the solute were calculated as a function 

of temperature using equation 3.1. This step is first done considering HBA as the solute 

and HBD as the solvent. Further the procedure is repeated by inverting the components 

since mutual solubility data is required for SLE predictions. The mole fractions obtained 

from step 1 were employed to compute the non-ideal liquid phase activity coefficient by 

invoking the COSMO-SAC model. This step was also repeated twice as previous step. With 

the activity coefficients obtained in step 2, mole fractions of HBA and HBD were computed 

corresponding to the SLE equation unless both the sides of SLE data plots satisfy each 

other. The desired mole ratio for HBA: HDB was found to be 1:3.5 and 1:2 for 

TH-2708_166107001



Chapter 3 

   41 | P a g e  
 

[BMIM][MeSO3]:EG and [BMIM][MeSO3]:NMAc respectively. The detailed discussion 

and SLE plots are provided in Chapter 6.  

3.2.2 Preparation of Deep Eutectic Solvents 

Initially the constituent compounds of DES were inserted in a flat bottom flask following 

the HBA:HBD ratio obtained from COSMO-SAC calculations (Figure 3.1). A reflux 

condenser was fitted to the flask to prevent any solvent loss due to vaporization. The HBA-

HBD mixture was subjected to heating at ~70 °C (343.15 K) with continuous stirring for 

12-24 hours so that a homogenous solution is obtained [67]. Further, the liquid obtained is 

allowed to cool down for 12-24 hours. However, no crystal formation or solidification was 

observed at room temperature.  

 

 Figure 3.1: Preparation of DES  
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3.3 Physical Characterization of Deep Eutectic Solvents 

3.3.1 Water Content Measurement 

The presence of water affects the electrochemical stability of the electrolytes. Hence, 

determination of the moisture content for the laboratory prepared DESs was essential. The 

water content was analysed by Karl Fischer Titration (KFT) method using Metrohm 787 

KF Titrino. KFT is a reagent-based titration in which the reagent reacts with water to 

convert water into a non-conductive chemical whereby dry methanol is used as the base 

solvent. Karl Fischer reagent (526 KFR) was collected from Thermo Fisher Scientific India 

Pvt. Ltd for this study. 

3.3.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectroscopy primarily reveals the detailed and quantitative information on the 

molecular structure, functional groups, topology and dynamics of molecules in solution and 

the solid state [135]. The sample is initially placed within the high-power magnetic field 

and exposed to the radio wave, which gets further processed so as to extract the information 

about the composition of atomic groups within the molecule. In this work, NMR (Bruker 

ASCEND) was operated at 600 MHz at 295 K. 1H NMR was performed to evaluate the 

chemical stability of HBA and HBD after the formation of DESs. The Nuclear Overhauser 

Effect Spectroscopy (NOESY) technique [136] was executed for eight scans to investigate 

spatial arrangement of protons. NOESY is one of the 2-D NMR techniques which 

elucidates H-H interactions. It uses the dipolar interaction of spins (the nuclear Overhauser 

effect, nOe) for correlation of protons. 

3.3.3 Thermogravimetric Analysis (TGA) 

TGA is a basic technique to observe mass loss of a compound with increase in temperature. 

It gives the information about change in composition, thermal stability and chemical 
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reaction’s kinetic parameters of the sample[137]. A derivative of TGA data can be used for 

interpreting the point where mass loss is more apparent. Here, TGA (TG209 F1, Libra, 

NETZSCH, Germany) was performed to analyse the thermal stability profiles for DESs at 

a heating rate of 10 ºC per minute for the temperature range of 30-400 ºC. Aluminium 

crucible was used for holding the sample under nitrogen environment. 

3.4 Physicochemical Properties of Electrolytes 

3.4.1 Density 

Density (ρ) measurement was done for favourable IL-based electrolytes and the novel DESs 

prepared in this work. Anton Paar density meter (DMA 4500 M) was used to measure 

density within the temperature range of 10-60 °C. The density meter works on the principle 

of oscillating U-tube method. The sample is injected into a U-shaped borosilicate glass tube 

which vibrates at corresponding characteristic frequency. The characteristic frequency 

basically changes with the density of the sample. Hence, characteristic frequency is 

recorded as input and density is the measured output of the instrument. The accuracy of the 

measurement is ±0.00001 g cm-3. 

3.4.2 Ionic Conductivity  

Ionic conductivity (σ) is the most important physical property of an electrolytes regarding 

capacitive and resistive behaviour of the EDLC. The measurement of ionic conductivity 

was completed using Microprocessor based digital ionic conductivity meter (VSI 302, VSI 

Electronic Private Ltd.) at 25 ºC. It uses an electrode to measure the ionic conductivity. The 

probe of the electrode is dipped inside the sample. The instrument then displays the result 

after a few seconds. The displayed result is allowed to have a stable value before it is noted. 
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3.4.3 Viscosity 

Viscosity (η) is another diffusional property of an electrolyte which can affect the 

capacitive performance of EDLCs. Viscosity study was done using Anton Paar Phsica 

MCR301 Rheometer following cone plate (CP25-2/S) method. The rheometer measures 

the viscosity of a liquid or gel which is kept on a stationary plate by imposing shear stress 

on it through a rotating plate.  Nearly, 0.5-1 mL of sample was used for viscosity 

measurement. The instrument allows us to perform several experiments e.g. viscosity vs. 

temperature, shear stress vs shear strain profiles, constant shear stress or strain method. The 

instrument also provides the facility of parallel plate (PP) for rheological studies.  

3.5 Electrochemical Characterization  

3.5.1 Types of Electrochemical Experimental Set-up 

Generally electrochemical experiments can be set-up to run two-electrode, three-electrode 

or four-electrode measurements [138]. A brief introduction about each of these three is 

reported below. 

a. Two-Electrode: Two electrode experiment is the simplest one. In a two-electrode set-

up the current-carrying electrodes are also used for voltage measurement. Working (W) 

and Working Sense (WS) are connected to a (working) electrode and Reference (R) and 

Counter (C) are connected to a second electrode. Two-electrode set-ups are mostly used in 

two configurations. One is where measurement of the whole cell voltage is significant, such 

as electrochemical-energy devices. The other configuration is where the counter-electrode 

potential can be expected not to drift over the course of the experiment. This is generally 

in systems which exhibit very low currents or relatively short time scales, and which also 

have a well-poised counter, e.g., a micro working electrode and a much larger silver counter 

electrode. 
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b. Three-Electrode: In three electrode mode, the reference lead is separated from the 

Counter and connected to a third electrode. This electrode is most often positioned so that 

it is measuring a point very close to the working electrode. Three-electrode setups have a 

distinct experimental advantage over two-electrode setups as they measure only one half of 

the cell. That is, the potential changes of the working electrode are measured independent 

of changes that may occur at the counter electrode which allows for a specific reaction to 

be studied with more accuracy. For this reason, 3-electrode mode is the most common set-

up used in electrochemical experimentation. 

c. Four-Electrode: In four-electrode mode the Working Sense lead is decoupled from the 

working electrode and other two are reference and counter electrode. In 4-electrode mode, 

the potentials for any electrochemical reactions that are occurring at the working (and 

counter) electrode(s) are not being measured. Here the effect of an applied current on the 

solution itself or some barrier in that solution is measured. This is not a common practice 

in electrochemistry.  

3.5.2 Electrochemical Experiments 

To characterize several electrolytes studied in this work, three-electrode electrochemical 

cell set-up was employed due to the convenience of its use. The pictorial view of the 

experimental set-up can be found below (Figure 3.2).  The electrochemical experiments 

were performed using a potentiostat (PARSTAT-3000A) in a three-electrode assembly as 

discussed above. All the measurements were done at standard room temperature (25 °C). 

Nearly 12 ml of electrolyte solution was taken for 0.77 cm2 (0.0214 g) of carbon electrode. 

The cell assembly was placed inside a Faraday shield to prevent external perturbations. The 

cell was connected to the potentiostat as shown in the following figure. The 
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characterizations were executed using VersaStudio software associated with the 

potentiostat. All the experiments were repeated twice to check the reproducibility. 

 

Figure 3.2: The electrochemical experimental set-up 

At the beginning of electrochemical measurements open circuit potential (OCP) was 

calculated to check the stability of the system. OCP of the WE was measured with respect 

to the corresponding RE for a certain time period, until the potential became stable.   

3.5.2.1 Cyclic Voltammetry (CV) 

CV is a powerful and widely used characterization method for electrochemistry. As name 

suggests it represents the forward and reverse current vs potential profiles of an 

electrochemical cell. CV is a direct current (DC) electrochemical technique, which collects 

the change in current while a potential scan is applied to the working electrode at a 

particular scan rate in both forward and reverse directions. CV scans can be performed 

single or multiple times. For the processes involving faradic reactions, cyclic 

voltammograms indicate oxidation and reduction of the redox species. CV profile with 

oxidation and reduction peaks are the characteristics of pseudocapacitor [7]. However, for 

FARADAY CAGE POTENTIOSTAT

ELECTROCHEMICAL 

CELL

WORKING 

ELECTRODE

WE

CE

RE

RE: Reference Electrode

CE: Counter Electrode

WE: Working Electrode

TH-2708_166107001



Chapter 3 

   47 | P a g e  
 

EDLC, pure physical adsorption-desorption is represented by uniform variation in current 

as a function of potential. EDLC’s CV plot tends to be more rectangular in shape with 

increase in the capacitance [7].  Figure 3.3 depicts an ideal cyclic voltammogram for 

EDLCs.  

 

Figure 3.3: Schematic of ideal cyclic voltammogram for EDLC 

In the current work, CV experiments were performed for a set of scan rates (3-20 mV/s). 

The area covered by the CV plot gives the total charge storage (Q). Hence capacitance from 

CV can be found from the following expression [14].  

1
( )

2 ( )
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V

c a V

C I V dV
v V V

=
−          [3.2] 

where C is the capacitance, v  is the scan rate, 
c aV V− represents OPW and ( )I V is the 

current.  

3.5.2.2 Galvanostatic Charge-discharge (GCD) 

GCD is a valuable characterization technique for EDLCs. Here current is kept fixed and 

potential is varied.  In GCD, the system gets charged and then discharged at a fixed specific 
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current within the potential limits obtained from CV. The results from GCD include 

capacitance, resistance and cycle life of the EDLC. At the beginning of the discharging 

curve a steep potntial drop can be found which is termed as ohmic drop or IR drop (Figure 

3.4). This IR drop attributes from the system’s internal resistance. The equations [83] for 

calculation of ESR and specific capacitance (Csp) from GCD can be found below.  

V
ESR

I


=


          [3.3] 

.sp

I
C

m dV
dt

=          [3.4] 

where I is the applied current, /dV dt represents the slope of discharge curve excluding the 

IR drop or ohmic drop, m is the mass of the electrode, V depicts the potential drop at the 

beginning of discharge and I  is the change in current while shifting from charging to 

discharging. 

 

Figure 3.4: Schematic of GCD plot for an EDLC 
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3.5.2.3 Electrochemical Impedance Spectroscopy (EIS) 

EIS has been considered a reliable tool for characterizing electrochemical energy storage 

devices e.g. ECs, batteries and fuel cells [139]. Unlike other electrochemical techniques 

EIS is extraordinarily sensitive. Literature reported different DC or AC methods for EIS 

measurements [140]. However, among such methods frequency response analyser (FRA) 

has become a more prominent technique to measure impedance [141]. FRA provides a low 

amplitude (5-15 mV) sinusoidal perturbation to the working electrode whereby 

corresponding AC current measurement is then performed. The output provides the 

impedance (Z) of electrochemical cell as a function of frequency. Z combines both the real 

(Z/) and imaginary (Z//) parts.  - Z// vs Z/ plot is named as Nyquist plot and it provides 

different types of resistive and capacitive behaviour of the system. A typical Nyquist plot 

and corresponding electrical equivalent circuit is represented by Figure 3.5 [142]. The first 

part represents the insertion of the curve on the x-axis, which depicts the solution resistance 

(Rs) and the semicircle whose diameter gives the charge transfer resistance (Rct). The 

second part depicts a straight line with slope of 45º representing Warburg impedance (Zw) 

[143]. However, due to the usual smaller value of Zw, ESR can be considered as a combined 

effect of of Rs and Rct [144]. The authors stated that electrochemical capacitor starts with 

the 45º impedance line. Further, the concluding part gives a nearly vertical tail at lower 

frequencies representing purely capacitive behaviour. In this study EIS was performed 

within the frequency range from 100 kHz to 10 mHz by applying a sinusoidal signal of 10 

mV RMS at OCP. The specific capacitance (Csp) from EIS data can be evaluated from 

equation 3.5 [14].  

/ /

1

2 ( )
spC

m fZ f

−
=         [3.5] 
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where f denotes frequency employed for AC current in EIS and 
/ / ( )Z f stands for 

imaginary part of the impedance and m is the mass of the WE.  

 

Figure 3.5: a) Schematic of a typical Nyquist Plot and b) equivalent electrical circuit for 

EDLC 

3.5.2.4 Linear Scan Voltammetry (LSV) 

LSV technique evaluates the ESPW without considering the capacitive performance. 

Hence often this technique is executed with non-reactive electrodes e.g. platinum, gold or 

glassy carbon electrodes [7,80,83] to investigate newly developed electrolytes. In this 

method change in current is observed in between an applied potential limit. No reverse 

current and cyclic measurements happen unlike CV. It is also termed as linear sweep 

voltammetry.  To determine the ESPW of the novel DESs, LSV was performed against 

glassy carbon electrode in this thesis. The schematic representation of an LSV plot is given 

in Figure 3.6.  
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Figure 3.6: Schematic of LSV indicating ESPW 

3.6 Molecular Dynamics (MD) Simulation Details 

MD simulation tool was adopted for validating the transport properties obtained 

experimentally. MD simulation predicts physical properties as per standard protocol 

[145,146]. MD provides better insights regarding self-diffusion coefficient of ions and how 

it affects ionic conductivity and viscosity. The method to execute MD studies is divided 

into several parts which should be followed stepwise as discussed below.  

3.6.1 Structure Drawing and Geometry Optimization 

Prior to MD study the molecular structures were build using Gauss View 5 [132] 

visualization package. Thereafter the optimized geometry for the molecules were obtained 

using Gaussian 09 [133] employing the hybrid B3LYP/6-31G* [134] theory. 

Simultaneously frequency calculation was done by choosing the job type Opt+Freq. The 

electrostatic charges of each atom were calculated using the CHELPG method available in 
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Gaussian 09. The final output file from optimization was used to generate the protein data 

bank (PDB) file.  

3.6.2 Simulation Methodology 

The .pdb files of electrolyte obtained from quantum chemical calculations were then taken 

for preparation of the simulation box. 100 molecules were randomly packed in a cubic 

configuration (30×30×30 Å3) using Packmol package [147]. Required force field 

parameters were generated according to Generalized Amber Force Field (GAFF) [148] 

functional form with the help of ANTECHAMBER [149] module of AMBER 12 [150]. 

The functional form of the GAFF includes the bonded interactions i.e. the contribution of 

bond stretching, angular bending, torsional interactions, whereas van der Waals 

contribution and columbic interaction contribute to the non-bonded interaction. The 

functional form is given by equation 3.6. The partial charges obtained from Gaussian were 

then fitted with restricted electrostatic potential module of AMBER 12. The reliability of 

force field parameters was validated by comparing simulated density and experimental 

densities of all the system.  
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  [3.6] 

The equation includes the force constants: kr, kθ and Vn, the equilibrium structural 

parameters: req and θeq, multiplicity n and phase angle λ for torsional angle parameters. εij 

is the Lennard-Jones well depth and σij is the distance between the atoms i and j where the 

energy of the two atoms become zero. The partial atomic charges qi and qj contribute to the 

electrostatic interactions.  
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To predict the transport properties of ILs realistically, force fields must consider the 

dynamic electronic polarization effects. In this regard, reduction of partial charges has 

become an alternative approach to the use of polarizable force fields, which experiences 

higher computational cost [146]. Literature suggests that reducing the charges by a factor 

of about 0.7 for ions in general can take care of the electronic polarization effect [151]. For 

[BMIM][Cl], scaling factor of 0.73 has been already used [151]. In our study, the more 

accurate scaling factor was found to be 0.72 for pure ILs after comparing the self-diffusion 

coefficient and ionic conductivity with available literature. For mixture of ILs with organic 

solvent, a scaling factor of 0.85 has been adopted from literature [146] where similar charge 

reduction was done for IL+ethanol mixture. This particular choice of scaling factor 

eventually came up as the effective one when comparison of transport properties was made 

with experimental findings. For simulation of IL solutions, a scaling factor was used only 

for ionic species and not for organic solvent [146]. 

MD simulations were performed using NAMD version 2.9 [152]. The system was brought 

to its experimental density through a 2 ns equilibration run in NPT ensemble. Thereafter 

the equilibrated configuration was taken for a production run of 50 ns in NVT ensemble at 

298.15 K. Langevin thermostat [153] with damping coefficient of 1 /ps and Nose-Hoover 

Langevin barostat [154] with a period of 100 fs and decay of 50 fs were applied to monitor 

temperature and pressure throughout the simulation. Pressure imposed for simulation was 

1.01325 bar. The Verlet algorithm was implemented with a time step of 2 fs [155] to 

integrate Newton’s equation of motion. A 12 Å cut off distance was employed for short-

range L-J potential. In a similar manner, long-range electrostatic interactions were taken 

care using Particle Mesh Ewald Approximation [156]. 
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3.6.3 Determination of Ionic Conductivity and Viscosity 

Ionic conductivity being a transport property is associated with self-diffusion coefficients 

of the respective ions. In this regard, self-diffusion coefficient or self-diffusivity (D) was 

estimated for the ion pairs using Einstein relation [157] as given below. 

 
2

1

1
lim ( ) (0)

6

N

i i
t

i

d
D r t r

dt→
=

= −        [3.7]

 

where the term inside the angular bracket stands for mean square displacement (MSD) of 

the molecules, the angular bracket represents ensemble average and the factor 1/6 is 

attributed to the three-dimensionality of the system. MSD data were obtained from the last 

10 ns production run of MD simulation. Further ionic conductivity ( ) was computed with 

the help of Nernst- Einstein relation [146] as follows: 

2 ( )

B

q n D n D

Vk T


+ + − −+
=         [3.8] 

where q is the electron charge, D+ and D- are the self-diffusion coefficients (cm2 s-1) and n+ 

and n- gives the number of cations and anions, V is the system volume (Å3), kB is the 

Boltzmann constant and T is the temperature (K). 

Viscosity ( ) calculations for equilibrium MD was performed using Green-Kubo relation 

[158].  

0

( ). (0)xy xy

B

V
P t P dt

k T



 =           [3.9] 

Here, xyP depicts the xy component of the pressure tensor, V is the system volume, kB is the 

Boltzmann constant and T is the temperature. The angular bracket indicates the average 

over all the time origins and the summation considers all the three off diagonal elements of 

pressure tensor i.e. Pxy, Pyz and Pzx. 
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4.1 Results and Discussion on [AMIM][Tf2N] Ionic Liquids 

Three-electrode electrochemical cell set-up was employed to characterize the electrolytes 

as described in Figure 3.2. Pt wire, Ag/Ag+ or Ag and exfoliated carbon were incorporated 

as CE, RE and WE respectively as reported in section 3.1.2. 10-12 ml of electrolyte 

solutions are used for every experiment to characterize 0.0214 g active mass of WE. The 

reproducibility of results was ensured by repeating the experiments. To begin with 

[AMIM][Tf2N] ILs were considered for electrochemical studies.  

4.1.1 Analysis from Cyclic Voltammetry 

Figures 4.1-4.3 represents the cyclic voltammogram at scan rates of 5, 10 and 20 mV/s for 

[EMIM][Tf2N], [PMIM][Tf2N] and [BMIM][Tf2N] respectively at different solvent 

concentrations. Nearly rectangular shape of the CV plots is observed at the lower scan rates. 

The symmetry against the zero line of y-axis bring the studied systems closer to ideal 

double layer capacitive behaviour of EDLC [14]. Moreover, absence of any peak in CV 

curves denies the possibility of any redox reaction, which eventually proves a pure double 

layer behaviour. Figure 4.1a depicts the lowest current and the widest OPW for pure 

[EMIM][Tf2N].  

Addition of organic solvent dilutes the IL and reduces the diffusion resistances which 

enhances current generation. Nonetheless this is achieved at the expense of OPW (Figure 

4.1b-d). The study on other two neat ILs was not performed considering the resistive nature 

of pure [EMIM][Tf2N]. For all the three ILs, IL+AN_II systems show the highest charge 

transfer. Moreover, [PMIM][Tf2N]+AN_II (Figure 4.2b) gives the highest current among 

all the electrolytes irrespective of scan rate which corresponds to the higher ionic strength 

of this IL solution. 

 

TH-2708_166107001



Chapter 4 

   58 | P a g e  
 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-3

-2

-1

0

1

2

3

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-3

-2

-1

0

1

2

3

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-3

-2

-1

0

1

2

3

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-3

-2

-1

0

1

2

3

 

 
C

u
r
r
e
n

t 
(A

 g
-1

)

Potential vs Ag (V)

 20 mV s
-1

 10 mV s
-1

 5 mV s
-1

a) Pure IL
 20 mV s

-1

 10 mV s
-1

 5 mV s
-1

b) IL+AN_I

 

 

C
u

r
r
e
n

t 
(A

 g
-1

)

Potential vs Ag (V)

 20 mV s
-1

 10 mV s
-1

 5 mV s
-1

c) IL+AN_II

 

 

C
u

r
r
e
n

t 
(A

 g
-1

)

Potential vs Ag (V)

 20 mV s
-1

 10 mV s
-1

 5 mV s
-1

d) IL+AN_III

 

 

C
u

r
r
e
n

t 
(A

 g
-1

)

Potential vs Ag (V)  

Figure 4.1: CV of [EMIM][Tf2N] a) Pure RTIL b) IL+AN_I c) IL+AN_II and d) 

IL+AN_III 
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Figure 4.2: CV of [PMIM][Tf2N] a) IL+AN_I b) IL+AN_II and c) IL+AN_III 

TH-2708_166107001



Chapter 4 

   59 | P a g e  
 

The measured electrochemical stability is wider for [PMIM][Tf2N] and [BMIM][Tf2N] as 

compared to [EMIM][Tf2N]. The presence of impurities in ILs can lower the OPW [119]. 

The OPW achieved for the electrolytes used in our work is comparable with literature [7,52] 

and still higher than aqueous electrolytes as cited in Chapter 2. Previous work also 

suggested that electrochemical stability window is dependent on type of working electrode 

[46,50,52,119].  A decrease in electrochemical window by 0.5 V because of reduction in 

the anodic potential limit is observed while the concentration goes down from IL+AN_II 

to IL+AN_III. This indicates the co-solvent effect on narrowing the OPW. Similar pattern 

was observed by Scalia et al., [159] upon increase of the co-solvent PC wt. % for N-butyl-

N-methylpyrrolidinium 4,5-dicyano-2-(trifluoromethyl) imidazole. Although OPW 

remains same for IL+AN_I and IL+AN_II solutions, higher specific current is observed for 

former (Figure 4.4).  
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Figure 4.3: CV of [BMIM][Tf2N] a) IL+AN_I b) IL+AN_II and c) IL+AN_III 
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Apart from electrochemical stability analysis, CV data was also used for calculation of 

specific capacitance using equation 3.2. Specific capacitance as a function of scan rate 

applied for CV measurement can be found in Figure 4.4. For all the three ILs, the highest 

specific capacitance is observed for IL+AN_II systems, which correlates the highest 

specific current generated from cyclic voltammogram. However, addition of more solvent 

(IL+AN_III) decreases the current (Figures 4.1-4.3) and specific capacitance owing to 

lower concentration of ionic species. Further pure [EMIM][Tf2N] results in the minimum 

capacitance which indicates greater ESR. The specific capacitance increases with decrease 

in CV scan rate due to delay in reverse adsorption of ions on the electrode/electrolyte 

interface, which is also known as “Electrolyte Starvation Effect” [160]. Working electrode 

having high rate performance can nullify this effect.  
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Figure 4.4: Capacitance obtained from CV for [AMIM][Tf2N] ILs 
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Even though the specific capacitance for all the [AMIM][Tf2N] ILs are comparable for 

IL+AN_II systems, [PMIM][Tf2N] and [BMIM][Tf2N] possess wider OPW. Hence these 

two IL with same wt. % as in IL+AN_II were further investigated with PC and BN co-

solvents. Figure 4.5 reports the CV plots for [PMIM][Tf2N] and [BMIM][Tf2N] 

respectively. The plots clearly indicate lower specific current than the same with AN 

despite having equal OPW. It is seen that PC offers more resistance when results with BN 

and PC are compared. Hence the order of current generation rate with different co-solvents 

is found to be AN>BN>PC. [BMIM][Tf2N] delivers a higher capacitive performance 

(Figure 4.6) when diluted with BN unlike AN. This indicates that the similar trend in 

capacitive behaviour may not be observed for an IL electrolyte solvated with different 

organic solvent. Both the ILs in PC result in equivalent specific capacitance.   
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Figure 4.5: CV for BN and PC diluted [AMIM][Tf2N] ILs 

TH-2708_166107001



Chapter 4 

   62 | P a g e  
 

0 5 10 15 20 25
0

10

20

30

40

50

60

70

80

0 5 10 15 20 25
0

10

20

30

40

50

60

70

80

 

 
S

p
e
c
if

ic
 C

a
p

a
c
it

a
n

c
e
 (

F
 g

-1
)

Scan Rate (mV s
-1
)

 IL+BN_II

 IL+PC_II

a) [PMIM][Tf
2
N] b) [BMIM][Tf

2
N]

 

 

S
p

e
c
if

ic
 C

a
p

a
c
it

a
n

c
e
 (

F
 g

-1
)

Scan Rate (mV s
-1
)

 IL+BN_II

 IL+PC_II

 

Figure 4.6: Capacitance obtained from CV for [AMIM][Tf2N] solvated in BN and PC 

4.1.2 Galvanostatic Charge-discharge Measurements 

The OPW obtained from CV is successfully reproduced by GCD. The charge-discharge 

profiles of [AMIM][Tf2N] ILs at various specific current (0.3-1 A g-1) can be found in 

figures 4.7-4.10. The IR drop is directly proportional to I and for any electrolyte, IR drop 

lowers when specific current decreases. Again, the minimum IR drop for the AN diluted 

ILs is observed for IL+AN_II, which confirms the highest specific current and capacitance 

from CV.  Pure [EMIM][Tf2N] shows IR drop of almost 2V (Figure 4.7) which is a high 

value, even though OPW is limited to 3 V. Further with dilution, IR drop starts decreasing 

up to IL+AN_II. Further, IL+AN_III encounters enhancement in the IR drop.  
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Figure 4.7: GCD of [EMIM][Tf2N] at specific current a)1 A g-1 and b) 0.5 A g-1 
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Figure 4.8: GCD of [PMIM][Tf2N] at specific current a) 1 A g-1 and b) 0.5 A g-1 
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Figure 4.9: GCD of [BMIM][Tf2N] at specific current a) 1 A g-1 and b) 0.5 A g-1 
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Figure 4.10: GCD plots of [AMIM][Tf2N] at specific current a) 1 A g-1, b) 0.5 A g-1 and 

c) 0.3 A g-1 

The ESR is calculated from equation 3.3 and reported in Figure 4.11, which reflects the 

role of organic solvent in improving the capacitive nature of the cell. For [EMIM][Tf2N], 

maximum ESR is obtained for pure IL which further reduces on dilution.  ESR does not 

vary with scan rate for any electrolyte solution. Hence as discussed above, IR drop changes 

with change in the applied current while the resistance remains almost constant. Figure 4.10 

elucidates higher IR drop for [BMIM][Tf2N] and [PMIM][Tf2N] when they are in solution 

of BN and PC unlike AN  at the same specific current (0.5 and 1 A g-1). This increase in IR 

drop attributes from the greater ESR with BN and PC (Figure 4.11b and c). Overall 

[EMIM][Tf2N]+AN_II and [PMIM][Tf2N]+AN_II have the lowest ESR (~ 7 Ω) among all 

the systems.  
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Figure 4.11: ESR of [AMIM][Tf2N] ILs from GCD a) [EMIM][Tf2N], b) [PMIM][Tf2N] 

and c) [BMIM][Tf2N] 

The capacitive behaviour of the [AMIM][Tf2N] ILs, evaluated from GCD data, can be 

found in Figure 4.12. It is well known that capacitance in inversely proportional to 

resistance. Hence IL+AN_II systems results in the highest specific capacitance for each 

type of [AMIM][Tf2N] IL. Overall, the least capacitance (46.29 F g-1) is for pure 

[EMIM][Tf2N] and the highest is for [PMIM][Tf2N]+AN_II (121.95 F g-1) and [BMIM][ 

Tf2N]+AN_II (125.00 F g-1) at 0.5 A g-1. Moreover, specific current dependency of the 

charge storage behaviour is also observed. Analogous observation was also made in 

previously reported study [48]. It may be expected that due to its smaller cation size, 

[EMIM][Tf2N] should have the best charge storage. However, here the observed specific 

capacitance is higher for [PMIM][Tf2N]/[BMIM][Tf2N]+AN_II. Literature suggests that 

[EMIM][Tf2N] possesses the highest ionic strength in AN when IL content is 10 mole % 
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[161]. For [EMIM][Tf2N]+AN_II solution, the IL content is 6 mole %. Hence, the specific 

capacitance may not be the maximum.  
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Figure 4.12: Specific capacitance of [AMIM][Tf2N] ILs from GCD a) [EMIM][Tf2N],  

b) [PMIM][Tf2N] and c) [BMIM][Tf2N] 

[PMIM][Tf2N]+BN_II (Figure 4.12b) possesses lower capacitance when compared to 

[BMIM][Tf2N] +BN_II (Figure 4.12c). For both the ILs, PC offers the least capacitance 

due to the maximum ESR as discussed above (Figure 4.11). The analysis from Figures 

4.12b and 4.12c reveals that the co-solvents follow the order of AN>BN>PC when 

capacitive behaviour is considered. The same is also observed for rate of current generation 

from CV.  

4.1.3 Electrochemical Impedance Spectroscopy 

The characterization technique was implemented for the IL+co-solvent solutions which 

resulted in better performance. Hence, all three [AMIM][Tf2N]+AN_II electrolytes were 
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considered for EIS measurements. The Nyquist plot and corresponding frequency 

dependant capacitance as calculated using equation 3.4 can be found in Figure 4.13. As 

discussed in section 3.5, different parts of Nyquist plot represent the resistive and 

capacitive nature of the electrode-electrolyte system. The solution resistance (Rs) is the 

minimum for [PMIM][Tf2N]+AN_II system whereas other two electrolytes offers nearly 

equal value of Rs. However, charge transfer resistance (Rct), defined by the diameter of the 

semicircle, is almost similar for [EMIM][Tf2N] and [PMIM][Tf2N]. Charge transfer 

resistance can be divided into two parts: the electronic and ionic resistances [143]. The 

electronic part attributes from the intrinsic electronic conductivity of WE constituent 

particles, the electronic contact between particles and contact between active layer and 

current collector. The ionic resistance part specifies the electrolyte ionic resistance inside 

the pores of the electrode, which depends on ionic conductivity of electrolyte, porous 

texture and thickness of the active layer. The second part i.e. Warburg impedance (Zw) is 

more lucid for [BMIM][Tf2N] which interprets that more diffusional limitation is 

encountered by the ions inside the pores than the other two ILs. Nevertheless, the 

resistances incurring the capacitive behaviour is solely dependent on the lower frequencies 

(equation 3.5). Figure 4.13b depicts how the specific capacitance evolves as frequency 

decreases.  From EIS predicted data it can be concluded that all the three systems show 

close match in their capacitive nature.  
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Figure 4.13: a) Nyquist plot at 0 V vs OCP and b) frequency dependant specific 

capacitance for AN solvated [AMIM][Tf2N] electrolyte solutions 

EIS confirms the analysis from CV and GCD regarding the effectiveness of different co-

solvents. Nyquist plots (Figures 4.14a and c) indicate resistive nature of PC based solutions. 

Due to the higher internal resistance, the specific capacitance values for PC based 

electrolytes show some fluctuations. The higher charge storage of [BMIM][Tf2N]+BN_II 

can also be recognized from Nyquist plot similar to CV and GCD data. Hence Rs and Rct 

values for this particular system are lower than other three solutions even though those are 

higher than [AMIM][Tf2N] +AN_II electrolytes.  
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Figure 4.14: a), c) Nyquist plot at 0 V vs OCP and b), d) frequency dependant specific 

capacitance for [PMIM][Tf2N] and [BMIM][Tf2N] electrolyte solutions in BN and PC 

4.1.4 Summary of Section 4.1 

Pure [EMIM][Tf2N] offers the highest ESR even though it results in the widest OPW 

compared to its solutions. The OPW of the three ILs gradually constricts with increase in 

co-solvent concentration as confirmed by both CV and GCD. As compared to BN and PC, 

AN contributes to better charge storage and lesser ESR at room temperature. Alkyl chain 

length shows noteworthy effects on electrochemical performance, particularly OPW and 

ESR, when EMIM cation is compared to PMIM and BIMIM. 
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4.2 Results and Discussion on [AMIM][BF4] Ionic Liquids 

Following [AMIM][Tf2N] ILs, [AMIM][BF4] ILs containing ethyl and butyl groups were 

also studied. The new addition here is the investigation of mixture of ILs. Equimolar ratio 

of [EMIM][BF4] and [BMIM][BF4] diluted with AN was considered for electrochemical 

characterization.   

4.2.1 Analysis from Cyclic Voltammetry  

CV diagrams clearly depicts ideal double layer capacitive nature of [AMIM][BF4] ILs 

(Figures 4.15-4.17). When the ILs are compared without solvent, it is observed that 

[EMIM][BF4] generates higher current than [BMIM][BF4]. This is due to lower viscosity 

of the former (26 cp at 298.15 K* and 28 cp at 303.15 K [162] ) than the later (80.05 cp at 

298.15 K* and 81.4 cp at 303.15 K [163]). The highest current is measured for IL+AN_II 

systems similar to [AMIM][Tf2N] ILs. The gradual shrinking of potential window is 

observed from pure IL to IL+AN_III. [BMIM][BF4] reports to have wider electrochemical 

stability. This is likely due to longer alkyl chain length of BMIM cation [119] that extends 

the potential limit. 

 

 

 

 

 

 

 

 

*Please refer to APPENDIX B: Table B1 
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Figure 4.15: CV of [EMIM][BF4] a) Pure IL, b) IL+AN_I c) IL+AN_II and d) IL+AN_III 
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Figure 4.16: CV of [BMIM][BF4] a) Pure IL, b) IL+AN_I c) IL+AN_II and d) 

IL+AN_III 

The CV analysis reveals that IL+AN_I and IL+AN_II systems are most effective 

electrolytes. Hence for these, two concentrations were considered for investigation of 

mixed ILs. The OPW (2.3 V) for equimolar mixture of the two [AMIM][BF4] ILs lies in 

between the electrochemical stability of the individual ILs (Figure 4.17).  Both anodic and 

cathodic potential limits widen slightly for the mixture as compared to [EMIM][BF4]. With 

increase in solvent concentration, rectangular shape of CV plot is more distinct which 

indicates improvement in capacitive behaviour. Although similar electrochemical stability 

is achieved for both concentrations of IL mixture, a little tendency of appearance of peaks 

can be figured out at both ends of CV plot of IL+AN_II (Figure 4.17b) which is absent in 

IL+AN_I solution (Figure 4.17a). This is attributed from higher co-solvent concentration 

that affects the electrochemical stability of ILs. Mixture of two ILs having same cation and 
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different anions were previously studied by Aken et. al, [52] and enhancement of OPW 

was obtained. In our study, cations are different which leads to additional cation-cation 

interaction and that results in lower specific capacitance (Figure 4.18). Reported study 

evidenced the formation of hydrogen bonds between cations leading to the formation of 

cation-cation clusters and reduction of the like-charge repulsion in ionic liquids [164]. This 

can result in additional resistance to cation diffusion in the study of mixed ILs, which 

prohibits the electrochemical dissociation of cations and hence improves OPW when 

compared to pure [EMIM][BF4]. A mixture of [EMIM][Tf2N] and 1-Propyl-3-

methylpyrrolidinium Tf2N was studied and a wide OPW of 3.5 V was achieved [165]. 

However, this study did not report the performance of individual ILs with same working 

electrode. 
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Figure 4.17: CV of [EMIM][BF4] + [BMIM] [BF4] a) IL+AN_I and b) IL+AN_II  

The specific capacitance of [EMIM][BF4] (Figure 4.18a) is more than [BMIM][BF4] 

(Figure 4.18b) when pure ILs are compared. However, after dilution, charge storage is 

higher for the later one. “Electrolyte Starvation Effect” is also present with these ILs like 

[AMIM][Tf2N] ILs since it is related to WE. As discussed above due to the cation-cation 

interaction, specific capacitance for the mixed ILs is the lowest (Figure 4.18c). Hence, 
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addition of [BMIM][BF4] improves the electrochemical stability of [EMIM][BF4]+AN 

solution nevertheless reducing the capacitance.  
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Figure 4.18: Specific capacitance of [AMIM][BF4] from CV a) IL+AN_I and b) 

IL+AN_II  

4.2.2 Galvanostatic Charge-discharge Measurements 

The OPW obtained from CV were further confirmed from GCD for all the [AMIM][BF4] 

based electrolytes (Figures 4.19-4.21). Here, the observed electrochemical stability window 

is narrower than [AMIM][Tf2N] ILs. Hence, the effect of anion on OPW is notable. 

Moreover, [EMIM][BF4] incurs significant loss in OPW upon dilution by co-solvent.  The 

nature of charge-discharge profiles for [AMIM][BF4] ILs are similar to that of 

[AMIM][Tf2N] ILs. The highest IR drop is noted for pure ILs. Further it decreases with co-

solvent addition and the least is for IL+AN_II.  The least IR drop for all the electrolyte 

solutions are recorded at 0.3 A g-1.  
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Figure 4.19: GCD of [EMIM][BF4] at specific current a)1 Ag-1, b)0.5 Ag-1 and c)0.3 Ag-1 
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Figure 4.20: GCD of [BMIM][BF4] at specific current a)1 Ag-1, b)0.5 Ag-1 and c)0.3 Ag-1 
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Figure 4.21: GCD of equimolar mixture of [EMIM][BF4] and [BMIM][BF4] at specific 

current a)1 A g-1, b) 0.5 A g-1 and c) 0.3 A g-1 

Moreover, calculation of capacitance and ESR from GCD data were also done following 

equations 3.3 and 3.4 respectively. The ESR for the electrolyte solutions (Figure 4.22) does 

not vary with current density except for pure [EMIM][BF4] (Figure 4.22a). Here, ESR 

reduces significantly at 0.3 A g-1 unlike [EMIM][BF4]+co-solvent electrolytes. At lower 

specific current, the electrolyte-electrode system gets sufficient time for charging and hence 

more charge can be stored. Additionally, since pure ILs has the highest concentration of 

ionic species, it can deliver more charge when discharge takes place at lower specific 

current. As a result, ESR minimizes and specific capacitance (Figure 4.23) maximizes 

thereby contradicting the findings from CV.  Moreover, since the effect of dilution on OPW 

in case of [EMIM][BF4] is significant, use of this IL without co-solvent will be preferable 

for low current applications to retain higher energy density.  

TH-2708_166107001



Chapter 4 

   77 | P a g e  
 

0.0 0.5 1.0 1.5
0

10

20

30

0.0 0.5 1.0 1.5
0

20

40

60

80

100

0.0 0.5 1.0 1.5
0

5

10

15

20

25

30

35

 

 

 Pure IL

 IL+AN_I

 IL+AN_II

 IL+AN_III

E
S

R
 (


)

Specific Current ( A g
-1
)

a) [EMIM][BF4]

b) [BMIM][BF4]

 

 

 Pure IL

 IL+AN_I

 IL+AN_II

 IL+AN_III

E
S

R
 (


)

Specific Current ( A g
-1
)

c) [EMIM][BF4]+[BMIM][BF4]

 

 

 IL+AN_I

 IL+AN_II

E
S

R
 (


)

Specific Current ( A g
-1

)

Figure 4.22: ESR of [AMIM][BF4] ILs from GCD a) [EMIM][BF4] b) [BMIM][BF4] and 

c) equimolar mixture of [EMIM][BF4] and [BMIM][BF4] 

The capacitive trend of [BMIM][BF4] matches the already discussed three [AMIM][Tf2N] 

ILs. The ESR for pure [BMIM][BF4] is much higher (Figure 4.23b) and not favourable for 

longer durability of the EDLC. Here, the specific capacitance passes through the maxima 

at IL+AN_II. Following the data obtained from CV, both IL mixtures store nearly equal 

charge (Figure 4.23c) even though ESR for IL+AN_I is higher (Figure 4.22c). Two 

different dominating factors for charge storage may be possible here. In IL+AN_I, ion 

concentration is more and hence higher specific capacitance. Furthermore, ion diffusion is 

faster for IL+AN_II due to its greater solvent concentration resulting higher charge storage. 

In this regard, IL+AN_II is a more favourable electrolyte with a lower ESR when IL 

mixture is opted.  
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Figure 4.23: Specific capacitance of [AMIM][BF4] ILs from GCD a) [EMIM][BF4] b) 

[BMIM][BF4] and c) equimolar mixture of [EMIM][BF4] and [BMIM][BF4] 

4.2.3 Electrochemical Impedance Spectroscopy 

The systems with the minimum ESR (IL+AN_II) were further considered for EIS 

evaluation. Figure 4.24 reflects the types of resistances associated with ion diffusion. The 

impedance data obtained was further iterated using ZSimpWin software by fitting electrical 

equivalent circuit (Figure 3.5) to compute the ESR or internal resistance as discussed in 

Chapter 3. Table 4.1 compares the internal resistance obtained from GCD and EIS. Both 

the techniques work on different principles and EIS is highly sensitive to external electric 

field. Hence variation in ESR values cannot be denied. ESR obtained from GCD and EIS 

closely matches each other when [EMIM][BF4] +AN_II is considered. However, for the 

other two systems noteworthy deviation is recorded. Additionally, both the methods 

confirm the lowest ESR for [EMIM][BF4]. Again, GCD predicts the highest ESR for 
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mixture of ILs whereas EIS indicates the same for [BMIM][BF4] due to greater contribution 

from Rct. Due to bigger size of the BMIM cations, it suffers more ionic resistance inside 

the pores of the electrode. The shorter capacitive tail can be observed when [AMIM][BF4] 

ILs are compared with their mixture which reflects the lower value of Z// at a particular 

frequency and hence better specific capacitance is reported for the individual ILs.   
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Figure 4.24: a) Nyquist plot at 0 V vs OCP and b) frequency dependant specific 

capacitance for AN solvated [AMIM][BF4] electrolyte solutions 

Table 4.1: Comparison of ESR obtained from electrochemical cell equivalent circuit 

modelling and GCD 

System 

Rs 

(Ω) 

Rct 

(Ω) 

ESR from 

EIS (Ω) 

ESR from GCD 

at 0.5 A g-1 (Ω) 

[EMIM][BF4] +AN_II 2.85 5.70 8.87 9.53 

[BMIM][BF4] +AN_II 6.88 9.02 15.9 10.73 

[EMIM][BF4] +[BMIM][BF4] +AN_II 5.54 5.22 10.76 13.03 
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4.2.4 Summary of Section 4.2 

The highest ESR is obtained for ILs without solvents despite their widest OPW. The OPW 

of [AMIM][BF4] gradually decreases with increase in co-solvent concentration similar to 

[AMIM][Tf2N] in the previous section. The OPW obtained for mixed ILs lies in between 

the same obtained for the constituents at same solvent concentration. The effects of alkyl 

chain length on electrochemical performance is significant. Double layer charging 

behaviour is confirmed from electrochemical characterization. EIS data modelling reveals 

the contribution of solution and charge transfer resistances on total ESR of the system.  
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4.3 Results and Discussion on [BMPy][BF4] Ionic Liquid 

This section includes the solvation effects on electrochemical stability, ESR and specific 

capacitance of [BMPy][BF4]. Due to highly viscous nature (APPENDIX B: Table B1) of 

the IL, electrochemical studies were not conducted for pure IL. Two solvents namely AN 

and PC were added to the IL at same composition and further characterization was done.  

4.3.1 Solvation Effects Predicted by Cyclic Voltammetry 

The OPW of RGO based EDLC was determined using CV by measuring the cathodic and 

anodic stability limits of different mixtures of [BMPy][BF4] in AN (Figure 4.25) and PC 

(Figure 4.26).  
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Figure 4.25: CV plots of [BMPy][BF4] in AN a) IL+AN_I, b) IL+AN_II and c) 

IL+AN_III  

For AN-based of electrolytes, widest OPW (2.2 V) is obtained for 25% AN in IL i.e. 

IL+AN_I, whereas for other two compositions the measured electrochemical stability is 
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limited to only 1.7 V. However, OPW of 2.2 V is obtained with all concentrations of PC. 

The higher concentration of PC does not shrink the OPW of the electrolyte solution unlike 

AN. The results from imidazolium ILs also confirm that increased wt. % of AN narrows 

down the OPW. All the CV plots reflect the ideal double layer capacitive behaviour. 

Further, application of a potential difference of 2.2 V to IL+AN_II electrolyte solution leads 

to the tendency of appearance of peaks at both the ends indicating evolution of gas [75] 

when compared to PC_II solution (Figure 4.27). Studies on TEABF4 salt as a solution of 

equal concentration in AN and PC also showed that TEABF4/PC system had OPW wider 

by 0.5 V than TEABF4/AN [166]. Moreover, wider temperature range of PC than AN as 

mentioned in Table 3.1 leads to better thermal stability of PC based electrolytes. 
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Figure 4.26: CV plots of [BMPy][BF4] in PC a) IL+PC_I, b) IL+PC_II and c) IL+PC_III   

For IL electrolytes, conventionally the cathodic limit is set by the reduction potential of 

cation and the anodic limit is bounded by the oxidation potential of anion. However, 
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reported literature states that this convention may not be true always and anodic stability 

can be limited by oxidation of cation [167,168]. The observed OPW is narrower than 

[BMIM][BF4] due to the lower anodic limit. This predicts that pyridinium cation has 

probably went through oxidation earlier than BF4 anion, since wider electrochemical 

stability of BF4 was reported from computational studies [169]. Electrochemical stability 

of 1.2 V was obtained by Ruiz et. al., for 2-methoxypyridinium trifluroacetate and MnO2 

based electrode [170] which suggests lower electrochemical stability of pyridinium based 

cation. Apart from type of the electrolytes, electrochemical stability also depends on the 

impurity of the electrolyte solution ,trace of water present and type of electrode material 

[45]. 
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Figure 4.27: Comparison of electrochemical stability of AN and PC based IL solutions  

The dilution effect on specific capacitance for [BMPy][BF4] is reported in Figure 4.28. The 

two co-solvents i.e. AN and PC act differently on specific capacitance. AN-based IL 
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solutions possess better capacitive performance irrespective of scan rate.  IL+AN_I results 

in the highest specific capacitance whereas the lowest is observed for IL+PC_I. Even 

though specific capacitance is superior for IL+PC_III solution when all three PC based 

solutions are compared, it is lesser than IL+AN_I by ~20 F g-1. “Electrolyte Starvation 

Effect” is also prominent for pyridinium based IL which leads to the scan rate affected 

capacitive behaviour. CV analysis for [BMPy][BF4] reveals that IL+AN_I electrolyte 

solution is more beneficial than the others when both OPW and specific capacitance are 

considered.  
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Figure 4.28: Specific capacitance as a function of CV scan rate for [BMPy][BF4] in a) 

AN and b) PC 

4.3.2 Insights from Galvanostatic Charge-discharge 

GCD profiles elucidate higher IR drop for PC based electrolyte solutions (Figure 4.29). 

This indicates lower ionic conductivity of those solutions. However, all the figures 

reproduce the OPW and double layer capacitive nature as discussed in the previous section. 

IL+PC_I solution is highly viscous (APPENDIX B: Table B1) and hence at a higher current 

of 1 A g-1, GCD could not be executed (Figure 4.29d). Even at 0.5 A g-1, IR drop is very 

high (Figure 4.29e). On the contrary, for IL+AN solutions, no such difficulties were 

encountered while performing GCD experiments. This elucidates better dissociation of the 
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electrolyte in AN. AN can facilitate breaking of ion-pair interaction of the IL in a more 

effective manner than PC. Hence, solution resistance or resistance to ion transport in the 

solution can be reduced easily for AN solvated IL. Overall, the ohmic loss of potential is 

minimum for IL+AN_I system (Figure 4.29a). The results from ESR and specific 

capacitance measurements provide a comprehensive idea about solvation effects on 

electrochemical performance of [BMPy][BF4]. The internal resistance values for IL+AN 

solution (Figure 4.30a) as predicted by GCD reside in the range of 10-20 Ω unlike PC based 

electrolytes (Figure 4.30b). IL+ AN_I and IL+AN_II depict nearly equivalent ESR and 

specific capacitance (Figures 4.30a and 4.31a) from GCD. However, owing to better OPW 

of IL+AN_I, it is more favourable for better energy storage.  

TH-2708_166107001



Chapter 4 

   86 | P a g e  
 

0 100 200 300 400 500

-1.5

-1.0

-0.5

0.0

0.5

0 200 400 600 800 1000 1200

-1.5

-1.0

-0.5

0.0

0.5

0 500 1000 1500 2000

-1.5

-1.0

-0.5

0.0

0.5

0 50 100 150 200 250 300

-1.5

-1.0

-0.5

0.0

0.5

0 300 600 900 1200 1500 1800

-1.5

-1.0

-0.5

0.0

0.5

0 100 200 300 400 500 600 700 800

-1.5

-1.0

-0.5

0.0

0.5

 

 
P

o
te

n
ti

a
l 

v
s 

A
g

/A
g

+
 (

V
)

Time (s)

 IL+AN_I

 IL+AN_II

 IL+AN_III

a) Current@ 1 Ag-1 b) Current@ 0.5 Ag-1

 

 

P
o

te
n

ti
a

l 
v

s 
A

g
/A

g
+
 (

V
)

Time (s)

 IL+AN_I

 IL+AN_II

 IL+AN_III

c) Current@ 0.3 Ag-1

 

 

P
o

te
n

ti
a

l 
v

s 
A

g
/A

g
+
 (

V
)

Time (s)

 IL+AN_I

 IL+AN_II

 IL+AN_III

d) Current@ 1 Ag-1

 

 

P
o

te
n

ti
a

l 
v

s 
A

g
/A

g
+
 (

V
)

Time (s)

 IL+PC_II

 IL+PC_III

f) Current@ 0.3 Ag-1

 

 

P
o

te
n

ti
a

l 
v

s 
A

g
/A

g
+
 (

V
)

Time (s)

 IL+PC_I

 IL+PC_II

 IL+PC_III

e) Current@ 0.5 Ag-1

 

 

P
o

te
n

ti
a

l 
v

s 
A

g
/A

g
+
 (

V
)

Time (s)

 IL+PC_I

 IL+PC_II

 IL+PC_III

Figure 4.29: GCD profiles for [BMPy][BF4] solvated by AN and PC  

IL+PC_I reports the highest ESR (Figure 4.30b) and hence the lowest specific capacitance 

(Figure 4.31b). Further the reverse is observed for IL+PC_III solution and its ESR closely 

matches AN based electrolyte. This can be directly related to the viscosity trend 

(APPENDIX B, Table B1) for the PC based electrolytes. Lower the viscosity, better is the 

specific capacitance. Nonetheless, the same convention is not applicable to AN. Despite of 

having higher viscosity of IL+AN_I than other two solutions, it possesses more ionic 

strength and hence better charge storage. In this regard it can be confirmed that AN has 

inherent ability to break the strong ionic interaction more easily even at a lower 

concentration (25 wt. %). Further with addition of more AN, specific capacitance decreases 
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regardless of viscosity reduction. Therefore, for room temperature and higher temperature 

applications, IL+AN_I and IL+PC_III are recommended to be respective electrolytes.  
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Figure 4.30: Comparison of ESR between AN and PC based [BMPy][BF4] solutions 
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Figure 4.31: Specific capacitance for AN and PC based [BMPy][BF4] solutions 

4.3.3 Impedance Analysis 

Following the recommendation from CV and GCD analysis, IL+AN_I and IL+PC_III were 

further characterised with FRA. The impedance analysis clearly reveals higher Rs and Rct 

for [BMPy][BF4] (Figure 4.32) than imidazolium ILs. The more resistive nature of 

IL+PC_III can be confirmed from its higher Rs value (~23 Ω). Moreover, Zw as represented 

by the 45° line is more prominent for PC_III than AN_I indicating lager pore diffusional 

TH-2708_166107001



Chapter 4 

   88 | P a g e  
 

resistances. EIS also shows lower specific capacitance for IL+PC_III. The vertical tail for 

AN_I is shorter than PC_III resulting in improved specific capacitance. 
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Figure 4.32: a) Nyquist plots and b) frequency dependant capacitance for [BMPy][BF4] 

based electrolyte solutions 

4.3.4 Summary of Section 4.3 

[BMPy][BF4] IL resulted in narrower OPW than already discussed imidazolium ILs. Both 

the solvents behaved differently in regards of electrochemical characterization.  With the 

increase in AN wt % in the IL electrolyte, both OPW and specific capacitance decreases 

with a slight increase in ESR.   On the contrary, addition of more amount of PC did not 

affect the OPW and confirmed large reduction in ESR hence, enhancement in specific 

capacitance was obtained. Impedance studies for AN_I and PC_III revealed good 

capacitive nature of these electrolyte systems.  
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4.4 Results and Discussion on [TESu][Tf2N] Ionic Liquid 

This section covers the electrochemical performance of pure [TESu][Tf2N] as well as its 

solutions in PC. All three electrochemical techniques were performed following the 

previously reported ILs.  

4.4.1 Analysis from Cyclic Voltammetry  

The OPW for [TESu][Tf2N] (Figure 4.33) with addition of co-solvent starts to constrict in 

a similar pattern to the ILs of other categories. Pure [TESu][Tf2N] provides the OPW of 3 

V which is equal to [EMIM][Tf2N]. Further there is a decrease of 0.4 V for its solutions in 

PC. Even though current increases with addition of PC, it is not comparable to imidazolium 

ILs + co-solvents. Ion mobility does not increase much with dilution by PC. Specific 

capacitance from CV data also agrees to the above statement (Figure 4.34). Addition of co-

solvent cannot enhance the specific capacitance significantly. The highest specific 

capacitance was observed for IL+PC_II system even though the difference is ~10 F g-1 

when compared to pure IL. Pure IL and IL+PC_III electrolytes possess equivalent 

capacitive performance. From CV also, similar current generation can be noted (Figures 

4.33a and d). The IL when tested for activated carbon based EDLC delivered ~ 20 F g-1 at 

5 mV s-1 with OPW of 2.8 V [63]. Hence it is understood explicitly that the capacitance 

behaviour of [TESu][Tf2N] in PC is not very impressive although it has reasonable 

electrochemical stability.  
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Figure 4.33: Cyclic voltammogram for [TESu][Tf2N] based electrolytes 
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Figure 4.34: Specific capacitance evaluated from CV for [TESu][Tf2N] based 

electrolytes 
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4.4.2 Insights from Galvanostatic Charge-discharge 

The analysis from GCD results imparts how change in wt. % of co-solvent affect the OPW 

and IR drop of the IL (Figure 4.35). The ion dissociation is the least for pure IL as it delivers 

the highest ohmic drop.  With the addition of PC, the system’s ESR (Figure 4.36a) and 

specific capacitance (Figure 4.36b) are more affected compared to electrochemical 

stability. Pure IL possess very high ESR (90-100 Ω) resulting from its higher viscosity 

(33.9 cp at 298.15 K) [171]. The reciprocal relationship between ESR and capacitance can 

be observed similar to other ILs. Overall, IL+PC_II solution can be proposed to be the 

favourable electrolyte with the highest charge storage (58.8 F g-1), lowest ESR (29.76 Ω) 

and reasonable OPW (2.6 V). Hence it was further considered for EIS measurements.  
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Figure 4.35: GCD plots for [TESu][Tf2N] electrolytes at a) 0.5 A g-1 and b) 0.3 A g-1 
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Figure 4.36: a) ESR and b) specific capacitance for [TESu][Tf2N] based electrolytes  
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4.4.3 Electrochemical Impedance Measurements 

The Nyquist plot (Figure 4.37a) provides a clear indication of higher Rs than AN-based 

electrolytes as discussed earlier in this chapter. However, the Rct is much lower compared 

to Rs. Hence it can be noted that the diffusional limitation encountered by ions plays a 

crucial role in determining specific capacitance (Figure 4.37b) for this electrolyte solution. 

The longer vertical tail depicts the increased imaginary part of the impedance which is 

inversely proportional to the specific capacitance according to equation 3.5. The highest 

specific capacitance obtained from FRA is nearly 45 F g-1.  
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Figure 4.37: a) Nyquist plot and b) specific capacitance for [TESu][Tf2N]+PC_II 

4.4.4 Summary of Section 4.4 

[TESu][Tf2N] shows equivalent performance to [EMIM][Tf2N] when pure ILs are 

compared. This indicates similar electrochemical behaviour of sulfonium and imidazolium 

cations. Use of organic solvent PC enhances electrochemical performance of [TESu][Tf2N] 

by lowering the ESR. However, the results are not comparable to imidazolium ILs in 

organic solvents. The observations for this unconventional ILs follow the similar trend to 

imidazolium ILs with respect to OPW and ESR.  
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4.5 Comparative Performance Evaluation of Ionic Liquid Electrolytes 

The results obtained so far from the electrochemical characterization of IL based 

electrolytes provides the information how different anions and cations affect the 

performance of EDLC. Table 4.2 suggests the basic parameters to assess electrolytes’ 

effectiveness. The ESR and specific capacitance are measured from GCD data at 0.5 A g-1 

for each system. Further these two parameters are employed to calculate specific energy 

and power following equations 1.1 and 1.2. When ILs without organic solvents are 

considered, it is observed that [EMIM][BF4] delivered the least internal resistance (22.69 

Ω) and hence the highest power density (2.05 kW kg-1) despite having lower energy storage 

due to narrower OPW. Pure [EMIM][Tf2N] and [TESu][Tf2N] resulted in nearly equivalent 

characteristics. Therefore, the effect of cationic core is not distinguishable for these two 

ILs. Moreover, pure [BMIM][BF4] shows the highest value of ESR (93.67 Ω) among all 

the electrolytes studied in this work due to its higher viscosity as reported in section 4.2. 

AN is found to be the most effective co-solvent for better charge storage and power 

delivery. [EMIM][Tf2N]+AN_II and [PMIM][Tf2N]+AN_II exhibit the lowest ESR (~ 7 

Ω) and thereby the highest power density (~9-10 kW kg-1). Further [PMIM][Tf2N]+AN_II 

and [BMIM][Tf2N]+AN_II remain electrochemically stable up to 3 V, which is the widest 

OPW recorded during the characterization of the IL based electrolytes. Therefore, energy 

storage (~ 152-156 Wh kg-1) is the highest for both.  

Mixture of [AMIM][BF4] ILs improves the energy storage of the cell when compared to 

[EMIM][BF4]. [BMPy][BF4]+AN solutions deliver reasonable power but a narrower OPW 

limits the energy storage. Despite possessing equal OPW, [BMPy][BF4]+AN_I shows 

better energy and power rating than [BMPy][BF4]+PC_III. This happens due to the lower 

ESR and higher capacitance of the former.  
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Table 4.2: OPW, ESR, specific capacitance, energy and power of ILs 

Electrolyte 
OPW 

(V) 

ESR 

(Ω) 

Capacitance 

(F g-1) 

@ 0.5 Ag-1 

Energy 

(Wh kg-1) 

@ 0.5 Ag-1 

Power 

(kW kg-1) 

@ 0.5 Ag-1 

[E
M

IM
][

T
f 2

N
] Pure IL 3 82.09 46.29 57.87 1.16 

IL+AN_I 2.5 30.05 67.56 58.65 2.16 

IL+AN_II 2.5 7.18 89.28 77.50 9.18 

IL+AN_III 2 22.44 75.75 42.09 1.87 

[P
M

IM
][

T
f 2

N
] 

IL+AN_I 3 15.77 92.59 115.74 6.02 

IL+AN_II 3 7.28 121.95 152.44 10.10 

IL+AN_III 2.5 13.69 92.59 80.38 4.81 

IL+BN_II 3 23.11 69.44 86.81 4.55 

IL+PC_II 3 32.74 59.52 74.4 3.21 

[B
M

IM
][

T
f 2

N
] 

IL+AN_I 3 23.26 80.64 100.81 4.08 

IL+AN_II 3 24.58 125.00 156.25 5.98 

IL+AN_III 2.5 13.64 87.72 76.15 4.83 

IL+BN_II 3 19.45 92.59 115.74 5.41 

IL+PC_II 3 34.34 57.47 71.84 3.06 

[E
M

IM
][

B
F

4
] Pure IL 2.1 22.69 53.76 32.93 2.05 

IL+AN_I 1.9 11.77 65.78 32.98 3.24 

IL+AN_II 1.8 9.58 72.46 32.61 3.57 

IL+AN_III 1 9.57 58.82 18.38 1.86 

[B
M

IM
][

B
F

4
] Pure IL 3 93.67 66.67 96.15 1.53 

IL+AN_I 2.7 24.41 89.28 90.4 3.25 

IL+AN_II 2.5 10.73 98.04 85.10 4.61 

IL+AN_III 1.5 13.34 71.42 22.32 1.33 

[E
M

IM
][

B
F

4
]+

 

[B
M

IM
][

B
F

4
] IL+AN_I 2.3 29.84 53.76 52.48 2.08 

IL+AN_II 2.3 13.03 47.17 34.65 4.74 
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Table 4.2 continues 

Electrolyte 

OPW 

(V) 

ESR 

(Ω) 

Capacitance 

(F g-1) 

@ 0.5 Ag-1 

Energy 

(Wh kg-1) 

@ 0.5 Ag-1 

Power 

(kW kg-1) 

@ 0.5 Ag-1 

[B
M

P
y

][
B

F
4
] 

IL+AN_I 2.2 11.86 69.44 46.68 4.31 

IL+AN_II 1.7 13.22 66.67 26.76 2.31 

IL+AN_III 1.7 15.45 52.63 21.13 2.19 

IL+PC_I 2.2 72.75 35.71 24.00 0.78 

IL+PC_II 2.2 28.99 48.08 32.32 1.95 

IL+PC_III 2.2 18.35 51.54 34.65 3.08 

[T
E

S
u
][

T
f 2

N
] 

Pure IL 3 83.29 47.62 59.52 1.26 

IL+PC_I 2.7 57.42 50 50.63 1.48 

IL+PC_II 2.6 27.16 54.35 51.03 2.91 

IL+PC_III 2.6 63.7 54.94 51.58 1.24 

 

For [TESu][Tf2N] based electrolytes, delivered power becomes maximum (2.91 kW kg-1) 

for IL+PC_II. For rest, it is limited up to 1.5 kW kg-1. Altogether, calculated energy and 

power data at different specific currents are reported in Table A1 of APPENDIX A. No 

significant difference in energy performance is observed with change in current except for 

a few systems.  

Overall, imidazolium based ILs have evolved as better electrolytes for EDLC than 

pyridinium IL. Additionally, they have better thermal stability [172]. [AMIM][Tf2N] and 

[AMIM][BF4] retain thermal stability up to 400-450 °C.  Literature suggests that sulfonium 

based ILs are found to have less thermal stability than imidazolium [173]. ILs with AN are 
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advisable to use at room temperature only to avoid evaporation loss (BP 82 °C). However, 

both BN and PC have wider liquid range (Table 3.1) which facilitates their use as co-solvent 

at higher temperature also. However, it should be noted that at higher temperature, viscosity 

of ILs get reduced significantly [162,163] which eases their use in neat form.  

The electrochemical performance of [PMIM][Tf2N] +AN_II and [BMIM][Tf2N]+AN_II is 

similar at either of the current densities and significantly better than other studied systems.  

Therefore, life cyclic study was conducted for only these two systems. The retention of 

original capacitance observed after 1000 cycles at original OPW (3 V) of GCD at 1 A g-1 

was 75% and 70% for solutions [PMIM][Tf2N] and [BMIM][Tf2N] respectively. 
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The analysis from previous chapter reveals that [AMIM][Tf2N]+AN_II solutions perform 

more effectively with respect to OPW, specific capacitance, ESR, energy storage and power 

density. Therefore, ionic conductivity and viscosity of these solutions were evaluated as 

per discussion in section 3.4. To have a comprehensive assessment regarding the effects of 

AN on-transport properties and how they influence capacitive performance of the 

electrolyte, experimental measurements were also executed for pure ILs along with the 

other two solutions in AN. Simultaneously, atomistic MD simulations was carried out for 

pure ILs and IL+AN_II solutions to obtain molecular level insights.  

5.1 Experimental Measurements 

The experimental findings for ionic conductivity of [AMIM][Tf2N] ILs are provided in 

Figure 5.1a. Ionic conductivity data passes through a maximum at IL+AN_II, which 

follows the trend of specific capacitance and specific current as shown in previous chapter 

(Section 4.1). Similar trend was also suggested in the literature for [EMIM][Tf2N] [161]. 

The electrolyte solution (IL+AN_II) with the highest ionic strength has the lowest ESR 

(Table 4.1). As expected [EMIM][Tf2N]+AN_II does not possess the maximum ionic 

strength unlike pure [EMIM][Tf2N], thereby agrees to the statement that co-solvent 

concentration for maximum ionic strength varies with type of IL. This has been already 

discussed in Chapter 4.   

 Viscosity decreases with increase in solvent concentration (Figure 5.1b). The difference in 

viscosity is the highest between IL in pure state and IL+AN_I. The increase in solvent 

concentration further (AN_II) improves viscosity, which eventually attributes to the highest 

ionic conductivity. The lowering of IL concentration again (AN_III) reduces viscosity, 

although ionic conductivity also decreases due to insufficient ion concentration. 

Nevertheless, the difference in viscosity is insignificant between IL+AN_II and 
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IL+AN_III. Analysis from MD simulation further enlighten how AN enhances the diffusive 

nature of the ions and facilitates the transport properties.  
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Figure 5.1:  a) Ionic conductivity and b) viscosity of [AMIM][Tf2N] electrolytes at 

298.15 K 
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5.2 Results from Computation 

The optimized geometries of the molecules obtained from Gaussian 09 appear in Figure 

5.2. The corresponding partial charges are included in APPENDIX C (Table C1). To 

validate the accuracy of the force field parameters used in MD simulation, density (  ) of 

the simulated IL systems was computed after equilibration for 2 ns and compared with 

experimental density (Table 5.1). It can be noted that density from simulation matches the 

experimental one, thereby proving the reliability of force field parameters.  

 

Figure 5.2: Molecular structures used for MD simulation 
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Table 5.1: Density of pure ILs and solutions in AN at T=298.15 K 

  a (kg m-3)  b (kg m-3)  c (kg m-3) 

[EMIM][Tf2N] 1.55 1.55 1.52 [174] 

[EMIM][Tf2N]+AN_II 0.99 0.95 - 

[PMIM][Tf2N] 1.46 1.47 1.47 [175] 

[PMIM][Tf2N]+AN_II 0.97 0.97 - 

[BMIM][Tf2N] 1.43 1.44 1.43 [176] 

[BMIM][Tf2N]+AN_II 0.96 0.97 - 

a MD simulation from this work, b Experiment from this work and c Experiment from 

literature 

Following density, ionic conductivity (σ) was calculated as explained in section 3.6 using 

equation 3.8. 10 ns long trajectory from MD simulations was considered to compute MSD 

and hence σ. The corresponding D and σ values are reported in Table 5.2. The increasing 

MSD (Figure 5.3) for IL+AN_II clearly indicates the enhancement of D and σ over pure 

ILs. AN breaks the large ion pair clusters by weakening the ionic interaction which helps 

in obtaining higher σ. The smaller size of the cation EMIM resulting from shorter alkyl 

chain facilitates a higher diffusivity D than PMIM and BMIM (Table 5.2). Overall, MD 

provides better insights on effect of alkyl chain length on diffusivity and agrees to the trend 

reported earlier [177]. The use of a particular scaling factor takes care of the effect of charge 

transfer and polarizability [151]. Ionic conductivity values predicted from MD simulation 

shows a close match with experimental findings.   
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Figure 5.3: Mean square displacement (MSD) plots a) [EMIM][Tf2N], b) 

[EMIM][Tf2N]+AN_II, c) [PMIM][Tf2N] d) [PMIM][Tf2N]+AN_II , e) [BMIM][Tf2N] 

and f) [BMIM][Tf2N]+AN_II 
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Table 5.2: Self-diffusion coefficients and ionic conductivity of pure ILs and solution in 

AN at T=298.15 K 

 

D 

(.10-7 cm2 s-1) 

σ a 

(mS cm-1) 

σ b 

(mS cm-1) 

σc 

(mS cm-1) 

 D+ D-    

[EMIM][Tf2N] 2.17 1.13 4.91 4.33 6.67 [174] 

[EMIM][Tf2N]+AN_II 50.63 40.55 30.31 28.50 32 [161] 

[PMIM][Tf2N] 1.80 0.78 3.48 3.51 - 

[PMIM][Tf2N]+AN_II 46.14 34.47 30.99 30.40 - 

[BMIM][Tf2N] 1.24 0.92 2.44 2.76 3.80 [176] 

[BMIM][Tf2N]+AN_II 31.89 34.79 24.67 27.30 - 

a MD simulation from this work, b Experiment from this work and c Experiment from 

literature 

The dynamic viscosity of pure ILs and IL+AN_II solutions were also measured using 

equation 3.9 and reported in Table 5.3. As expected, significant viscosity reduction of ILs 

has been obtained with addition of co-solvent. Addition of less viscous AN mobilises the 

ions of IL by lowering intermolecular friction. Experimentally measured viscosity of pure 

[EMIM][Tf2N] obtained from simulation data agrees reasonably well with literature [174]. 

However, the same for [BMIM][Tf2N] and [PMIM][Tf2N] is slightly lower than literature 

[175,176]. Additionally, experimental viscosities for pure ILs obtained in this study show 

a fair match with that obtained from simulation (deviation ~1.5-7.7%) except 

[EMIM][Tf2N] where the deviation is ~11%. On the contrary, viscosities observed for 

mixtures of ILs and organic solvent show significant deviation from when experimental 
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and MD results are compared. However, results from both the studies follows a decreasing 

trend with the addition of co-solvent.  

Table 5.3: Viscosity of pure ILs and their solutions in AN at T=298.15 K 

  a (mPa.s)  b (mPa.s)  c (mPa.s) 

[EMIM][Tf2N] 37.76 33.2 33.9 [174] 

[EMIM][Tf2N]+ACN 2.04 1.70 - 

[PMIM][Tf2N] 43.04 39.70 43.70 [175] 

[PMIM][Tf2N]+ACN 2.98 1.00 - 

[BMIM][Tf2N] 43.57 42.90 48 [176] 

[BMIM][Tf2N]+ACN 3.12 1.50 - 

a MD simulation from this work, b Experiment from this work and c Experiment from literature 
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The motivation to study DESs arises from the disadvantage of high viscosity of ILs. The 

requirement of organic solvents for ILs leads to the loss of OPW and brings chemical and 

thermal limitations as discussed in Chapter 4. While choosing suitable DESs for EDLC 

application, factors like higher ionic strength and lower viscosity were considered carefully. 

To have comparable ionic strength to ILs, a high melting IL namely [BMIM][MeSO3] was 

considered as HBA together with N-methylacetamide (NMAc) and ethylene glycol (EG) 

as HBDs as mentioned in section 3.1. The DESs used in this work belong to Type III as 

defined in Table 2.1.  

6.1 Insights from COSMO-SAC Calculations 

The input files for SLE calculations can be found in Figure 6.1a. The red, yellow, blue and 

green colours of COSMO cavities represent electronegative, partially electronegative, 

electropositive and partially electropositive zones respectively. Furthermore, higher 

electronegative and electropositive portions can be signified by the brown and dark blue 

colours. Hence, the compounds selected for this work have both hydrogen bond acceptor 

and donor sites. This can be well understood from the probability distribution of surface 

screening charges (sigma profiles) obtained from COSMO-SAC calculation. As it can be 

seen in Figure 6.1b, the compounds have a considerable number of hydrogen bond donors 

and acceptors based on their hydrogen bond cut off (±0.0084 e Å-2) indicating they are 

soluble within itself as well as in the solution. This implies that both EG and NMAC are 

miscible in the IL. The area under the curve for [BMIM][MeSO3] in hydrogen bond donor 

region is lower than EG and NMAc. This corresponds to a lesser tendency of 

[BMIM][MeSO3] for donating hydrogen bond. EG shows the highest probability for 

initiating hydrogen bond.  Moreover, all the three compounds possess nearly equivalent 
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distribution in hydrogen bond acceptor region even though most of the surface charges 

belong to the non-polar region.   
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Figure 6.1: a) COSMO files generated using Gaussian 09 package and b) distribution of 

surface screening charge obtained from COSMO-SAC calculations 

The solubility data (Section 3.2) obtained from COSMO-SAC calculations are plotted in 

Figure 6.2 as a function of temperature. TA and TB indicate the melting points of HBA and 

HBD respectively. Both the DESs possess significant depression in melting point compared 

to corresponding HBA and HBD. The ideal eutectic point corresponds to the activity 
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coefficient equals to unity. Real condition eutectic temperature is slightly lower than that 

of ideal state. The molar ratios of HBA: HBD are calculated to be 1:3.5 and 1:2 for 

[BMIM][MeSO3]:EG and [BMIM][MeSO3]:NMAc having  corresponding eutectic 

temperatures 247.7 K (~ -25 ºC) and 274.25 K (~1 ºC)  respectively. [BMIM][MeSO3]: EG 

offers comparable melting points to room temperature ILs. The important outcome of this 

study is the formation of low melting solvents with [BMIM][MeSO3], which has a higher 

melting temperature of nearly 75ºC and this facilitates investigation of these two IL based 

DESs as electrolyte for EDLC application.  Although COSMO-SAC calculations predict 

the eutectic composition and temperature, yet slight variation in experimentally computed 

eutectic point can be expected since reproducibility of exact experimental environment by 

modelling cannot be assured. 
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Figure 6.2: SLE data from COSMO-SAC calculations 

6.2 Measurement of Water Content 

The water content of the prepared DESs was analysed by Karl Fischer Titration (KFT) 

method as discussed in section 3.3. The analysis was repeated for three times and average 

wt. % of water was considered. The calculated wt. % of water for [BMIM][MeSO3]:EG 

and [BMIM][MeSO3]:NMAc are 1.62 and 0.29 respectively. Hence, 

[BMIM][MeSO3]:NMAc results in better hydrophobicity.  
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6.3 NMR Analysis 

The chemical shift for NMR spectroscopy is referred to CDCl3 external standard. 1H study 

indicates slight shifting of peaks for DES from individual spectra of HBA and HBD 

(Figures 6.3 and 6.4). This can be expected due to formation of hydrogen bonds. However, 

no new peak appears for both the DESs confirming absence of any chemical reaction. 

NOESY analysis reveals H-H interactions between HBA and HBD indicated by the 

contours above and below the diagonal, which are also termed as crossing peaks (Figures 

6.5 and 6.6). The diagonal represents the interaction between same molecules [136]. 

[BMIM][MeSO3] shows only one interaction (3.62, 9.07, 0.02) with EG (Figure 6.5a), 

while three interactions [(3.96, 2.65, 0), (1.88, 0.86, 0), (1.81, 1.29, 0)] with NMAc (Figure 

6.6a) for a total of eight NOESY scans. Higher number of interactions can be expected by 

increasing number of scans [136]. Closely located hydrogen atoms i.e. H-H interactions 

(Figures 6.5b and 6.6b) corresponds to the probable hydrogen bonding between the 

hydrogen, which is bonded to the HBD, and the acceptor electronegative atom near to the 

other hydrogen atom.  
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Figure 6.3: 1H NMR spectra for [BMIM][MeSO3], EG and [BMIM][MeSO3]: EG 
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Figure 6.4: 1H NMR spectra for [BMIM][MeSO3], NMAc and [BMIM][MeSO3]: NMAc 
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Figure 6.5: a) NOESY spectra of [BMIM][MeSO3]:EG at 295 K and b) H-H interactions 
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Figure 6.6: a) NOESY spectra of [BMIM][MeSO3]: NMAc at 295 K and b) H-H 

interactions 

6.4 Thermal Stability Analysis 

The thermogravimetric analysis was performed for temperature of 30-400 ºC (303.15-

673.15 K) for both the DESs under nitrogen atmosphere with a heating rate of 10 ºC per 

minute. TGA data (Figure 6.7a) indicates insignificant mass loss up to 360 K (87ºC), which 
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elucidates the maximum operational temperature limit for the EDLC. Only the water 

present in the DESs is released in this region. Particularly, the onset degradation 

temperature (Tonset) for the DESs, which is also onset degradation temperature of HBDs, 

can be considered as ~ 363 K (~90 ºC), after which the DESs encountered appreciable mass 

loss.  
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Figure 6.7: a) % mass loss vs temperature and b) derivative of % mass loss vs 

temperature 
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Since DES is composed of two non-reacting compounds, two distinct mass degradation 

slopes appear in the TGA plot. From DTG plot (Figure 6.7b), the second maximum mass 

loss temperature appears to be nearly 640 K, which confirms decomposition of the HBA at 

that temperature. The onset temperature for decomposition of HBA is almost 600 K. The 

first peaks of DTG plot appear at different temperatures corresponding to the maximum 

mass loss of HBDs. NMAc (425 K) decomposes slightly earlier than EG (432 K). 

6.5 Physical Properties  

As explained in section 3.4, density of the prepared solvents was measured and plotted as 

a function of temperature (Figure 6.8). Decrease in density with increase in temperature 

can be observed for both the solvents. The density of [BMIM][MeSO3]:EG (1:3.5) is more 

than that of [BMIM][MeSO3]:NMAc (1:2) due to the difference in molar ratio of the DESs 

and the higher density of EG as compared to NMAc. 
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Figure 6.8: Density as a function of temperature 
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The densities of the mixture are slightly higher than those of the pure HBDs (EG: 1. 11 g 

cm-3 at 298.15 K and 1.1 g cm-3 at 323.15 K [178]; NMAc: 0.93 g cm-3  at 323.15 K [179]). 

This can be well described from the hole theory of liquids [67,180], which suggests that 

HBDs composed of holes and upon addition of the HBA, the radius of the hole decreases 

and more compact structure is achieved resulting in increase in density of the mixture. 
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Figure 6.9: Ionic conductivity of DESs and IL electrolytes at 298.15 K 

Furthermore, ionic conductivity of DESs were measured and compared with 

[AMIM][Tf2N] ILs (Figure 6.9). [BMIM][MeSO3]:EG possesses better ionic conductivity 

than [BMIM][MeSO3]:NMAc. Here the weak hydrogen bonding interaction enhances the 
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diffusive nature of the ions resulting in greater ionic conductivity of [BMIM][MeSO3]:EG 

by weakening the ionic interactions.  
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Figure 6.10: a) Viscosity variation with temperature and b) comparison of viscosity for 

studied DESs and conventional RTIL electrolytes at 298.15 K 

The viscosity measurement was done at a shear rate of 1000 s-1 for the same temperature 

range as density by incorporating the arrangement of the Rheometer as per section 3.4.3 

(Figure 6.10a). The generic liquid nature of exponential decrease in viscosity with increase 

in temperature is also valid for the studied DESs. Figure 6.10b compares the viscosity of 

the prepared DESs at 298.15 K with IL electrolytes namely [EMIM][Tf2N], [PMIM][Tf2N] 

and [BMIM][Tf2N]. The dynamic viscosities of both the IL-based DESs are much lower 

than all the pure ILs used in this work (Table B1). Moreover, observed viscosity for the 

newly developed solvents is significantly lower than other BMIM cation based ILs as 

reported in literature [181].  Thus, the drawback of highly viscous RTILs can be overcome 

by proceeding towards ILs/RTILs based DESs with suitable HBDs.  
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6.6 Electrochemical Performance 

LSV is an effective characterization method to determine the oxidation (anodic) and 

reduction (cathodic) limits of an electrolyte. Aiming at supercapacitor application, initially 

the ESPW was evaluated against glassy carbon electrode using LSV technique at a scan 

rate of 10 mV/s. Cathodic stability for both the electrolytes can be marked nearly at -2 V 

and the anodic limit is observed at 1.8 V resulting in ESPW equal to 3.8 V (Figure 6.11a). 

Electrolyte’s purity greatly affects its electrochemical stability [119]. Since all the 

chemicals were used without any further purification except vacuum drying, wider ESPW 

can be expected with better purity of constituent chemicals.  Further, RGO electrode was 

used to investigate operational parameters for EDLC. Initially, CV tests were performed by 

applying potential difference of 4 V to compare the ESPW obtained from LSV with glassy 

carbon electrode. However, CV results do not fulfil the expected nature of EDLC as clear 

indication of electrochemical decomposition can be observed near the potential limits*. 

Figure 6.11b represents the CV plots at 10 mV/s, which depicts the difference between 

ESPW and OPW for the electrolytes. The use of porous carbon electrode shrinks the 

cathodic and anodic stability of the electrolyte. Moreover, both the DESs result in different 

OPW unlike ESPW. Apart from the nature of the electrolyte the electrochemical stability 

also depends on the type of electrode material [119]. A similar observation was also made 

for RTILs [7].  

 

 

 

 

*Please refer to APPENDIX D: Figure D1 
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Figure 6.11: a) LSV at 10 mVs-1 with glassy carbon electrode and b) CV at 10 mVs-1 

with RGO electrode 

CV experiments were also performed at scan rates of 3 and 5 mVs-1 (Figure 6.12). Absence 

of any redox peaks ensures that charge storage mechanism is solely double layer in nature. 

The observed OPW for [BMIM][MeSO3]:EG is limited to 2 V, while the same for 

[BMIM][MeSO3]:NMAc is 3 V and comparable to IL electrolytes covered in this work. 
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This reveals the important role of water in determining the electrochemical stability of the 

DES. The higher water content of HBA:EG system leads to narrower OPW. Type of HBD 

may also be a possible factor in this regard while measuring OPW against carbon electrode.  
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Figure 6.12: CV plots a) [BMIM][MeSO3]:EG b) [BMIM][MeSO3]:NMAc 
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Further specific capacitance measurement was carried out using CV data (Figure 6.13). The 

effect of scan rate due to lower rate performance of the electrode material is visible, which 

results in incomplete adsorption of charged species at electrode/electrolyte interface for 

higher scan rates involving shorter time. This effect is also observed for IL electrolytes as 

described earlier in Chapter 4. Literature also suggested similar trend for mesoporous 

carbon sphere based EDLC [47].  
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Figure 6.13: Specific capacitance evaluated from CV 

OPW obtained from CV was confirmed from GCD performed at 0.1 and 0.3 Ag-1 (Figure 

6.14). IR drop for 0.3 A g-1 is nearly thrice for that of 0.1 Ag-1 due to application of higher 

current. Further at 0.5 A g-1 the ohmic loss is extremely high. A comparison of OPW among 

DESs studied in this work and already reported in literature can be seen in Table 6.1 and 

the widest of 3 V can be found in our work. Even though 2.8 V was reported for LiTf2N : 

NMAc [72], indication of peak towards anodic limit could be clearly observed at lower 
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scan rates, which might lead to gas evolution [75] inside the cell. Since OPW is a 

characteristic of both electrolyte and electrode, wider than 3 V can also be expected for 

[BMIM][MeSO3]: NMAc using electrode materials having better electrochemical stability. 

Moreover,  IL based DESs, prepared from ILs with ESPW equal to 5-6 V [45]  should 

deliver wider OPW than other DESs based on metal salts and ChCl.  
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Figure 6.14: GCD plots at a) 0.5 A g-1, 0.3 A g-1 and b) 0.1 A g-1 

Further CV measurements were conducted for [BMIM][MeSO3]: NMAc to confirm the 

electrochemical stability in two-electrode configuration. Two symmetric carbon electrodes 

were used for the experiment. Figure D2 of APPENDIX D clearly depicts 3 V voltage 

window for the system. Hence, it is understood the DES can provide similar 

electrochemical stability in device level assembly.  
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Table 6.1: Comparison of OPW with reported DES electrolytes for supercapacitor 

 OPW (V) Working electrode 

[BMIM][MeSO3]:EG 2 RGO 

[BMIM][MeSO3]:NMAc 3 RGO 

LiTf2N: formamide [75] 1.2 Activated carbon 

LiPF6:NMAc [72] 2 Activated carbon 

LiNO3:NMAc [72] 1.8 Activated carbon 

LiTf2N:NMAc [72] 2.8 Activated carbon 

ChCl: Glycerol [69] 2 RGO coated electrode 

NaNO3:NMAc [70] 2 Activated carbon 

ESR computed from GCD data is still higher (Table 6.2) since viscosity of the electrolyte 

is more when compared with IL+ organic solvent electrolytes. The comparison of ESR at 

0.3 A g-1 for DESs with pure ILs investigated in this work is provided in APPENDIX A 

(Table A1). Internal resistance or ESR arises from resistance associated with electrolyte, 

active layer i.e. electrode and contact between active layer and current collector [143].  

Thus in addition to electrolyte viscosity, cell assembly can also play a major role in 

reduction of ESR by reducing the contact resistance [143]. The change in ESR can be 

expected for 2-electrode device level cell assembly with arrangements for reduction in 

contact resistance. Moreover, at higher temperature the enhanced mobility due to sufficient 

reduction in viscosity (Figure 6.10) of the DESs can definitely lower the ESR and thereby 

enhance charge storage. Following ESR, specific capacitance (Figure 6.15) was also 

estimated according to equation 3.4. Marginal variation in ESR and specific capacitance 

for the same system can be observed with specific current. The discharge capacitance for 

[BMIM][MeSO3]:NMAc is somewhat higher in spite of its slightly greater ESR than 
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[BMIM][MeSO3]:EG at 0.3 A g-1. However, such little deviations cannot be excluded in 

experimental results. Overall, comparable values were obtained for both the DESs. The 

current generation (Figure 6.12) is also similar for both the DESs, which reflects in similar 

specific capacitance.  

Table 6.2: Equivalent series resistance from GCD 

 ESR (Ω) 

 0.5 A g-1 0.3 A g-1 0.1 A g-1 

[BMIM][MeSO3]:EG 76.65 79.33 84.00 

[BMIM][MeSO3]:NMAc 82.40 83.41 88.74 
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Figure 6.15: Specific capacitance evaluated from GCD 

Eventually, performance of the DESs is rated by calculating the energy and power. The 

Ragone plot (Figure 6.16) estimates the performance of novel DESs and shows the 
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comparison with pure ILs. Due to the narrower potential window, [BMIM][MeSO3]:EG 

delivers lower specific energy and power than [BMIM][MeSO3]:NMAc and ILs. The 

energy density for BMIM][MeSO3]:NMAc is the highest among all. It is also capable of 

delivering equivalent power to that of frequently reported IL i.e. [EMIM][Tf2N]. 

Nonetheless power density is the supreme for [EMIM][BF4], due to its lesser ESR (Figure 

4. 22, Section 4.2).  
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Figure 6.16: Ragone plot at 0.3 A g-1 for pure ILs and DESs 
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7.1 Conclusions 

The thesis work investigated the performance of seven different RTILs and two novel DESs 

as electrolytes for EDLC. Several physicochemical and electrochemical characterization 

methods were employed for their performance evaluation. Electrochemical measurements 

with same WE established the relative and qualitative outcome. This chapter encapsulates 

the findings of the thesis and further addresses the future scope.  

CV, GCD and EIS together provided the detailed insights how different cation-anion 

combination of IL contributed to the electrochemical behaviour of the EDLC. Solvation 

effects on electrochemical parameters of ILs revealed the advantages and disadvantages of 

IL+ organic solvent electrolytes. The OPW gradually constricted with increase in co-

solvent concentration as confirmed by both CV and GCD. Pure IL offered the highest ESR 

even though it resulted in the widest OPW. AN provided improved charge storage and 

lesser ESR at room temperature as compared to BN and PC for [AMIM][Tf2N]. Even 

though the priority was given to [EMIM][Tf2N] by researchers, better performance by 

unfamiliar [PMIM][Tf2N] was found in our work in solvated state. Alkyl imidazolium ILs 

with Tf2N anion resulted in wider OPW than the same with BF4. Addition of [BMIM][BF4] 

to [EMIM][BF4] intensified the electrochemical window. However, reduction in specific 

capacitance for mixed system is most likely a consequence of additional cation-cation 

interaction between EMIM and BMIM cations. Furthermore, Alkyl chain length showed 

noteworthy effects on electrochemical performance, particularly OPW and ESR, when 

EMIM and BMIM were compared. The study on [BMPy][BF4] revealed that AN and PC 

could act differently on electrochemical performance of the IL, where IL+AN_I come up 

as the best electrolyte solution by delivering the highest specific capacitance, energy and 

power density. For imidazolium and sulfonium ILs, the best results were observed for 
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IL+co-solvent_II unlike [BMPy][BF4]. Moreover, [BMPy][BF4] resulted in narrower OPW 

than imidazolium ILs. Electrochemical performance of pure [TESul][Tf2N] and 

[EMIM][Tf2N] were observed to be equivalent irrespective of different cation. Overall, the 

ILs possessed double layer behaviour confirming absence of pseudocapacitance. The best 

performance, in terms of OPW, ESR, specific capacitance, energy and power, was obtained 

for [PMIM][Tf2N]+AN_II solution. 

Ionic conductivity passed through a maximum at IL+AN_II. Further it again decreased due 

to absence of sufficient ionic species. Viscosity of the electrolytes decreased with increase 

in solvent concentration. AN broke the large ion pair clusters by weakening the ionic 

interaction which helped in obtaining higher ionic conductivity and lower viscosity. The 

increasing MSD for IL+AN_II solution clearly indicated the enhancement of D and σ over 

pure ILs. Ionic conductivity values predicted from MD simulation showed a close match 

with experimental findings. 

This objective of studying DESs as electrolytes facilitated the use of high melting salt (~ 

74 °C) namely [BMIM][MeSO3] at room temperature or even below. COSMO-SAC 

calculations predicted the eutectic points of the desired DESs, which confirmed the 

formation of DESs. 1H NMR studies elucidated the absence of chemical interaction. 

NOESY NMR gave the insight of spatial arrangements of protons which was able to predict 

the sites of hydrogen bonding. The prepared DESs of this work offered impressive thermal 

stability for EDLC application at temperature as high as ~90 ºC.  The ionic conductivity of 

the DESs were also comparable to neat RTILs. Additionally, viscosity of both the DESs 

were found to be significantly lower than conventional IL electrolytes indicating their 

potential towards supercapacitor application with ESPW of 3.8 V. The OPW corresponding 

to RGO electrode was wider for [BMIM][MeSO3]:NMAc. Moderate value of specific 
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capacitance (55 – 67 Fg-1) were obtained for the RGO-DES systems. Moreover, 

[BMIM][MeSO3]:NMAc possessed nearly twice specific energy and power when 

compared to [BMIM][MeSO3]:EG. Therefore, [BMIM][MeSO3]:NMAc has emerged as 

more effective electrolyte for supercapacitor. The attempt with novel DESs brought 

impressive results regarding lower viscosity and equivalent electrochemical performance 

to ILs. However, higher internal resistance observed from 3-electrode configuration leaves 

the scope of further research on 2-electrode device level assembly with ESR reduction 

techniques.   

7.2 Future Scope 

The era of DES electrolytes has begun just a few years back. Hence the window is still open 

to design electrolyte of desirable properties. DESs possess the advantage of assembling 

HBAs and HBDs for a definite application. The absence of chemical interaction between 

HBA and HBD does not alter the resulting physicochemical properties of DES 

significantly.  Based on the results and discussion obtained from this work, future extension 

can be summarized. A greater number of IL-based, metal or organic salt-based DESs can 

be explored with different HBDs in the future. Hence, effects of change in either HBA or 

HBD on OPW and specific capacitance can be determined. Moreover, DES with greater 

ionic conductivity and lower ESR than ILs needs to be studied so that the need of organic 

solvents can be minimized. In this regard, combination of RTIL with lower viscosity 

namely [EMIM][BF4] and suitable HBDs can be explored. Further, investigation of 

temperature effects on electrochemical performance is also desirable. Gel electrolytes 

based on novel DESs may also emerge as potential GPEs. Moreover, there is the scope of 

studying the electrochemistry of DESs in depth to develop pathways for choosing EDLC’s 

electrolytes. 
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Equations 1.1 and 1.2 are used calculation of energy parameters as reported in Chapter 1.  

The unit of energy and power are Wh kg-1 and kW kg-1 respectively.  

Table A1: Specific energy and power at different specific current of GCD measurements 

IL Electrolyte 1 A g-1 0.5 A g-1 0.3 A g-1 

Energy Power Energy Power Energy Power 

[E
M

IM
][

T
f 2

N
] Pure IL - - 57.87 1.16 66.96 1.13 

IL+AN_I 55.29 2.04 58.65 2.16 63.53 2.03 

IL+AN_II 67.29 9.03 77.50 9.18 96.45 8.91 

IL+AN_III 36.552 2.07 42.09 1.87 49.02 1.62 

[P
M

IM
][

T
f 2

N
] 

IL+AN_I 93.98 6.15 115.74 6.02 - - 

IL+AN_II 111.61 9.33 152.44 10.10 - - 

IL+AN_III 61.56 4.59 80.38 4.81 - - 

IL+BN_II 72.67 4.38 86.81 4.55 101.35 4.69 

IL+PC_II 68.68 3.21 74.4 3.21 81.52 3.21 

[B
M

IM
][

T
f 2

N
] 

IL+AN_I 89.29 4.31 100.81 4.08 - - 

IL+AN_II 106.83 6.61 156.25 5.98 - - 

IL+AN_III 63.45 4.97 76.15 4.83 - - 

IL+BN_II 99.21 5.27 115.74 5.41 129.21 5.04 

IL+PC_II 67.20 2.96 71.84 3.06 78.13 3.12 

[E
M

IM
][

B
F

4
] Pure IL 29.31 2.07 32.93 2.05 54.04 3.03 

IL+AN_I 30.76 3.14 32.98 3.24 34.98 3.12 

IL+AN_II 30.61 3.74 32.61 3.57 35.533 3.44 

IL+AN_III 17.451 1.95 18.38 1.86 19.53 1.79 

[B
M

IM
][

B
F

4
] Pure IL - - 96.15 1.53 96.15 1.52 

IL+AN_I 81.00 3.37 90.4 3.25 89.34 2.93 

IL+AN_II 70.57 4.69 85.10 4.61 104.16 4.14 

IL+AN_III 19.781 1.42 22.32 1.33 24.67 1.25 

[E
M

IM
] 

[B
F

4
] 

+
 

[B
M

IM
] 

[B
F

4
] 

IL+AN_I 46.50 2.06 52.48 2.08 58.00 2.04 

IL+AN_II 32.65 4.77 34.65 4.74 38.00 4.64 
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Table A1 continues   

IL Electrolyte 1 A g-1 0.5 A g-1 0.3 A g-1 

  Energy Power Energy Power Energy Power 

[B
M

P
y
][

B
F

4
] 

IL+AN_I 44.52 4.28 46.68 4.31 49.19 4.13 

IL+AN_II 24.93 2.05 26.76 2.31 29.37 2.462 

IL+AN_III 19.58 2.19 21.13 2.19 22.72 2.08 

IL+PC_I - - 24.00 0.78 28.4 0.81 

IL+PC_II 29.48 1.89 32.32 1.95 33.61 1.98 

IL+PC_III 32.16 3.01 34.65 3.08 36.01 3.07 

[T
E

S
u
][

T
f 2

N
] 

 

Pure IL - - 59.52 1.26 63.54 1.07 

IL+PC_I - - 50.63 1.48 52.63 1.52 

IL+PC_II - - 51.03 2.91 58.23 2.46 

IL+PC_III - - 51.58 1.24 53.14 1.26 

DES Electrolytes 0.5 A g-1 0.3 A g-1 0.1 A g-1 

  Energy Power Energy Power Energy Power 

[BMIM][MeSO3]: EG 27.23 0.61 30.86 0.59 34.72 0.56 

[BMIM][MeSO3]: NMAc 61.27 1.28 72.12 1.26 83.33 1.19 
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Table B1: Viscosity for [AMIM][BF4] and [BMPy][BF4] electrolytes measured by Anton 

Paar Phsica MCR301 Rheometer at 298.15 K 

Electrolyte Viscosity (mPa.s) 

[PMIM][Tf2N]+BN_II 1.7 

[PMIM][Tf2N]+PC_II 6.7 

[BMIM][Tf2N]+BN_II 4.9 

[BMIM][Tf2N]+PC_II 4.7 

[EMIM][BF4]_Pure 26 

[EMIM][BF4]+AN_I 11.8 

[EMIM][BF4]+AN_II 8.2 

[EMIM][BF4]+AN_III 1.3 

[BMIM][BF4]_Pure 80.05 

[BMIM][BF4]+AN_I 6.6 

[BMIM][BF4]+AN_II 3.9 

[BMIM][BF4]+AN_III 0.78 

[EMIM][BF4]+[BMIM][BF4]+AN_II 9.1 

[EMIM][BF4]+[BMIM][BF4]+AN_II 1.7 

[BMPy][BF4]_Pure 134.6 

[BMPy][BF4]+AN_I 7.7 

[BMPy][BF4]+AN_II 1.3 

[BMPy][BF4]+AN_III 0.8 

[BMPy][BF4]+PC_I 20.5 

[BMPy][BF4]+PC_II 6.2 

[BMPy][BF4]+PC_III 3.8 
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Table B1 continues 

Electrolyte Viscosity (mPa.s) 

[TESu][Tf2N]_Pure 25.5 

[TESu][Tf2N]+PC_I 8.6 

[TESu][Tf2N]+PC_II 4.3 

[TESu][Tf2N]+PC_III 3.1 
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Table C1: Partial charges fitted with restricted electrostatic potential module of AMBER12 

Atom Name Partial Charges 

EMIM 

C1 

C2 

H1 

H2 

H3 

C3 

C4 

H4 

H5 

H6 

H7 

H8 

C5 

H9 

H10 

H11 

C6 

N1 

N2 
 

-0.17602 

-0.25351 

0.256625 

0.273867 

0.275551 

0.049454 

-0.12312 

0.095383 

0.095383 

0.068128 

0.068128 

0.068128 

-0.26338 

0.161317 

0.161317 

0.161317 

-0.0581 

-0.02255 

0.162072 
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Table C1 continues 

Atom Name Partial Charges 

PMIM 

C1 

C2 

H2 

N2 

C3 

H3 

C4 

H4 

H5 

H6 

H1 

N1 

C5 

H7 

H8 

C6 

H9 

H10 

C7 

H11 

H12 

H13 
 

-0.49099 

-0.00391 

0.204933 

0.126407 

-0.21976 

0.149562 

0.473715 

-0.04713 

-0.04713 

-0.04713 

0.289356 

0.383116 

-0.35142 

0.209898 

0.209898 

-0.15759 

0.132004 

0.132004 

-0.17849 

0.077546 

0.077546 

0.077546 
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Table C1 continues  

Atom Name Partial Charges 

BMIM 

C1 

C2 

C3 

H1 

H2 

H3 

N1 

N2 

C4 

C5 

H4 

H5 

C6 

H6 

H7 

C7 

H8 

H9 

H10 

H11 

H12 

C8 

H13 

H14 

H15 
 

0.029762 

0.052265 

0.356584 

0.196313 

0.174871 

0.172148 

-0.20539 

-0.19576 

-0.2268 

0.063518 

0.111158 

0.111158 

0.224516 

0.023705 

0.023705 

-0.4032 

-0.01794 

-0.01794 

0.104104 

0.104104 

0.104104 

-0.26359 

0.159529 

0.159529 

0.159529 
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Table C1 continues  

Atom Name Partial Charges 

Tf2N 

S1 

O1 

O2 

C1 

S2 

O3 

O4 

C2 

F1 

F2 

F3 

F4 

F5 

F6 

N1 
 

0.659611 

-0.50816 

-0.50816 

0.583837 

0.659611 

-0.50816 

-0.50816 

0.583837 

-0.1912 

-0.1912 

-0.1912 

-0.1912 

-0.1912 

-0.1912 

-0.30705 
 

Atom Name Partial Charges 

AN 

C1 

H1 

H2 

H3 

C2 

N1 
 

-0.40919 

0.164469 

0.164469 

0.164469 

0.408422 

-0.49264 
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C2: NAMD Configuration File 

############################################################# 

## JOB DESCRIPTION                                         ## 

############################################################# 

 

# Minimization of 69 molecules of IL and 931 Molecules of Acetonitrile 

 

############################################################# 

## ADJUSTABLE PARAMETERS                                   ## 

############################################################# 

 

ambercoor  ../common/Emim-TF2N100.inpcrd 

 

set temperature    0 

set outputname     EmimTF2N100_min 

set restart    0 

 

# Continuing a job from the restart files 

if {$restart} { 

set inputname      $outputname 

Coordinates        ../$inputname.restart.coor 

Velocities         ../$inputname.restart.vel  ;# remove the "temperature" entry if you use this! 

extendedSystem    ../$inputname.xsc 

}  

 

firsttimestep      0 
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############################################################# 

## SIMULATION PARAMETERS                                   ## 

############################################################# 

# Input 

amber  on 

parmfile ../common/Emim-TF2N100.prmtop 

if {$restart-1} { 

temperature     $temperature 

} 

 

# Force-Field Parameters 

dielectric          1.0  # Value of the dielectric constant and Any value greater than 1.0 

will be experimental 

exclude             scaled1-4 

nonbondedScaling    1.0 

1-4scaling          1.0 

cutoff              12.0 #Angstorm 

switching           on 

switchdist          10.0 #Angstorm 

pairlistdist        14.0 #Angstorm 

 

# Integrator Parameters 

timestep            1.0       ;# 1fs/step 

rigidBonds          all       ;# Apply SHAKE algorithm to all covalent bonds involving hydrogens 

rigidTolerance      0.00001   ;# Desired accuracy in maintaining SHAKEed bond lengths 

rigidIterations     100       ;# Maximum number of SHAKE iterations 

nonbondedFreq       1 
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vdwGeometricSigma   yes 

fullElectFrequency  2   

stepspercycle       20 

pairlistsperCycle   2 

 

# Periodic Boundary Conditions 

if {$restart-1} { 

set X 40.00 

set C 0.00 

cellBasisVector1 $X 0.0 0.0 #Angstorm 

cellBasisVector2 0.0 $X 0.0 #Angstorm 

cellBasisVector3 0.0 0.0 $X #Angstorm 

cellOrigin  $C $C $C #Angstorm 

 

# PME (for full-system periodic electrostatics) 

PME                 yes 

PMEGridSpacing      1.0 

PMETolerance        0.000001    ;# The accuracy of computing the Ewald real space (direct) term  

 

#manual grid definition 

#PMEGridSizeX        45 

#PMEGridSizeY        45 

#PMEGridSizeZ        100 

} 

wrapAll             on 

 

# Constant Temperature Control 
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if {0} { 

langevin            on    ;# do langevin dynamics 

langevinDamping     1     ;# damping coefficient (gamma) of 1/ps 

langevinTemp        $temperature 

langevinHydrogen    off    ;# don't couple langevin bath to hydrogens 

} 

 

# Constant Pressure Control (variable volume) 

if {0} { 

useGroupPressure      yes ;# needed for rigidBonds 

useFlexibleCell       no 

useConstantArea       no 

langevinPiston        on 

langevinPistonTarget  1.01325 ;#  in bar -> 1 atm 

langevinPistonPeriod  100.0 

langevinPistonDecay   50.0 

langevinPistonTemp    $temperature 

} 

 

# Fixed Atoms Constraint (set PDB beta-column to 1) 

if {0} { 

fixedAtoms          on 

fixedAtomsForces    on #Is it necessary? 

fixedAtomsFile      myfixedatoms.pdb 

fixedAtomsCol       B 

} 
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# IMD Settings (can view sim in VMD) 

if {0} { 

IMDon           on 

IMDport         3000    ;# port number (enter it in VMD) 

IMDfreq         1       ;# send every 1 frame 

IMDwait         no      ;# wait for VMD to connect before running? 

} 

 

# Output 

outputName          $outputname 

XSTfile             $outputname.xst 

 

restartfreq         500     ;# 500steps = every 1ps 

dcdfreq             2000 

outputEnergies      100 

outputPressure      100 

 

binaryoutput  no 

binaryrestart  no 

 

############################################################# 

## EXTRA PARAMETERS                                        ## 

############################################################# 

 

 

############################################################# 

## EXECUTION SCRIPT                                        ## 
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############################################################# 

 

# Minimization 

minimization    on 

seed            12345      ;# Random number seed used to generate initial Maxwell distribution of 

velocities (d)  

minimize 500000
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Figure D1: CV plots with RGO electrode a) [BMIM][MeSO3]:EG and 

[BMIM][MeSO3]:NMAc 

[BMIM][MeSO3]:EG shows sharper peaks than [BMIM][MeSO3]:NMAc at higher 

potential confirming its poorer electrochemical stability with carbon electrode. 
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Figure D2: CV data with two symmetric RGO electrodes for [BMIM][MeSO3]:NMAc 

 

The two-electrode system was tried using a simple glass cell. Two symmetrical carbon 

electrodes are used for DES namely [BMIM][MeSO3]: NMAc. The CV plot at 5 and 10 

mV/s can be found in Figure D2. The results support the 3 V OPW obtained by three-

electrode set up.

TH-2708_166107001



 

   187 | P a g e  
 

Research Outputs 

Referred Journals: 

1. Upasana Mahanta, R. Prasanna Venkatesh, S. Sujatha, S.A.Ilangovan and Tamal 

Banerjee. Imidazolium based Ionic Liquids as Electrolytes for Energy Efficient 

Electrical Double Layer Capacitor: Insights from Molecular Dynamics and 

Electrochemical Characterisation. Journal of Solution Chemistry. 2019, 48 (7), 

1119–1134. https://doi.org/10.1007/s10953-019-00898-8  

2. Upasana Mahanta, R. Prasanna Venkatesh, S. Sujatha, S.A.Ilangovan and Tamal 

Banerjee. Electrochemical performance and molecular structure of diluted 1-

Alkyl-3 methylimidazolium tetrafluoroborate ionic liquids and their mixture as 

electrolytes for double layer capacitor: An integrated approach by electrochemical 

characterisation and molecular dynamics simulation. Industrial Engineering and 

Chemistry Research.2019, 58 (51), 22741-22753. 

https://pubs.acs.org/doi/10.1021/acs.iecr.9b04350   

3. Upasana Mahanta, Sambita Choudhury, R. Prasanna Venkatesh, S. Sujatha, 

S.A.Ilangovan and Tamal Banerjee.Ionic Liquid-Based Deep Eutectic Solvents as 

Novel Electrolytes for Supercapacitors: COSMO-SAC predictions, Synthesis and 

Characterization. ACS Sustainable Chemistry & Engineering. 2020, 8 (1), 

372−381. https://pubs.acs.org/doi/10.1021/acssuschemeng.9b05596  

4. Upasana Mahanta, Ashray Karodiya, R. Prasanna Venkatesh, S. Sujatha, 

S.A.Ilangovan and Tamal Banerjee. Electrochemical Performance of 1-Butyl-4-

methylpyridinium tetrafluoroborate Ionic Liquid Electrolyte for Graphene-based 

Double Layer Capacitor. Bulletin of Materials Science. 2021, 44 (75), 1-8. 

https://doi.org/10.1007/s12034-020-02337-7  

TH-2708_166107001

https://doi.org/10.1007/s10953-019-00898-8
https://pubs.acs.org/doi/10.1021/acs.iecr.9b04350
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b05596
https://doi.org/10.1007/s12034-020-02337-7


 

   188 | P a g e  
 

Conference Presentations: 

1. Upasana Mahanta, R. Prasanna Venkatesh, Tamal Banerjee and S. A. Illangovan. 

Ionic Liquids as Electrolytes for electrical double layer capacitor: Insights from 

molecular dynamics simulation and electrochemical characterization., 

International Symposium on Solubility Phenomena and Related Equilibrium 

Processes (ISSP) 2018 (Poster Presentation), July 15-20th  2018, Tours, France.  

2. Upasana Mahanta, R. Prasanna Venkatesh, Tamal Banerjee and S. A. Illangovan. 

Investigation of Ionic Conductance of Ionic Liquids for Electrical Double Layer 

Capacitor using Molecular Dynamics Simulation., International Symposium on 

Solubility Phenomena and Related Equilibrium Processes (ISSP) 2018 (Oral 

Presentation), July 15-20th 2018, Tours, France  

3. Ashray Koradiya, Upasana Mahanta, R Prasanna Venkatesh and Tamal Banerjee. 

Characterization of ionic liquid based electrical double layer supercapacitor 

(EDLC)., Research Conclave, IIT Guwahati 2019 (Poster Presentation), March 

15-17th 2019, Indian Institute of Technology, Guwahati, India. 

 

 

 

 

 

 

 

TH-2708_166107001



 

   189 | P a g e  
 

TH-2708_166107001



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2708_166107001



 

   191 | P a g e  
 

TH-2708_166107001



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2708_166107001



 

   193 | P a g e  
 

TH-2708_166107001



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2708_166107001



 

   195 | P a g e  
 

 

 

TH-2708_166107001



 

   196 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2708_166107001



 

   197 | P a g e  
 

Other Publications 

1. Pyarimohan Dehury, Upasana Mahanta and Tamal Banerjee. Partitioning of butanol 

between a hydrophobic ionic liquid and aqueous phase: Insights from Liquid Liquid 

Equilibria measurements and Molecular Dynamics simulations. Fluid Phase 

Equilibria, 425 (2016), 421-431. http://dx.doi.org/10.1016/j.fluid.2016.06.007  

2. Pyarimohan Dehury, Upasana Mahanta and Tamal Banerjee. A Comprehensive 

Assessment on the use of Boron Nitride based Nanofluids Comprising Eutectic 

mixtures of Diphenyl Ether and Menthol for Enhanced Thermal Media. ACS 

Sustainable Chemistry & Engineering (2020). 

https://doi.org/10.1021/acssuschemeng.0c05648

TH-2708_166107001

http://dx.doi.org/10.1016/j.fluid.2016.06.007
https://doi.org/10.1021/acssuschemeng.0c05648


 
 

 

TH-2708_166107001


