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Abstract  
Development of safe, robust and reliable electrochemical energy conversion 

systems with high energy and power densities can be a response to the universal 

demand for a clean transport industry free from any fossil fuels derivatives.  

Electrochemical Double Layer Capacitors (EDLCs) are potential candidates that 

not only provide short pulses of energy at high powers but also deliver stable 

charge-discharge cycles in excess of 106 cycles. Correspondingly when used in 

conjugation with a battery stack in an electric vehicle can assist the battery when 

power boosts are required and therefore extending the battery lifetime. In 

literature studies these devices are commonly referred to as Electrochemical 

Capacitors (ECs) and supercapacitors. Commercially available EDLCs are based 

on aqueous or organic electrolytes that can safely operate in limited potentials. 

However the room temperature ionic liquids (RTILs) are promising alternatives to 

replace the current electrolytes as they demonstrate significantly higher and safer 

operating potentials, thus improving specific energy density.  

This study identified that the physiochemical properties, operating potential and 

the cation volume of the Ionic Liquids (ILs), as well as the pore size distribution 

of the carbon materials influencing the capacitance performance. Hence a 

systematic study of nine different ionic liquids with varying chain lengths and 

linkages from four classes of pyrrolidinium, sulfonium, ammonium and 

phosphonium RTILs was performed.  

The utilized IL cations in this study are the following: 1-methyl-1-

propylpyrrolidinium [Pyr13], 1-butyl-1-methylpyrrolidinium [Pyr14], diethyl-

methylsulfonium [S221], triethylsulfonium [S222], butyltrimethylammonium 

[N1114], butyltriethylammonium [N2224], N,N-diethyl-N-methyl-N-(2methoxy-

ethyl)ammonium [N122(2O1)], pentyltriethylphosphonium [P2225] and (2methoxy-

ethyl)triethylphosphonium [P222(2O1)] that are combined with a bis(trifluoro-

methane)sulfonimide [NTf2] anion.  

The characterization of the utilized ILs was performed using Karl Fischer 

measurements, Differential Scanning Calorimetry, rheology, density and 

conductivity measurements and two/three electrode stability potential 

measurements.  Through these measurements it was found that sulfonium and 



 xiii 

non-ether ammonium ionic liquids provide the lowest and highest viscosities at 

33-40 mPa.s and 105-150 mPa.s, respectively. This trend is also observed for the 

conductivity measurements at 6.6 and 7.3 mS cm-1 for [S221][Tf2N] and [S222]-

[Tf2N] whereas values of 2.1 and 1.3 mS cm-1 were attained for non-ether N-ILs, 

i.e. [N1114][Tf2N] and [N2224][Tf2N]. These trends were maintained at higher 

operating temperatures with significant drop in the value of viscosity and increase 

in conductivity. 

The effect of pore size distribution was also investigated by combining each 

liquid with four different activated carbons produced in-situ where the pore 

characteristics of the produced carbons was controlled with varying the precursors 

quantities. AC200, AC250, AC300 and AC350 carbons were produced with the 

total pore volumes of 0.48, 0.53, 0.62 and 0.67 cm3 g-1 containing mesopore 

volumes of 56%, 58%, 62% and 64%, respectively. These characterizations were 

obtained through nitrogen adsorption/desorption at 77K. 

The temperature elevation approach was also used at 25°C, 40°C, 60°C and 80°C 

in order to study the effect of temperature on ILs physiochemical properties and 

capacitance response of the produced cells. The capacitance response was 

investigated with Galvanostatic cycling (GC) at a wide range of discharge 

densities. Electrochemical Impedance Spectroscopy (EIS) was also used to 

determine the capacitance performance at 0.01 Hz and monitor the solution, ionic 

and equivalent series resistances variation with pore size distribution and 

temperature. No clear consistency or trend was observed for capacitances 

determined from the EIS method indicating that frequency of 0.01 Hz may be 

slightly high for capacitance determination using this method. However highest 

ionic and equivalent series resistances were obtained from narrowest pores, i.e. 

AC200 and AC250, which was clearly supported by reduction in specific 

capacitance using GC method when compared against wider pore carbons, i.e. 

AC300 and AC350. 

This study has identified that the increase in alkyl side chain length of the cation 

difficult the IL movement and reduces the transport and electronic properties with 

the exception of [S222][Tf2N] where extra CH2 in this IL causes symmetric 

shielding of charge hindering specific capacitance by 35% when compared against 
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[S221][Tf2N] from 55.8 Fg-1 to 36.2 Fg-1 considering that better physiochemical 

characteristics were reported for the former liquid. Comparatively incorporation 

of methoxyethyl into the side chain introduces an electronegative region on the 

cation reducing the positive charge on this species and increases the cation 

flexibility. However this is done at the expense of reduced operating potential. 

When these ILs are paired with different activated carbon, wider pore AC300 and 

AC350 demonstrated to display higher capacitance performance in comparison to 

narrow pore ACs due to the provision of larger pathways for ion transport and 

double layer formation. As stated, sulfonium based ILs are shown to produce the 

largest capacitance performance due to provision of the best physiochemical 

properties whereas the least capacitance performance was obtained for 

phosphonium based ILs. Although reasonably good physiochemical properties 

displayed for [P222(2O1)][NTf2] and reasonably high operating potential for 

[P2225][NTf2] but due to the large volume of the cation, these species are most 

likely to access a large fraction of surface due to their dimension. However in the 

case of the methoxyethyl incorporated [N122(2O1)][NTf2] IL an improvement in 

capacitance performance was obtained in compare to the non-ether constituent 

where the cation size is much smaller than the [P222(2O1)][NTf2] IL cation.  

From the temperature elevation approach it was found that although solution 

resistance is reduced due to the improved conductivity but a substantial increase 

in the ionic and solution resistances was experienced mainly due to the 

accumulation of resistances and increase in the system energy. In other words, the 

increase of the total impedance of the cell due to temperature was found to reduce 

the performance significantly in terms of specific energy and specific power. At 

25°C operation and low discharge current, relatively small cation [N1114][NTf2] 

liquid exhibits the highest specific energy and power at 51.17 Wh kg-1 and 740 W 

kg-1, respectively, where ether incorporated [P222(2O1)][NTf2] produces the least 

performance in the order of 19.7 Wh kg-1 and 645 W kg-1. As temperature 

increases, a significant decrease in these values and other studied liquids were 

observed with the exception of large cation [P2225][NTf2] liquid where specific 

energy increased by 16% from 31 to 36.1 Wh kg-1 as temperature increases from 

25°C to 80°C. However a marginal 2.4% decrease in power was still observed.
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1 Introduction  
1.1 Population, climate change and decelerating policies  
Climate change, the major challenge scientists are facing, is mainly caused by 

growing concentration of greenhouse gases in the atmosphere. Assessments and 

studies performed by Intergovernmental Panel on Climate Change (IPCC) 

illustrate that the prime driver for production of these gases is mostly caused by 

human activities, e.g. fossil fuels combustion and cement production, where vast 

quantities of CO2 are released to the environment on a daily basis [1, 2]. 

On the other hand, global population studies carried by United Nations Population 

Fund (UNFPA), show that the overall world’s population is growing which is not 

in favour of reducing energy consumption. As an example, in the 2012 Revision 

carried by the same body, it is estimated that by year 2050 the developing world 

population will increase by 28% from 5.9 billion to 8.2 billion [3].  

According to the same document, a projection of up to two-fold increase is 

estimated for the least developed countries. At the same time the prospects for 

developed countries show a low population increase or in some countries a 

descending trend. Even though the improved health care and life standards in the 

developed countries have increased the life expectancy of its population, the rapid 

increase in population from the developing world has led to an overall global 

population growth. 

A growing population demands more energy as a consequence energy costs will 

increase. Thus various policies and technologies are emerging as a response 

against the climate change and the energy demand.  

Among the UK’s national laws and policies are the “Climate Change Act 2008”, 

“CRC Energy Efficiency Scheme Order 2010” and “The Energy Act 2013” where 

national measures are set to meet the emission target cuts by 2050 through 

emissions trading schemes for large organizations to improve energy efficiency 

and encourage companies to invest in low carbon technologies by stabilizing 

incentives with long-term contracts [4]. These policies are emerged for both 

short/long-term runs. 
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It is worth highlighting that the climate change combat is an international debate 

and it is the concern of many countries all over the globe. Many agreements and 

plans are set internationally mainly through the United Nations (UN) and the 

European Union (EU). For instance the “United Nations Framework Convention 

on Climate Change” (UNFCCC) and the “European Strategic Energy Technology 

Plan” (SET-Plan) are common examples. The former provides a strong platform 

for global actions through 25 articles and the latter is mainly set as a response 

against the climate change challenge in order to meet the set targets for emission 

cuts. Accordingly for EU to work attentively towards the SET-Plan, it brings 

together more than 150 research centers, organizations and universities in a 

European Energy Research Alliance (EERA) assembly to actively interact and 

work together through various joint or individual research programs [5].  

 

The UK government is one of the participants in many of the above programs. In 

order to meet the short-term and long-term targets, the government expects 40% 

of the electricity generation from low carbon sources, such as 30% from 

renewable energy and the remainder from nuclear plants and clean coal by year 

2020 [6].  There are also long term plans in place to lower emissions even further. 

For example one of the principal associated targets in the “Climate Change Act” 

is to make a 80% cut in greenhouse emissions by the year 2050 [7].  

Parallel to these policies new markets are developing along side to identify 

alternatives and exploit more efficient sources of energy. 

 

 

1.2 Electrification of the transport system  
The UK transport system is heavily dependent on fossil fuel’s derivative products 

such as petrol and diesel. Approximately one quarter of the total CO2 emissions 

belongs to the road transportation produced by fossil fuels [8]. A three-fold 

increase for this figure is estimated by 2050 if no serious actions take place today. 

With the current figure, transport becomes the second largest sector after power 

industry for greenhouse gas emissions.  
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With the global population growth on one side and demand for more energy on 

the other, it is important to decelerate climate change but enable greater mobility 

at the same time. In order to achieve this a major shift from fossil fuels derivative 

to low CO2 fuels is required. Moreover technologies that improve vehicle 

efficiency must also be considered.  

In order to minimize the CO2 footprint and keep up with the CO2 emission cut 

targets government of many countries turned to electrification for sustainable road 

transport. This requires the development of hybrid electric vehicles (HEVs) and 

electric vehicles (EVs) on the large scale. Pure EVs are considered to be the 

cleanest choice for transport if they are fuelled from renewable sources, such as 

solar or wind. Although big brands such as Chevrolet, Renault, Jaguar and few 

others have introduced several experimental models of electric powered vehicles, 

but they suffer from prolonged charging time and high costs. Another important 

challenge towards attaining a sustainable transport system is the low efficiency 

and limited ability of the magnetic or electrical field to store large capacities of 

electric energy which in turn leads to limited driving range. For these reasons 

there are still room for further improvements on these devices. 

In order to tackle these unfavourable concerns, the development of robust and 

reliable energy storage technologies is essential. However no sole system can 

satisfy all needs, therefore various energy storage systems have been emerged to 

suit specific demands.  

 

 

1.3 Electrical energy storage: An overview 
Development of various energy storage technologies requires the transformation 

of electrical energy into other forms of energy. As observed from Figure 1.1 there 

are many different storage technologies available but what makes a technology 

adequate for an application is the requirements needed to satisfy the demand.  
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Figure 1.1 Discharge time vs. rated power for various storage systems. Adapted 

from [9] 

 

The electrical storage systems are mainly classified into five main categories of 

electrochemical, chemical, magnetic, mechanical and other storages including 

nuclear energy, clean fuels and renewables. The main technologies associated 

with each mentioned category are discussed in the following subsections. It is 

worth highlighting that most of the introduced systems in these sections are 

mainly utilized for the purpose of power delivery. 

 

1.3.1 Electrochemical storage 

In recent years, there has been a growing interest in developing more efficient 

energy storage systems through the use of the electrochemical route where 

electrochemical cells (batteries) and supercapacitors are at the forefront of these 

studies.  

The electrical energy storage in these devices occurs through two distinct modes 

of indirect and direct. In the indirect mode, which occurs in batteries, a faradaic 

oxidation or reduction reaction is required to release a charge across the voltage 

difference of the positive and negative electrodes in order to allow for energy 

This image has been removed due to the copyright 
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storage. In the direct mode, such as conventional capacitors, the charge is stored 

in a non-faradaic manner where the energy storage takes place electrostatically as 

positive and negative charges on the plates of the capacitor [10].  

The efficiency of these modes is substantially greater than fuel combustion 

systems, i.e. 99.9% efficiency. Additionally, they are usually reversible and 

involve with direct conversion of chemical energy to Gibbs free energy [10].  

The fundamental operation of supercapacitors is similar to conventional 

capacitors with a difference that supercapacitors utilize porous material as the 

electrode structure to host the charges in place of the dielectric plates.  

Due to the contrast in nature of charge storage mechanism in batteries and 

supercapacitors, the amount of stored energy per units of volume is only 10% of a 

conventional battery. However what makes supercapacitors an attractive choice to 

explore is the rate at which they deliver the power that is 10-100 times greater 

than a conventional battery. In turn this allows for much shorter charging and 

discharging cycle times compared to different types of batteries. This is clearly 

shown in Figure 1.1.  

The quick charge/discharge cycling nature of supercapacitors allows for their 

utilization in where short duration pulses of power boost are required. A simple 

example of such applications is in EVs where the use of a supercapacitor, 

alongside a battery, improves the efficiency of the driving cycles and prolongs the 

battery life through regenerative braking and acceleration. Explicitly, a 

supercapacitor contributes to the load share and reduces the duty cycle on a 

battery by providing pulses of power in order to assist the battery and increase its 

lifetime.  

 

1.3.2 Chemical storage 

Hydrogen is a secondary source of energy. This means that it must be produced 

from a primary source via a chemical process. Hence hydrogen storage is 

categorized as a chemical storage. The external storage of hydrogen is particularly 

useful when there is a large surplus in supply in comparison to the demand. This 

usually occurs when intermittent sources of energy are connected to the grid. At 

this point the surplus energy is converted to hydrogen through electrolysis. In 
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turn, the produced hydrogen can be fed to a fuel cell for conversion back to 

electricity at periods of peak demand. Alternatively hydrogen can also be 

compressed and utilized as a fuel to hydrogen powered vehicles. However the 

associated energy efficiency of these vehicles are much lower in comparison to 

conventional battery/supercapacitor system discussed in section 1.3.1. This is due 

to the energy losses while compressing the gas, which hinders the amount of 

stored energy per unit of volume. Accordingly an efficient and safe storage 

method of hydrogen is still counts as a major challenge. 

 

1.3.3 Magnetic storage 

The storage of electrical energy through this route is done with a relatively novel 

technology of Superconducting Magnetic Energy Storage (SMES). The SMES 

stores the surplus electricity supplied from grid in a magnetic field, which is 

comprised of a cryogenically cooled superconducting coil.  

The storage efficiency with SMES is at the maximum with near zero energy 

losses. This means that when the magnetic charge storage through the coil is 

complete, there will be no decay or leakage of current with time allowing for 

indefinite charge storage [11]. At discharge the power delivery can occur 

instantaneously in a single cycle to recover possible sudden losses in line power. 

Delivery at this manner helps to preserve the reliability of the grid especially 

when intermittent energy sources are connected to it. These sources of energy will 

be discussed in section 1.3.5.3. 

 

1.3.4 Mechanical storage 

Hydroelectricity, pumped storage and flywheels are the common examples of 

mechanical energy storage. Production of the hydroelectricity requires hydraulic 

dams with reservoirs. Hydroelectricity is usually used when there is a big gap 

between the supply and demand of electricity or when demand is at its maximum. 

To fulfil this gap, the stored water in the reservoir is released on hydroelectric 

turbines that are connected to generators. Hydroelectricity storage is usually used 

in conjugation with the pumped storage. At low demand or off-peak periods the 
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pumped storage can be utilized to recreate the hydrostatic head, for future 

hydroelectricity generation, by using a pump-back approach and pumping the 

water back to the hydraulic dam. At pure pumped storage plants, water is only 

shifted between a lower reservoir and a higher one. 

On the other hand are the flywheels that comprised of an accelerating rotor, which 

produces rotational kinetic energy with minimum friction and >96% efficiency 

[12]. According to the law of conservation of energy an isolated object in motion 

remains in motion hence the produced energy is considered as active energy and 

remains in the system unless acted upon. Therefore by removing the energy from 

the system, the rotating speed of the rotor is reduced. 

 

1.3.5 Energy generation from other sources 

1.3.5.1 Nuclear energy  

In conventional electricity generating nuclear power plants only around 35% of 

the generated heat is obtained in the form of electrical energy [13]. Despite the 

inefficient conversion rate and waste disposal complexity of nuclear fission 

products, this technique remains attractive until today as it generates a constant 

power output. However, the emission cut targets and low efficiency of the process 

and recurrence of disasters such as Forsmark and Fukushima in recent years on 

the other side have reduced the number of European countries who are heavily 

dependent on the nuclear power, e.g. Germany, to invest in other sources of clean 

energy. 

 

1.3.5.2 Clean fuels 

Biofuel and biodiesel are common examples of the clean fuels. They count as an 

important step towards shifting away from the fossil fuels and move closer 

towards the discussed emission cut targets.  

Biofuels are widely used in Brazil and US. As the name states they are produced 

from biological materials such as plants and living organisms. In fact the nature of 

the required raw materials to produce biofuels has created a competition between 

food stock against clean fuels. For this reason, there are many moral objections 
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against biofuels in general. Biodiesel is the most common biofuel in Europe and 

considered as an oxygenated fuel due to the greater presence of H2 and O2 species 

compared to its carbon content. Although this property improves combustion but 

for biodiesel production most European countries import the raw materials e.g. 

wood from overseas [14] which increases the production costs. 

 

1.3.5.3 Renewable energy sources 

The renewable energy storage is accounted as a modern era in storage 

technologies. The renewables (e.g. wind, wave, and solar energy) can all be 

converted into electrical energy but, similar to the nuclear energy, the conversion 

is fairly inefficient and leads to significant energy losses.  

These sources of energy generate electricity intermittently and produce fluctuating 

power output. This in turn poses problems for the current system of electricity 

delivery, where the time dependence of the energy supply must follow the time 

dependence of energy demand. This means that the production of energy must 

precisely fit with demand, which in reality is impractical.  

In order to boost the overall efficiency, while generating stable power outputs, 

various storage systems are needed to operate over various time scales. For 

example at larger time scales, systems that provide more energy and over shorter 

time scales systems that provide more power may be used.  

Accordingly, there is no single energy storage system that can satisfy all energy 

needs hence different storage devices have been explored and developed. Also as 

more and more renewable sources are connected to the grid, managing them 

becomes more challenging. Thus development of efficient energy storage 

technologies where they can shift the demands to a time period that better matches 

the supply is necessary. 
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1.4 High power electrical storage 
All the stated energy storage systems are created to balance the supply of energy 

with the demand for it. As already discussed and illustrated in Figure 1.1, there 

are various technologies in place to provide power at large and small scales over 

short and long time scales. For instance the power delivery through some of the 

described storage technologies (such as magnetic, mechanical and renewables) 

occurs at large scales when there is a shortage in the grid. On the other hand is the 

electrochemical storage where there is a trade-off between the stored energy and 

delivered power for the main technologies exist in this category, i.e. batteries and 

capacitors. This trade-off is clearly described by the use of a Ragone plot, 

illustrated in Figure 1.2, where capacitors and batteries are expressed in terms of 

their specific power and energy.  

 

 
Figure 1.2 Ragone plot (Specific power vs. specific energy) for various energy 

storage systems. Adapted from [15] 

 

As shown above, conventional capacitors have relatively high specific power and 

low specific energy in comparison to various types of batteries. This means that 

1698 Chem. Soc. Rev., 2011, 40, 1697–1721 This journal is c The Royal Society of Chemistry 2011

reasonably high energy density, are a versatile solution to a
variety of emerging energy applications. The energy stored in
the ECs is either capacitive or pseudocapacitive in nature. The
capacitive (non-Faradaic) process is based on charge separa-
tion at the electrode/electrolyte interface, while the pseudo-
capacitive (Faradaic) process relies on redox reactions that
occur in the electrode materials. The most widely used active
electrode materials are carbon, conducting polymers and
transition metal oxides.4–14 Among these electrode materials,
manganese oxides, characterized by high specific capacitance
and their low-cost, abundance and environmentally friendly
nature, have attracted significant interest as active electrode
materials for ECs.

The pioneering work on the pseudocapacitive behavior of
manganese oxide in an aqueous solution was published in 1999
by Lee and Goodenough.13,14 This was followed by several
studies to establish the charge storage mechanism in manganese
oxide electrodes. Pseudocapacitive (Faradic) reactions
occurring on the surface and in the bulk of the electrode are
the major charge storage mechanisms for manganese oxides.
The surface Faradaic reaction involves the surface adsorption
of electrolyte cations (C+ = H+, Li+, Na+ and K+) on the
manganese oxide:15,16

(MnO2)surface + C+ + e! 2 (MnOOC)surface (1)

The bulk Faradaic reaction relies on the intercalation or
deintercalation of electrolyte cations in the bulk of the
manganese oxide:15,16

MnO2 + C+ + e! 2 MnOOC (2)

It is noted that, in both charge storage mechanisms, a redox
reaction between the III and IV oxidation states of Mn ions
occurs. In general, hydrated manganese oxides exhibit specific
capacitances within the 100–200 F g!1 range in alkali salt
solutions, which are much lower than those for RuO2 ECs.
Thus far, further advancements in current MnO2-based super-
capacitors are constrained by MnO2 electrode material limita-
tions with limited specific capacitance (low energy density),
lack of structural stability and long-term cyclability, and low
rate-capacity.
The improvement pursued in active materials mainly concerns

high reversible capacitance, structural flexibility and stability,
fast cation di!usion under high charge–discharge rates,
and environmental friendliness. As a transition metal
element, manganese can exist as a variety of stable oxides
(MnO, Mn3O4, Mn2O3, MnO2)

17,18 and crystallize in various
types of crystal structures, as shown in Fig. 2 and Table 1.19–29

Associated with a wide diversity of crystal forms, defect
chemistry, morphology, porosity and textures, manganese
oxides exhibit a variety of distinct electrochemical properties.
These structural parameters play a crucial role in determining

Fig. 1 Ragone plot (specific power vs. specific energy) for various

electrochemical energy storage devices. (Reproduced from ref. 2;

reprinted with permission. Copyright 2008, Macmillan Publishers

Limited.)
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although a battery is capable of storing more energy than conventional capacitors 

but, unlike capacitors, batteries are unable to deliver the energy very quickly 

accordingly their specific power is low. Conversely, capacitors store less energy 

per unit volume but they can deliver the energy rapidly hence their specific power 

is high.  

Accordingly electrochemical capacitors have attracted a great attention as they 

bridge the gap between low power, high energy batteries and conventional high 

power, low energy capacitors. Hence electrochemical capacitors display higher 

specific energy than capacitors and higher specific power than batteries. 

Thus electrochemical capacitors are proposed as an alternative solution for many 

power application and not only EVs. 

 

 

1.5  Capacitors: A historical development 
Generally speaking capacitors are nothing more than an insulator between two 

conductors. However the evolution of current capacitors as one of the simplest 

energy storage devices has gone through complex processes of technical 

development.  

The origin of electrical storage at the surface was first discovered by Thales in 6th 

century BC through rubbing amber. However there were no clear knowledge and 

understanding of the process until the mid 18th century when the “static 

electricity” and “electrical machines”, such as Electrophorus, Wimshurst and 

Leyden jars, were introduced [10]. 

With the discovery of Von Kleist in mid 17th century, about isolating electricity in 

a glass bottle from an external electric machine, Van Musschenbroek discovery of 

the Leyden jar and Volta pile by Volta in early 18th century a major breakthrough 

was made in this field.  

Von Kleist’s discovery was involved with a partially water filled glass bottle that 

was sealed with a stopper on top and a nail through it in a way that it was in 

contact with water.  It was found that a small amount of charge is stored when he 

attached the nail terminal to an external static device while holding the jar in his 

hand. It was also found that the charges will reunite and find a pathway to drift as 



 11 

he experienced a what we know today as a “shock” in his hand when he tried to 

remove the nail from the jar, i.e. everything was grounded [16].  

The Leyden jar discovery by Van Musschenbroek was very similar to Von 

Kleist’s with an exception of using wrapped Lead foil inside and outside of the 

jar’s walls and bottom, Figure 1.3. The nail was replaced with a brass rod that was 

attached to a loose wire from the bottom, which lay over the inner Lead foil. He 

repeated the same experiment for charging as Kleist’s. The original thought was 

that charge storage takes place in the water but with later studies over the years, it 

was found that the positive and negative charges gather at the Lead foil and 

remain at equilibrium due to presence of the insulation, i.e. glass, in between the 

charges until a point where the external foil comes in contact with any external 

conductor. According to this proposition Leyden jar was also referred to as 

electric condenser as it was able to “condense” charges at the surface of the foil 

[10]. 

 
Figure 1.3 Schematic of the Leyden jar. Adapted from [16] 

 

In the enlightenment years in Europe and elsewhere, significant studies, 

experiments and contributions were made to the capacitor technology by different 

thinkers of the time, e.g. Benjamin Franklin and Michael Faraday are among the 

most important ones. Although over 250 years of evolution of capacitors have 

directed us to the place we are today but the technology developed much faster 

after the invention of vacuum tubes in 1920.  

 

This image has been removed due to the copyright 
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1.6 Applications of Electrochemical Capacitors 
There are many applications associated with the use of ECs. As stated, the wide 

range applicability of these devices however started with the invention of vacuum 

tubes. The vacuum tubes were used along with amplifiers for sensible radio 

technology resulting in introduction of first ever AC powered radio. 

Hall et al. classify today’s application of ECs into three main categories of: power 

capture and supply, power quality applications and backup and low maintenance 

applications [17].  

 

1.6.1 Power capture and supply 

The electrostatic nature of the charge storage in ECs allows for many stable and 

fast charge-discharge cycles. This property of ECs coupled with their long cycle 

lives is particularly suitable for use in hybrid electric systems. For instance in 

seaport cranes, forklifts and elevators, the EC takes in the energy that would 

otherwise be lost through the repetitive movements in the form of heat losses [18]. 

The most common use of this type of application is in transportation ranging from 

HEV to city buses and even garbage trucks [19].  

Although ECs are widely considered as a energy solution when high power 

demands are in place but for the aforementioned applications that are ranging 

from industrial platforms to transportation ECs need to be used in conjugation 

with a primary source of energy, e.g. diesel engine, battery or even fuel cell, 

depending on the application. In this scenario not only the energy losses and 

emissions to the environment reduces but participation of EC help to reduce the 

load on the primary energy supply hindering the lower fuel consumption rates. 

A simple example of this is electric vehicles where energy supplied by the energy 

storage pack is partially recovered through regenerative braking and acceleration.  

The power variation or change of speed is clearly seen from Figure 1.4 for a 

typical urban driving cycle with a battery storage system. The battery model pack 

and description of the internal system is given in [20]. The positive part of the plot 

represents the power requested by the battery pack and the negative part 

represents the battery charge through regenerative braking. The solid line profile 

is original recorded power data for the George square drive. The dotted lines 
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though are indicative of different conditions applied for regenerative braking [21],  

that is a method of braking in which energy extracted from the parts braked, to be 

stored and reused.  

 
Figure 1.4 Power profile in the storage system of the Cobra at various 

regenerative braking. Adapted from [21] 

 

The variation in power demand means inconsistent load on the battery pack. This 

is evident from above and may cause by presence of obstacles on the way, e.g. 

hills, speed bumps, etc., as well as manoeuvres such as accelerating, hill climbing 

or overtaking other cars. In this case, an EC pack must be in place to cater for 

high power peaks and assist a battery by converting the vehicles momentum back 

to electrical energy and absorbing the generated power during braking. The 

recovered electrical energy can in turn be used to charge the battery.  

Thus the use of an EC alongside with a battery can improve the efficiency of the 

driving cycles. Explicitly, an EC contributes to the load share and improves the 

battery’s lifetime by reducing the sludging rate of the positive active mass, caused 

by high discharge currents [22, 23], resulting in an overall reduction in the 

temperature of the battery [24]. In the described manner the duty cycle on a 

CARTER et al.: OPTIMIZING FOR EFFICIENCY OR BATTERY LIFE IN BATTERY/SUPERCAPACITOR EV 1529

TABLE II
PROPERTIES OF DIFFERENT COMMERCIALLY

AVAILABLE SUPERCAPACITORS

Fig. 3. Speed profiles for (a) George Square drive cycle and (b) ECE-15 drive
cycle.

original recorded power information from the George Square
profile for both acceleration and deceleration. Medium, high,
and super regeneration profiles were created by the authors for
both the George Square and ECE-15 cycles and are described
here.

The acceleration performance of the Cobra during test drives
was extrapolated to produce the regenerative braking profiles,
which were based on a study of the relationship of power
flow to and from the energy storage system and the speed
and acceleration of the vehicle. Details of this analysis are
given in [25]. Data collected on different days were used to
create two regeneration profiles: super regeneration and high
regeneration. A medium regeneration profile was created using
half the deceleration power values as those calculated for the
high regeneration profile.

The percentage of kinetic energy captured by regenerative
braking for the four regeneration profiles ranged from 9% for
the low regeneration profile to 70% for the super regeneration
profile. A typical regeneration value for an EV would be
recovering around 30% of its kinetic energy [26]; however,
for urban vehicles, the percentage can be more than 87% [27]
if using active braking management on both axles [26], [27].
Typical mechanical braking is split 60/40 between front and
rear axles. The Cobra offers regenerative braking control of the
rear axle only; therefore, the super regeneration profile should
be seen as a theoretical possibility rather than as a practical
profile for the Cobra. The four different regeneration power

Fig. 4. Power flow in the energy storage system of the Cobra for the George
Square cycle, showing the different regenerative braking schemes.

Fig. 5. Energy storage power for the ECE-15 test cycle, demonstrating the
different power flow variations for the Cobra energy storage system.

profiles associated with the George Square speed profile, which
was developed from data recorded while driving in Glasgow,
are shown in Fig. 4.

A second set of simulation drive cycles was developed from
the ECE-15 test cycle [28], which is a standard test cycle used
throughout Europe for passenger vehicles of all kinds. This
set of cycles was formed from a speed profile for the ECE-15
cycle, to produce three power profiles: medium, high, and super
regeneration profiles. As the Cobra was never driven on the
ECE-15 cycle, the power profiles for the acceleration and for
the deceleration were calculated following [25], resulting in
some discrepancies between the super regeneration acceleration
power and that of the high and medium regeneration cycles. A
low regeneration option was not produced for this cycle; this
cycle previously used the real-life regenerative performance of
the Cobra recorded during testing around George Square, and
this information was not available for the simulated ECE-15
cycles.

The power information for the different ECE-15 profiles
is shown in Fig. 5. The test cycle for the Cobra simulations
consisted of four ECE-15 cycles repeated one after the other to
give a total simulation time broadly similar to that of the George
Square cycle.

Final details of all seven generated drive cycles are shown in
Table III. The percentage of the vehicle’s total kinetic energy
captured during braking for each cycle is defined from averag-
ing the kinetic energy captured from each individual braking
event for that cycle.

This image has been removed due to the copyright 
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battery is reduced by provision of power pulses in order to assist the battery and 

increase its lifetime. 

1.6.2 Power quality applications 

The main purpose of these types of applications is in large-scale commercial and 

industrial platforms where provision of uninterruptable power supplies (UPS) is 

mandatory. UPS is commonly used to provide instantaneous power protection 

when experiencing interruptions in the system such as power shortage or voltage 

spikes. In fact they act as a “bridge” power until the point where the primary or a 

replacement power supply is restored [19]. This is done by providing energy from 

another energy source, e.g. an EC system. For instance in a 42V PowerNet bus, 

containing a battery and an EC module, maximum load occurs when vehicle’s 

undertakes low speed manoeuvres such as parking. In this situation the module is 

near stationary condition causing deficiency in alternator outputs and poor voltage 

regulations. Design and presence of a supplementary energy source is necessary 

here to assist with the alternator performance. This is delivered by an EC as a 

UPS system to contribute to voltage regulation when the primary energy module 

is at low performance conditions [25]. 

It is worth mentioning that the UPS system remains in use for a short period of 

time only until an emergency power system is connected. If there is no secondary 

source in place, an UPS system assists with equipment’s controlled and safe shut 

down during that short period of time.  

   

1.6.3 Backup and low maintenance applications 

One of the earliest commercial application successes of supercapacitors dates 

back to the late 1970s where they were employed as power provider for computer 

memory backup [26]. Nowadays small-scale ECs are used in many cordless 

handheld electronic devices ranging from mobile phones to cameras, laptops and 

wireless sensors. In these devices the EDLC is combined with a battery in a 

parallel arrangement as backup energy storage to supply short power pulses when 

for example the main energy storage is changed [17]. Also in the paired mode, the 

ability of ECs to perform reasonably well at low temperature counterbalances the 
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poor performance of the batteries at similar temperatures. This means the 

necessity for servicing is reduced. Moreover shorter charging times and longer 

lifetime of supercapacitors counts as a bonus towards their applicability in regions 

where servicing the device is rather difficult to be performed at short and regular 

time intervals, e.g. rough mountain areas and oceans.  

Supercapacitors are also used in both portable and stationary applications as a 

high power backup storage in utility sectors and industrial platforms. As an 

example, they are progressively being used in wind turbine pitching systems as 

emergency backup and also to supply power boost to the motor when the load is 

large [17]. Effectively this reduces the damage caused by high-speed winds and 

boosts the overall efficiency of the turbine. This consequently reduces the 

potential maintenance and servicing costs at offshore operations.  

 

1.7 Outline of this work 
Due to the excellent power performance properties of EDLCs in comparison to 

batteries, these devices are counted as attractive options to be adopted alongside a 

battery in electric vehicles. However, the need for improved energy performance 

to satisfy the requirement for EVs and many other discussed systems, ranging 

from portable electronics to hybrid vehicles and large industrial equipment, is still 

in place. In order to achieve this, it is essential to advance the existing knowledge 

and understanding of the electrochemical processes at greater details and also 

develop new materials to boost EDLC performance. 

In this work, Ionic Liquids are explored as an alternative option in place of the 

currently employed electrolytes in commercially available EDLCs. Various 

electrolytes from major classes of ionic liquids were selected and paired with 

controlled porosity activated carbons.  

Chapter 2 provides the necessary background knowledge about supercapacitors in 

order to gain better understanding of the storage mechanisms and get familiarized 

with materials of construction. Chapter 3 identifies the core objectives of this 

study and highlights the reasoning behind selecting those objectives. In Chapter 4 

a background of different used techniques along with existing theories are 

provided. Chapter 5 provides a step-by-step description of material preparation 
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and cell construction along with the used parameters of different techniques. The 

findings are then fully discussed and conclusions are drawn in chapters 6 and 7, 

respectively. 
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2  Literature Review 
2.1 Capacitance 
As previously discussed, storage of electrical energy is necessary for many day-

to-day applications from simple electronics to power systems and electric 

vehicles. The capability of these devices to maintain the stored charge, i.e. 

capacitance, is measured in terms of the stored charge when a potential is applied. 

This is described by equation 2.1 where capacitance does not change with voltage 

and C represents capacitance (in units of Farads), q represents charge (in units of 

coulombs) and V represents the voltage (in units of volts). 

𝐶 =
𝑑𝑞
𝑑𝑉 =

𝑞
𝑉 

    equation 2.1 

  

Among the most common and simplest energy storage devices is the parallel-plate 

capacitor, shown in Figure 2.1. In this arrangement two conductive materials are 

separated by an insulator, which is commonly referred to as dielectric media.  

 
Figure 2.1 Parallel plate capacitor 

When a potential is applied across the plates, electrons accumulate on the surface 

of one plate resulting in electron deficiency in the opposing one. Although each 

plate experience equal but opposite charges but the presence of unequal electron 

counts at the plates creates an electric field. The strength of this electrostatic field 

varies inversely with the distance separating the two plates [10]. Also due to the 

nature of the charge storage that is electrostatically, capacitors have up to 106 

This image has been removed due to the copyright 
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cycle lives. The capacitance of a traditional parallel plate capacitor is determined 

by equation 2.2 where ε0	  is	  the	  permittivity	  of	  free	  space	  (8.854x10-‐12	  F	  m-‐1),	  εr	  

is	  the	  relative	  dielectric	  constant	  of	  the	  interface,	  A	  is	  the	  surface	  area	  of	  both	  

plates	  (m2)	  and	  d	  is	  distance	  between	  the	  two	  plates	  (m).	  	  

	  

𝐶 = 𝜀!𝜀!
𝐴
𝑑 

    equation 2.2 

	  

Direct	   proportionality	   of	   the	   capacitance	   with	   plate	   surface	   area	   indicates	  

that	   plates	   with	   high	   specific	   surface	   area	   are	   attractive	   choices	   for	   these	  

capacitors.	  

	  

 

2.2 Energy density and Power density 
Energy density and Power density are also the two major attributes of any storage 

device. Energy density or volumetric energy density is defined as the amount of 

energy stored per unit volume and can be calculated by considering the work done 

during charge through moving a charge from one plate to the opposite one against 

the electric field. This energy density is found to be directly proportional to 

capacitance and voltage squared as illustrated in equation 2.3. Specific energy 

density or gravimetric energy density is the amount of stored energy per unit 

mass. 

𝐸!"# = 𝑞𝑑𝑉 = 𝐶𝑉𝑑𝑉 = 𝐶 𝑉𝑑𝑉 =
!

!

!

!

!

!
  
1
2𝐶𝑉

! 

     equation 2.3 

  

On the other hand, power density is the amount of spent energy per unit of time 

that is again directly proportional to the voltage square and inversely to the 

device’s resistance (R), equation 2.4. Please refer to Appendix 1 for derivation of 

this equation. 
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𝑃!"# =   
𝑉!

4𝑅 
    equation 2.4 

  

The resistance (R) is in fact the Equivalent Series Resistance (ESR) derived from 

the device’s internal components, such as the electrodes, current collectors, etc.  

Due to the indirect proportional property of power density and ESR, obtaining 

high power densities requires the reduction of ESR. In recent years, significant 

research studies have been focused on diminishing the effect of ESR through 

pretreatment of current collectors, maximizing the contact between the electrodes 

and the current collector by chemically bonding it to the surface, etc. [27, 28]. 

Also as quadratic relation holds between operating voltage and Energy and Power 

densities, it is clear that by increasing operating voltage the values of both 

characteristics increases.  

Other specifications such as mass and dimension of the device can significantly 

influence the costs and its suitability for a particular application. Accordingly, 

energy density and power density are usually expressed by normalizing the 

absolute energy and power, equation 2.3 and equation 2.4 per unit volume or unit 

mass.  

Although presence of aforementioned specifications in a storage system is desired 

for many applications but no sole energy storage system can satisfy all 

requirements. Depending on the required property, energy and power could be 

utilized separately. For instance a capacitor and a battery can be used separately in 

applications where peak power pulses and significant amounts of energy are 

needed respectively [29]. Or in cases where both properties are needed, a 

capacitor can be used to assist a battery for supplying peak powers and recharge 

again through the use of the same battery.   
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2.3 Electrochemical capacitors classifications 
There are several types of capacitors available commercially; Electrochemical 

capacitors (ECs) and Hybrid capacitors. Depending on the desired functionality, 

different types are utilized.  

Electrochemical capacitors themselves are divided into two main types that are 

distinguishable from each other by their nature of charge storage mechanism and 

active materials of choice. A brief description of operation theory and design 

material of each system will be given here. Basing on these definitions below is 

the taxonomy of subclasses of ECs and classification of the active materials for 

each subclass. 

 

 
Figure 2.2 Taxonomy of Electrochemical Capacitors 

 

In general ECs store energy by ion adsorption and fast surface redox reaction.  

The first phenomenon occurs in the Electrochemical Double Layer Capacitors 

(EDLCs) and the latter occurs in Pseudo-capacitors [30]. The active materials 

used for EDLCs are from porous low cost carbon material and usually contain a 

high surface area. These materials are also easier to fabricate compared to Pseudo-

capacitor’s active materials [31].  

Electrochemical	  
Capacitors	  
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Double	  Layer	  
Capacitors	  

Activated	  
carbon	  

Carbon	  aerogels	  

Carbon	  
nanotubes	  
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Conducting	  
polymers	  

Metal	  oxides	  
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Identifying and investigating components for pseudo-capacitors is beyond the 

scope of this project, therefore the attention is mainly focused on the active 

materials for EDLCs, see section 2.4. The nature of the utilized conducting 

medium too, plays an important part on the design of an EDLC. The relevant 

importance and different classes will be investigated in section 2.5. 

In order to have a better understanding of materials, fundamental of charge 

storage in EDLCs and differences with pseudo capacitors are highlighted and 

discussed. 

2.3.1 Electrochemical Double Layer Capacitors (EDLCs) 

EDLCs are frequently referred to as supercapacitors and ultra-capacitors in 

literature. For the purpose of energy storage, as the name states, these devices 

employ an electrochemical double layer of charge influenced by high porosity 

materials as active electrodes. This chapter looks at different models that are 

developed for EDLCs and various compartments used for the cell fabrication. 

 

2.3.1.1 Development of double layer models [10] 

Several models have been utilized to describe the actual structure of the double 

layer. Helmholtz proposed the earliest mathematical model of double-layer in 

1853. The model contains several layers where the thickness of each layer is 

dependent on the solvated ions and chemically absorbed ions to the charged 

electrode surface, Figure 2.3. The Helmholtz model was based on the traditional 

plate capacitor where the thickness associated with chemically absorbed ions is 

known as the inner Helmholtz plane (IHP) and the thickness characterizes the 

solvated ions is described as outer Helmholtz plane (OHP). 

The intention of the model was first to introduce the separation of negative and 

positive charges at the interface of the colloidal particles with an electrolyte, 

which then later extended for electrode/ electrolyte interfaces where it assumes 

that the excess positive and negative charges present on the electrode surface have 

to be encountered by a layer of anions or cations that were adsorbed at the surface 

with no concentration gradient between the electrolyte and the adsorbed ions [10]. 
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This is illustrated in Figure 2.3 where Ψ is the electrical potential and d is the 

interface where two opposite charges are separated from each other. 

 
Figure 2.3 Helmholtz model (1853) 

 
The Gouy-Chapman model improves the Helmholtz model by considering 

thermal oscillations resulted from concentration gradient at the electrode surface, 

which can consequently disorder the structure of double-layer. Accordingly the 

model defines the double layer as an area in equilibrium (electrostatic wise) rather 

than rigid and ordered arrangement of ions as described by Helmholtz. 

Additionally the linear electrical potential drop described by Helmholtz also exists 

in the Gouy-Chapman model but it no longer is linear and as shown in Figure 2.4 

an extra potential decay extends the potential drop into the diffuse layer. The 

proposed structure overestimates the double layer capacitance as the ions are 

accounted as point charges and they cannot be.  Accordingly the model 

understates the double layer structure and fails to predict experimental results. 

 

 
Figure 2.4 Gouy-chapman model (1910) 

This image has been removed due to the copyright 

This image has been removed due to the copyright 
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Later on Gouy model was improved by another model proposed by Stern, shown 

in Figure 2.5. The Stern model combines the two mentioned models together and 

it assumes that the ions closest to the electrode are ordered at IHP and ions that 

are described by the Gouy model are outside of the ordered ions zone, i.e. OHP 

layer. Accordingly the potential decay is a linear drop in the ordered zone 

followed by a further decay into the diffuse layer, analogous to Gouy model. 

 

 
Figure 2.5 Stern model (1924) 

Accordingly, the model comprehends the double layer capacitance, Cdl, as the 

sum of capacitive contributions of the Helmholtz layer and the diffuse layer, CH 

and Cd respectively, shown in equation 2.5. 

	  
1
𝐶!"

=
1
𝐶!

+
1
𝐶!
	  

    equation 2.5 

 
However in order to apply the Stern model as the proposed model for EDLCs, a 

determination of the Helmholtz layer thickness is required. This is rather difficult 

to determine as the size of ions and degree of their solvation influences the 

thickness. 

Almost a century after proposition of Helmholtz model, Grahame model of the 

double layer was introduced in 1947. In this model the IHP and OHP described by 

Helmholtz are utilized to characterize the interaction differences between the 

cations and anions towards the charged surfaces. This is illustrated in Figure 2.6. 

This image has been removed due to the copyright 
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Figure 2.6 Ion adsorption in Grahame model. Adapted from [32]	  

	  

The IHP in this model is defined as the closest distance between the positively 

charged surface and the absorbed anion at the surface. However in the OHP, due 

to greater degrees of solvation, the molecules from the solvent are also involved 

and influence the distance between the negatively charged surface and the cation. 

Although the cations are smaller than the anions for some electrolytes but the 

anion is usually reserved in the unsolvated state at the positively charged surface 

whereas the cation is not in an analogous state electrostatically. In fact the cations 

are surrounded by solvated ions resulting in presence of bigger distance from the 

negatively charged surface to the cation radius, i.e. OHP. Accordingly the 

obtained value of capacitance at the negatively charged surface is halved when 

compared to the opposite charged surface. In the Grahame model the diffuse layer 

is described as the area beyond OHP with similar potential drop trends as the 

Stern model. 

 

2.3.1.2 EDLC components 

 
As linearity holds between the charge stored and the surface area of the electrode, 

see equation 2.2, a porous carbon with high surface area should also fit in this 

context in order to yield in production of high capacitance. 

However as will be investigated later, the specific capacitance is not entirely 

limited to the surface area and other carbon attributes such as distribution of pore 
21 

adsorbed in the unsolvated state, and the distance of closest approach is equal to the 

ionic radius.  The smaller of these distances is termed the Inner Helmholtz Plane 

(IHP), and the larger termed the Outer Helmholtz Plane (OHP). 

 

Figure 2.9: Grahame model for ion adsorption in the Helmholtz layer 

This model accounts for the fact that differences in the behaviour of ions at a 

polarized electrode can result in the capacitance determined at a positively charged 

electrode being twice that obtained on a negatively charged electrode [52] and has 

been found to be accurate for a large amount of electrode-electrolyte systems. 

Further models have continually refined the double-layer theory to take into account 

the orientation of adsorbed dipoles and variations in electron density with potential, 

but still remain two-dimensional treatments.  In practical devices using porous 

electrodes, these planar models are insufficient but nevertheless indicate that the 

effective separation between the plates in Figure 2.1 and Eq. 2.2 is reduced to a very 

small value when the electrochemical double-layer mechanism is responsible for 

charge storage. 

 

2.4.2 Pseudocapacitance [10] 

While the EDLC mechanism stores charge in a manner similar to dielectric 

capacitors, an alternative charge storage mechanism more akin to that seen in 

IHP 

Solvent 

molecule 

OHP 

This image has been removed due to the copyright 
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sizes (i.e. mesopore and micropore) also contribute to the capacitance. In an 

EDLC arrangement there are two porous carbon electrodes that are attached to 

current collectors. As illustrated from Figure 2.7, these electrodes are facing one 

another from the active sides and parted with an electronic insulator but ionically 

conducting separator that is soaked with an electrolyte.  

The separator is an important compartment as its thickness influences certain 

behaviours of an EDLC. For instance, a very thin separator allows for short-

circuit where the charge is transferred across it whereas a very thick separator 

increases the ESR and reduces the performance as a result. 

As mentioned previously, the electrochemical double layer exists at the interface 

between electrode and the electrolyte inside the pores of the electrode. Therefore 

in the carbon electrode, both the ionic conduction (provided by the electrolyte 

around the carbon sites) and the electronic conduction (inside the carbon particle) 

contribute to electrical charge transport. The current collectors, on the other hand, 

only contribute to the electronic conduction of the charge transport and could be 

made from different materials. 

 

           
 

Figure 2.7 Schematic of an EDLC compartments 

 

Analogous to conventional capacitors, the electrochemical double layer is created 

when voltage is applied across the cell and charge accumulates on the surface of 

the electrode. Following the phenomenon of unlike charges attract, the ions at the 

electrolyte diffuse through the separator and into the electrode pores where carries 

This image has been removed due to copyright 
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an opposite charge. Hence double layers of opposite charges are created at each 

electrode [29, 33]. Ion concentrations can be utilized to aid with characterizing the 

double layer as the layer exists at the electrode/ electrolyte interface. In other 

words, the storage of charge is carried at the double layer through reversible ion 

adsorption from the electrolyte to the electrode surface, illustrated from Figure 

2.8.  

 
 

Figure 2.8 Schematic of an EDLC. Adapted from [29] 

 

The bulk properties of the electrode and the electrolyte are different compared to 

the time when they are utilized together at the interface. However the double layer 

generally assumes ideal polarization, i.e. no charge is transferred between the 

electrode and the conducting medium. Thus, at ideal conditions there are no 

chemical changes associated with the non-faradaic behaviour of the 

supercapacitor. Due to this reason the storage of charge in these devices is highly 

reversible which allows for many stable charge-discharge cycles. This attribute of 

EDLCs makes them an attractive option in environments where servicing the 

device is rather difficult, e.g. rough mountain areas [29]. 

This image has been removed due to the copyright 
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As mentioned earlier, the linear relation of capacitance with surface area direct us 

towards treating the EDL as a very big plate capacitor that is influenced by the 

high surface carbon material to improve the performance.  

However there are some disadvantages associated with this. Among the important 

ones is the difficulty of current access to inner areas of the porous carbon 

electrode caused by distribution of ohmic resistance of present electrolyte in the 

pores. As a result self-discharge processes or leakage current are encouraged. 

Another important parameter influencing the self-discharge rate is the transfer of 

the ions from the electrode surface to the bulk solution when no charging current 

is applied. From ions point of view, to overcome this problem prolonged 

potentiostatic holding times are required to allow ions migrating into the pores 

that are least accessible.  

Typically this is the case for many supercapacitors, i.e. non-ideality holds. 

Though the degree of self-discharge is dependent on the system’s 

electrochemistry, types of construction materials and levels of their purities. 

Conway classifies and recognizes the self-discharge through three different 

mechanisms [10]; 1) Activation-controlled faradaic processes of species at high 

concentration, e.g. when the cell is charged beyond its electrochemical stability 

limit. Or activation-controlled faradaic processes of species attached to the surface 

of the electrode through oxidation or reduction, 2) Presence of impurities at the 

electrode or the electrolyte which consequently become oxidisable or reducible 

over the electrochemical voltage window leading to the non ideal polarization 

behaviour of the device, and 3) Faulty in construction which may lead to short-

circuiting. 

The contact resistance between the particles forming the carbon matrix causes 

another disadvantage. That is “when a porous, electrolyte-containing matrix is 

addressed by a charging current, or a change in potential that drives such a 

current, the available electrode area in the matrix is not charged nor discharged 

simultaneously at a uniform rate through the matrix” [10] leading to reduced 

performance.  
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Fundamental expectations from an EDLC to meet the essential criteria for energy 

storage are high cycle lives, excellent cyclability and substantial power density. 

These attributes are depending on number of factors including carbon electrode 

characteristics and the electrolyte type. In sections 2.4 and 2.5 a study of different 

carbon and electrolyte materials for use in EDLCs will be implemented.  

 

2.3.2 Pseudo-capacitors  

The second group of ECs is Pseudo-capacitors, commonly referred to as redox 

supercapacitors as well.  For the purpose of charge storage, they utilize a 

completely different mechanism than EDLCs, which involves surface reactions 

and transfer of charge across the double layer [26], i.e. same as a battery. The 

exhibited capacitance by such arrangement is known as pseudo-capacitance. 

Owing to Faradaic reactivity of surface oxygen functionalities, it is now known 

that around 1-5% of the obtained capacitance by an EDLC is exhibited from 

pseudo-capacitance. This is largely depends upon the preparation conditions of 

the carbon materials and the electrolyte synthesis [10]. Similarly, the pseudo-

capacitors also exhibit some electrostatic double layer behaviour relevant to their 

electrochemically accessible sites.  

 

 

2.4 Electrode materials  
As stated in section 2.3.1, progress and broader adoption of EDLCs depends upon 

the development of new materials. In sections 2.4 and 2.5 an overview of the main 

classes of electrode and electrolyte materials will be discussed for use in these 

devices.  

A great portion of research carried on EDLCs, and continuous to date, is based on 

the carbon. Carbon is a unique element that exists in several allotropic forms 

including fullerenes, graphite and nanotubes with different morphologies and 

physical forms (including fibres, powders, composites and foams). Mostly they 

are easy to fabricate, stable over a wide temperature range, chemically stable at 

highly acidic and basic conditions and most importantly they are low cost and 

readily available [34].  
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In order to achieve the maximum possible performance, high capacitance and 

minimum self-discharge rates, the carbon materials used in EDLCs must satisfy 

the following conditions: 

1. High specific surface areas [10] 

2. High degree of intra/interparticle conductivity within its structure 

3. High degree of graphitization and porosity 

4. Good electrolyte accessibility to intrapore surfaces i.e. good polarisability 

5. Low ESR 

Also Low surface functionalities of carbon materials is desirable as this may 

contributes to some degrees of self-discharge. Accordingly, the preferred choice 

of carbon must be free from any impurities such as Iron species, peroxides etc. 

Also the quinonoid structures must be reduced at the surface in order to minimize 

the effects of self-discharge. 

 

2.4.1 Activated	  carbon	  
Activated carbons are commonly used as electrode materials in EDLCs due to 

their ability to provide a high surface area as well as being lower in cost and easy 

to manufacture in compare with other types of carbons. Activated carbons can be 

produced from many materials. They are usually fabricated by the carbonization 

of many natural feedstock and biomass precursors, such as wood, agricultural 

waste and coal, to produce char.  

It is essential to carry an activation step in order to introduce and add pore volume 

to the carbonization product. The product can be activated via two approaches of 

physical and chemical activation. In the physical method the carbonization step is 

followed by the gasification of the product with an oxidizing gas at various 

temperatures. While in the latter activation method the carbonization is followed 

by thermal decomposition of the precursor saturated with chemicals such as KOH, 

HNO3 etc. The purpose of both activation steps is to remove the remaining 

disordered carbon from the structure and add additional to the structure [17].  

Also, due to presence of residual valences on the surface, most carbons that are 

exposed to air contain some degrees of absorbed oxygen which yields to different 

O-based surface functionalities such as hydroxyl, peroxyl, ketonic and quinonoid 
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[10]. Again, owing to the high temperature treatment of activation step, a large 

variety of materials, including carbon and mentioned functionalities, can be 

converted into activated carbons. By adjusting the process conditions such as 

activation temperature, activation time and concentration of the utilized reagents, 

the final properties of the activated carbon e.g. specific surface area and porosity 

can vary significantly [35]. Thus, by controlling the activation parameters opens 

an opportunity of obtaining carbon materials with a widespread range of 

porosities suitable for a desired application. The composed range can contain 

micropores, mesopores and even macropores with the pore size distribution of 

<20 Å,	   20-‐500	   Å	   and	   >500	   Å	   respectively	   [31,	   36].	   Production	   of	   diverse	  

particle	   sizes	   is	   simultaneously	   beneficial	   and	   detrimental	   towards	   the	  

overall	   goal	   for	  many	   researchers	   that	   is	   attaining	   the	   highest	   capacitance	  

possible.	  	  

Sillars	   and	   colleagues	   [37]	   investigated	   the	   effect	   of	   activated	   carbon	   pore	  

size	  on	  the	  performance	  of	  ionic	  liquid	  based	  ECs.	  They	  found	  a	  capacitance	  

of	   210	   F/g	   under	   Galvanostatic	   charge-‐discharge	   of	   2mA	   cm-‐2	   for	   EC	   cell	  

containing	   activated	   carbons	   with	   average	   pore	   diameter	   of	   3.5	   nm	   and	  

EMImBF4	  electrolyte.	  They	  also	  identified	  that	  the	  most	  suitable	  average	  pore	  

diameter	   to	   achieve	   an	   optimum	   capacitance	   differs	   from	   the	   suitable	  

average	  pore	  diameter	  required	  to	  obtain	  the	  optimum	  rate	  capability,	  i.e.	  6.5	  

nm	   for	   the	   mentioned	   system.	   Clearly,	   obtaining	   higher	   power	   density	   is	  

tightly	  linked	  with	  larger	  pore	  sizes	  whereas	  the	  smaller	  pore	  sizes	  correlate	  

with	  higher	  energy	  density.	  Nonetheless,	  the	  smaller	  pore	  sizes	  may	  result	  in	  

reduced	  capacitance,	  as	  the	   ions	  of	  the	  electrolyte	  may	  not	  migrate	  through	  

the	   pores	   due	   to	   their	   bigger	   size	   in	   compare	   to	   the	   pore	   diameter.	   Thus	  

research	  on	  activated	  carbons	  is	  mainly	  focused	  on	  controlling	  the	  pore	  size	  

distribution	  to	  1)	  achieve	  an	  optimal	  pore	  size	  for	  a	  given	  ion	  and	  2)	  obtain	  a	  

general	  relation	  to	  the	  EDLCs	  performance	  [31,	  34,	  36].	  	  

 

2.4.2 Carbon	  aerogels	  
Owing to high surface area, good electrical conductivity and low density, carbon 

aerogels are another promising carbon to be utilized in EDLCs. They also have 
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the ability to bond chemically to the current collector due to the monolithic 3-

dimensional mesoporous structure of conductive carbon nanoparticles. Thus 

carbon aerogels diminish the ESR effect further and require a lower degree of 

additional binding agent [38, 39].  

These carbons are usually synthesized as a result of sol-gel polymerization of 

Resorcinol (R) and Formaldehyde (F) together in presence of a sodium carbonate 

catalyst (C) followed by carbonization of the RF aerogels.  

There are number of papers available in literature on the synthesis procedure and 

various factors affecting the finish structure and the gel composition [40-42]. For 

instance Mirzaeian et al. investigated the effect of resorcinol and catalyst ratio 

with the mesoporosity of the obtained gel. They found that mesoporosity 

increases with increase in R/C ratio [41]. They also concluded that process 

conditions such as reaction time and temperature during activation and 

carbonization processes could significantly alter the properties of the porous 

carbon aerogel. For example, during carbonization they observed that the 

carbonization temperature affects the microstructure of the aerogel. Escribano	  

and	   colleagues reported that the corresponding specific capacitance of carbon 

aerogels produced at beyond 900°C is significantly reduced [43]. Further 

investigations by them led to the assumption that this phenomena happens “due to 

formation of micropores and shrinkage of the gel structure after a certain 

temperature” [42]. There are also other factors affecting the carbon structure such 

as catalyst concentration and dilution, which control the particle size distribution 

and density of the material respectively.  

 

2.4.3 Carbon	  nanotubes	  (CNTs)	  
Chemically stable carbon nanotubes were first discovered in 1985 by rearranging 

the carbon atoms through vaporization of graphite using laser pulses to create C60 

molecules [32]. Carbon electrodes produced from this method contain open and 

accessible mesopores arrangement that has a very unique structure. There are two 

main structures known for the carbon nanotubes: Single Walled Carbon 

Nanotubes (SWCNT) and Multi-Wall Carbon Nanotubes (MWCNT). SWCNT is 

a single graphene sheet wrapped up to form a nanometer diameter cylinder whose 
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end can be capped with a fullerene structure [17, 44]. On the other hand are the 

MWCNTs, where they consist of several graphene cylinders positioned around 

the same axis. Figure 2.9 compares the physical structure of SWCNT and 

MWCNT. 

 

 
Figure 2.9  (a) single sheet of CNTs, (b) single walled CNT and (c) multi wall 

CNT 

 
Owing to high conductivity (5x105 S m-1) [45], low resistivity, high surface area, 

accessible pore network and great stability of CNTs, there has been an increasing 

interest in employing such carbons in EDLCs [31, 46]. However due to high 

production costs, the use of CNTs is limited to conductivity enhancer and not the 

main active electrode component. Chen and colleagues reported a significant 

reduction in ESR from 45Ω to 2.5Ω when they replaced the conductivity enhancer 

(acetylene black) with equal mass of MWCNTs [47].  

Empirical evidences suggest that although capacitance is strongly dependent on 

the surface area but there are other factors influencing the capacitance of the 

device (especially in the case of activated carbons where a widespread range of 

pore sizes are available) [36]. This argument is initiated by the size of the 

electrolyte ions, which could be too large to fit in the micropores or too small to 

some degree to fit in the narrower range of mesopore volume distribution. Hence 

some of the pore volume remains vacant and does not contribute towards energy 

storage. Therefore, designing EDLCs requires the extensive study of the carbon 

pore size distribution as well as the suitable electrolyte. 

This image has been removed due to the copyright 
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In the next chapter, the possibility of employing different electrolytes is 

investigated and major benefits and drawbacks are highlighted. 

 

 

 

2.5 Electrolyte materials 
The type of electrolyte used in an EDLC cell has a remarkable effect on the 

amount of stored energy, i.e. energy density, and relative effectiveness of how 

quickly the energy could be delivered, i.e. power density. At elevated potential, 

the voltage of a given cell is limited by decomposition of the utilized electrolyte. 

This voltage is known as the Electrochemical Stability Window (ESW). 

Theoretically as the ESW value of an electrolyte increases, the overall cell voltage 

becomes larger leading to improved energy and power density outputs. In practice 

the value of ESW of an electrolyte differs from its operating voltage. In fact the 

operating voltage of an electrolyte is the maximum voltage at which it can operate 

safely and does not decompose. This voltage is usually utilized for standard 

electrochemical analyses and beyond this voltage the electrolyte decomposes. 

Current commercial EDLCs operate by employing aqueous or organic 

electrolytes. However the operating voltage of such devices are very small and the 

electrolyte decomposes if greater voltages are applied. The corresponding stability 

voltage window of an aqueous electrolyte is 0.9 -1.229 V and the equivalent value 

for an organic electrolyte is 2.5 - 2.7 V [17, 30]. On the other hand, there are 

Room Temperature Ionic Liquids (RTILs), which they have been proposed as an 

alternative electrolyte for use in both EDLCs and batteries. RTILs have been 

shown to be stable at greater voltages [37] than conventional organic electrolytes, 

i.e. 3 - 3.5 V and beyond [17]. 

To sum up, the type of the conducting medium plays an important part in the 

performance characteristics of the cell. Therefore, a careful selection of a suitable 

electrolyte to fulfill and satisfy a greater operating voltage is essential. Sections 

2.5.1, 2.5.2 and 2.5.3 look at the prospect of employing aqueous, organic and 

RTILs, respectively, in EDLC cells. 
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2.5.1 Aqueous	  based	  electrolytes	  
Aqueous electrolytes have predominantly lower pore size requirements compared 

to organic electrolytes, as the ions are smaller in size. The relative Equivalent 

Series Resistance (ESR) of such electrolytes is also lower compared to organic 

based electrolytes e.g. acetonitrile. Thus the power density of an EC device 

utilizing an aqueous electrolyte is more likely to be closer to its theoretical limits. 

However, the aqueous electrolytes contain considerably lower ESW i.e. the 

stability voltage limit is significantly lower than that of the organic liquids. 

Therefore parameters such as ESR, operating voltage and capacitance must be 

taken into consideration when selecting an electrolyte. These considerations and 

trade-offs are of course strongly dependent on the anticipated application of the 

supercapacitor [10, 31]. 

Moreover, the use of acids such as H2SO4 and KOH [10] as an electrolyte for 

EDLCs, necessitates the use of some cell compartments to be manufactured from 

gold, platinum or even a conductive rubber in order to overcome corrosion 

problems [48].  

Owing to high conductivity, relatively low cost and ease of manufacturing the use 

of aqueous electrolytes remains attractive. However to reduce ESR and increase 

the output power it is essential to utilize concentrated electrolyte mediums, 

preferably at or in excess of 1 molar concentration, which is hazardous and costly 

in terms of corrosion prevention. Utilizing strong acidic mediums also induces the 

problem of increased rate of self-discharge in supercapacitors [10].  

Due to the very low attainable energy densities by aqueous electrolytes, they are 

unlikely to be employed in commercial devices. However, they continuing to 

provide systems for better understanding of the underlying mechanisms at the 

laboratory scale.  

 

2.5.2 Organic	  based	  electrolytes	  
As stated previously, organic based electrolytes allow for higher operational 

voltages up to 2.7V. Accordingly the increased operating voltage allows for 

higher energy densities. 
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Salts are also added to the organic liquids to ensure maximum ion mobility to the 

carbon electrode. The two extensively used organic electrolyte solvents are 

propylene carbonate (PC) and acetonitrile (ACN). Due to flammability and 

toxicity of ACN, the most commercially used organic electrolytes utilize PC as a 

solvent [30]. For instance, the most commonly encountered organic electrolyte 

consists of a solution of tetraethylammonium tetrafluoroborate (TEA BF4) in PC 

with theoretical voltage stability as high as 4 V [32].  

Although the organic based electrolytes allow for greater operating potential, but 

they suffer from lower conductivity and higher viscosity compared to aqueous 

electrolytes. Accordingly, the relevant ESR is significantly higher than that 

provided by aqueous electrolytes. This is due to the presence of a bigger fraction 

of unused sites caused by higher viscosity hindering full wettability of the pores in 

the electrode. Reduced utilized surface area means that the capacitance is 

correspondingly reduced which accordingly the power density is also reduced 

[17].  

Additionally, the employed salts are hygroscopic and moisture renders the 

electrolyte stability therefore the organic electrolytes must be handled in H2O/O2 

deficient environment to ensure operation at higher voltages and also to prevent 

formation of H2 and O2 gases at greater voltages than that of decomposition of 

water (i.e. 1.23V). Consequently, employing an organic electrolyte requires more 

attention in terms of handling and fabrication, which leads to additional costs. 

Table 2.1 summarizes some of the important properties and attributes of aqueous 

and organic based electrolytes [49].  

 
Table 2.1 Aqueous vs. organic electrolytes for use in EDLCs 

Property Aqueous electrolyte Organic electrolyte 
Operating voltage (V) 0.9 - 1.229 2.5 – 2.7 
Conductivity (S cm-1) 1 – 7 for H2SO4 0.02 – 0.6 for TEABF4 in PC 

Max. Capacitance (F g-1) 250 - 300 150 -200 
Attributes Easy to fabricate, less 

expensive in compare 
to organic 

electrolytes, green 
solvent 

Fabrication must carried 
under inert atmosphere, 

expensive, not eco-friendly 
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2.5.3 Room	  Temperature	  Ionic	  Liquid	  electrolytes	  (RTILs)	  
 
Ionic Liquids (ILs) are essentially salts that display a relatively low melting point 

(at or below room temperature). Therefore, they are also called room temperature 

ionic liquids (RTILs) or molten salts. These liquids are generally classified into 

two generations of eutectics and discrete anion electrolytes [50]. The former is 

mainly comprised of Lewis or Brønsted acids that complexes the halide anion 

structure in order to create different ionic structures [51]. On the other hand is the 

discrete anion generation where liquids of this type are usually hydrophilic and 

oppose hygroscopic properties. This attribute is sometime detrimental to some 

extent as it may influence the viscosity and the conductivity values [52-54]. 

Therefore, analogous to organic electrolytes, ionic liquids are also handled in an 

O2/H2O deficient environment. 

As stated earlier, employing ILs is not only advantageous in terms of provision of 

large electrochemical stability window but it also offers the following excellent 

properties [55-57]:  

• Chemically stable at elevated temperatures sometimes up to 200°C 

• Remain at the liquid state for a range of temperatures, even >120°C 

• Low melting point due to the asymmetric structure, typically lower than 

ambient temperature allowing for operation at wide range of temperatures 

• Reasonable ionic conductivity  

• Negligible vapour pressure 

• Green solvents, low toxicity  

• Non flammability  

These phenomenon properties of ILs tied with the provision of high ESW 

voltages allow for growing applicability of these mediums in high temperature 

applications. Additionally, since the start of research in this field a substantial 

variety of different constituents of asymmetric cations and anions known to this 

date with different alkyl chain length and linkages altering the physicochemical 

properties of the ILs. As a result a projection of above one billion synthesized ILs 

is estimated [58]. Nonetheless, a careful choice of the cation and anions allow for 

designing liquids with ionic conductivity of greater 30 mS cm-1 and stability 
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potential window higher that 4V at the room temperature [59, 60]. 

Despite all desirable qualities of ILs, the viscosity of these mediums is greater and 

contains lower ionic conductivity in comparison to other types of electrolytes [61, 

62]. The high viscosity of the ionic liquids possesses the similar surface 

wettability problem as discussed in section 2.5.2 for organic electrolytes. 

There are two ways to tackle this problem: first is to add lithium salts to the ILs to 

reduce the viscosity which influences the capacitance retention and second is to 

operate at elevated temperatures. Operation at higher temperatures not only 

reduces the viscosity and increases the wettability but also theoretically should 

lower the ionic and ESR resistance resulting in enhanced performance. 

Contrariwise, operation at very low temperatures may also be problematic as the 

melting temperatures of some ionic liquids only slightly exceeds 273K [63]. A 

significant sum of studies on ionic liquids is based on the cation systems shown in 

Figure 2.10. As already mentioned, the functionalities of derivatives obtained 

from these cations can potentially be modified through alkyl chain length, 

chirality or even branching. The common anions used are generally carry 

delocalized charge and can range from simple halides (e.g. chloride, bromide and 

iodide) to larger and more flexible fluorinated anions; hexafluorophosphate [PF6]-, 

tetrafluoroborate [BF4]- and bis(trifluoromethylsulfonamide) [(CF3SO2)N]-. The 

anionic component of the ionic liquid controls the electrolyte reactivity with water 

and the degree of its hydrophobicity [64]. 

 

 
Figure 2.10 Chemical structures of some commonly used cations; a) Imidazolium, 
b) pyrrolidinium, c) pyrodinium, d) ammonium, e) phosphonium and f) sulfonium 
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Although combinations of above cation and anion species allow for production of 

numerous electrolytes, however some of the obtained electrolytes may not remain 

liquid at the room temperature. Most of the ILs have greater melting temperatures 

than ambient, i.e. 273K, making the operation at lower temperatures extremely 

challenging [63]. Additionally, the low associated ionic conductivity of ILs at 

room temperature, limits their optimal usage to high temperature applications 

mostly. For instance, it has been shown by Largeot and colleagues that operation 

at 60°C for a carbide derived carbon and 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonamide) [EMIm TFSI] electrolyte can increase the ionic 

conductivity and improve the capacitance to 160 F g-1 [65].  

It is also reported that the possibility of synthesizing diverse ILs opens up the 

opportunity of designing electrolytes with high ESW and ionic conductivities up 

to 40 mS cm-1 [59, 66].  

On the other hand, addition of organic solvent or various lithium salts can 

significantly lower the viscosity, enhance ionic mobility and in turn improve the 

performance. 

For instance, Abdallah and coleagues investigated the use of ILs in association 

with acetonitrile (CAN) and γ-butyrolactone (GBL) in order to lower the 

viscosity, enhance the conductivity and suppress the high flammability tendencies 

of the solvents. They found that the IL BMIm-BF4 and IL TMPA-TFSI consist of 

ionic conductivities around 43 mS cm-2 when used along with ACN solvent at 

room temperature [67]. Although good transport properties, reasonable 

performance (85.9 F g-1 with ESW of 5.5 V [67]) and low flash point are 

attainable specially for the TMPA-TFSI in ACN electrolyte but the ACN solvent 

still present high toxicity properties. Despite the toxicity challenge, the above 

system seems promising.  

In another study the conductivity of a eutectic liquid consisting a salt of Brønsted 

acid-base mixture, α-picoline and trifluoroacetic acid, was measured. It was found 

that the conductivity of the mentioned acid-base mixtures increases by one fold 

compared with constructing species [68]. The use of binary mixtures has been 

reported repeatedly in literature as a method to reduce the viscosity of various ILs 
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[69-73]. However depending on the additive nature, when the binary mixture is 

used in supercapacitors, it may introduce charge retention problems in the system. 

As stated previously, EDLCs bridge the gap between the high-power capacitors 

and high-energy batteries. An EDLC possesses greater power density and lower 

energy density in comparison to batteries; hence a major challenge here is to boost 

the energy density. Since energy density and power density (equation 2.3 and 2.4) 

increase quadratically in relation with operating voltage [74], it is clear that 

maximizing the operating voltage will yield in improvement of the power density 

and energy density simultaneously.  

Due to the excellent voltage provision property of RTILs in comparison to 

molecular electrolytes, ILs have become a potential candidate for use in EDLCs 

subsequently significant amount of research is focused in this field [75-81]. An in 

depth insight of some important properties of RTILs will be underscored and 

discussed in section 2.6. 

 
 

2.6 Ionic liquids at molecular level 
There are several different molecular properties known comprehensively that can 

significantly influence the bulk properties of the IL of choice. These molecular 

properties are described in greater details here. 

 

2.6.1 Molecular motion and ionic interactions of ILs 

Svanté Arrhenius introduced one of the earliest theorems about interionic 

interactions in 1887.  More precisely he proposed the idea of partial dissociation 

of a solute into its positive and negative constituents. Respectively the motion of 

these constituents in solute was described as chaotic. However the interionic 

interactions in an electrolyte solution were thought to be independent of their 

ionic motion and distribution [82]. Although this concept is held true for dilute 

solutions of weak electrolytes but cannot be applied to strong electrolytes as the 

interionic electrostatic force is large and must be considered.  

Later on in 1923, the presented theory by Peter Debye and Erich Hückel about the 

interionic interactions has built the foundation of work in this field. This theorem 
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is now commonly known as the Debye-Hückel theory and describes the strong 

electrolytes as highly dissociative [82]. This means that the concentration of 

constituent ions is higher compared to dilute electrolyte solutions resulting in a 

more packed ions population in a given volume. Hence the dimension of the ions 

and distribution of charges are important in molecular interactions.  

Generally the summation of all intermolecular interactions within the solvent and 

any potential solute that may exist in the solution is known as the polarity.  

Though any interactions that led to the chemical transformation of the solute are 

disregarded from this definition [83].   

The intermolecular interactions in common salts are characterized and controlled 

by the coulomb forces present in between the net charges of the ions as well as 

several interacting components [84] displayed in equation 2.6 and equation 2.7. 

In molecular salts however the coulombic forces are more moderate due to the 

bulkier dimensions and inhomogeneous charge distribution especially on the 

cation constituents allowing for directional and shorter interactions [85]. 

Weingärtner [85] characterizes the molecular salts’ interactions in the following 

manner: 

   
𝑈 𝑟,𝛺 = 𝑈!" 𝑟,𝛺 + 𝑈!"# 𝑟,𝛺 + 𝑈!"#(𝑟,𝛺) 

equation 2.6          

 
Where  

r = distance between the ions 
  Ω= set of angles 
    
The interaction potential, U(r,Ω), encompasses of the sum of the electrostatic 

(Ues), inductive (Uind) and Van der Waals (UvdW) interactions. As it clearly is 

signified from the formulation, the interaction potential is dependent on r and Ω 

for reciprocal orientations. The Ues interaction itself can be divided into the 

following sub interactions: 

 
𝑈!" 𝑟,𝛺 = 𝑈!"#!!"# 𝑟 + 𝑈!"#!!"#$%& 𝑟,𝛺 + 𝑈!"#$%&!!"#$%& 𝑟,𝛺

+ 𝑈!"#!!"#$%"&'() 𝑟,𝛺 +⋯ 
equation 2.7 
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Although there are substantial references in literature about ongoing research on 

exploring ILs, but the fundamental physics of their solvation is poorly understood. 

Accordingly the screening of interactions of ILs was only introduced and 

explained in 2007 through a mathematical model [86].  

On the other hand, the screening of interactions of common salts has been around 

for a relatively long time. In molecular liquids the applied electric field is 

screened at the conductor surface fairly easily without changing the electrostatic 

potential inside the bulk [86]. Remembering, in the solvation scenarios the dipole 

moment of a specific molecule is screened through the use of solvent ions near the 

solute [87].  

 

Note: the molecular dipole moment occurs as a result of the non-uniform 

distribution of charges in individual atoms. For a pair of opposite charges the 

dipole moment (P) is measured by magnitude of charges (q) multiply by the 

distance between the charges (d).   

 
𝑃 = 𝑞  ×  𝑑 

           
equation 2.8 

 
Though ILs are entirely comprised of ions and ions do not have a precise and 

well-defined dipole moment [86]. Additionally, the interactions between the 

Coulombic and van der Waals interactions in ILs results in the nano-scale phase 

separation into polar and non-polar regions.  This phenomena leads to the creation 

of high charge density in the non-polar areas [88] where interactions of potential 

molecular solutes within their distinct environment can be monitored from these 

specific sites in the IL.  

Correspondingly in dealing with an applied electric field, the ILs interact 

differently in comparison to dielectric materials due to their ionic nature and 

therefore extra complexities implies.  

When charging and discharging an IL-based EDLC, the ions travel into and out 

from the respective porous electrode. With this definition the diffusive dynamics 

are introduced in the system. It is worth mentioning that the rate of the molecular 
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motion is not constant and can vary from femtoseconds to nanoseconds. The 

molecular motion at the femtoseconds scale is characterized as ultrafast and the 

motion at the nanoseconds scale is classified as the diffusive regime [85].  

Nevertheless the motion of ILs is not entirely limited to these rates at all 

conditions. For instance Ito and colleague report that at the super-cooled state the 

diffusive behaviour can fluctuate to the scale of seconds or even longer [89]. In 

molecular liquids the diffusive behaviour, e.g. molecular relaxation, is simpler 

and is characterized by “Debye relaxation time”, disclosed in equation 2.9. 

 
𝛷 𝑡 = exp  (−𝑡 𝜏!  ) 

equation 2.9  

Where  
Φ(t) = time correlation function 

  τD = Debye relaxation time 
 
Though ILs respond differently to the diffusive dynamics in comparison to 

molecular liquids. The behaviour of ILs has repeatedly compared to the glassy 

dynamics [90-95] as they possess a broad distribution of diffusive processes. 

Accordingly they seize a non-exponential behaviour pattern where the diffusive 

processes can be explained through the use of the Kohlrausch William Watts 

(KWW) equation, equation 2.10. 

 
𝛷 𝑡 = exp  [(−𝑡 𝜏!"")

!] 

          equation 2.10 

  

Where τKWW is the KWW relaxation time parameter and β is the stretched 

exponential factor, 0 < β < 1.   

Regardless of the liquid type, some information about the reorientation motion of 

the ions can be gained through the relaxation time [85]. Accordingly it is 

indicated that the direct proportionality between reorientation time (τr) and η/T 

must hold, even at simplest hydrodynamic models. Seemingly the mentioned 

proportionality also holds at temperature elevation [96] 

To study the molecular dynamics there are countless papers available in literature 

on various techniques. Although the focus of this thesis is to study the EDLC 
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performance but it is necessary to have a background understanding of the 

possible involved dynamics in order to gain better understandings of 

physiochemical properties. 

 

2.6.2 Ion diffusion and physiochemical properties of Ionic Liquids 

The physicochemical properties of an electrolyte are important matters when it 

comes to energy storage. Ionic conductivity and viscosity are among the 

important examples, which are closely related to the ions diffusion. For instance 

although ILs are entirely comprised of ions but not all ions act as charge carriers 

and contribute to the ionic conductivity. This is largely depends upon the mobility 

of the ions, dictated by the viscosity, resulting from the IL structure, dimension 

and molecular weight [97, 98]. 

Due to the more viscous nature of the ILs in comparison to molecular liquids, they 

possess greater diffusion coefficients in the orders of 10-11 m2s-1. This figure tends 

to be lower when dealing with molecular liquids, i.e. 10-9-10-10 m2s-1 [99-101]. 

Frequently, the relation between diffusion and viscosity is described by Stokes-

Einstein (SE) equation [85, 102, 103], equation 2.11. 

 

𝐷 =
𝑘!𝑇
𝜉𝜋𝜂𝑟 

          equation 2.11  

Where  
kB = Boltzmann constant for given geometry diffusion (i.e. sphere) 

  ξ = Coupling factor ranging from, 4 < ξ < 6  
  η = viscosity  
  r = radius of the diffusing species  
 
The Stokes-Einstein equation holds for many electrolytes including molecular 

liquids and some ILs that the size of the diffusing particle is close to those 

dispersed in the solvent. In this case the diffusing particle resembles the model 

that the macroscopic species move into a compressible bed. Accordingly in 

scenarios where there is a large difference in size between the diffusing particle 

and the bulk IL, the inverse relation between diffusion (D) and viscosity (η) no 

longer holds [104-107]. 
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Various studies are performed on the self-diffusion behaviour at elevated 

temperatures at which significant changes in diffusion was observed [108, 109]. 

In this case the IL no longer behaves according to the Stokes-Einstein equation. 

Instead it only obeys a fraction of stokes-Einstein equation in the form of the 

equation 2.12, which is mostly recognized for glassy dynamics [108].  

 

𝐷 ∝ (𝑇 𝜂)! 
equation 2.12   

 
The limit for exponent (m) is similar to that of KWW factor for non-exponential 

pattern in diffusivity equation, i.e. m<1.  

The self-diffusion coefficient is related to the molar conductance (Λ=σ/C) by 

equation 2.13, which is commonly known as the Nernst-Einstein (NE) equation 

[85]. 

 
𝛬!" = 𝐹!

𝑅𝑇 (𝐷
! + 𝐷!) 

equation 2.13  

Where  
σ = electrical conductivity 

  C = molar concentration of the salt 
  F = Faraday constant 
  D+ = diffusion coefficient of the cation species 
  D- = diffusion coefficient of the anion species 
 
Basing on the assumption that the ions motions are independent from another, i.e. 

σ has negligible effect, the above equation for conductance is then accurate. 

Accordingly Λ becomes smaller than ΛNE due to the paired cationic and anionic 

motion of the species in a electrically neutral arrangement where they contribute 

to the diffusion only and not conductance [85]. Hence due to the ion pairing in the 

liquid phase only about 50% of the ions participate in conductance [99-101]. 

This is commonly encompassed for many ILs. 

In general ionic liquids with low viscosity display reasonable values of 

conductivity, usually in the orders of 10-2 S cm-1. This figure increases even 

further when operating at high temperatures. Arrhenius law explains the 

temperature dependence behaviour of the conductivity as follow [50, 110]. 



 45 

 

𝜎 = 𝜎!. 𝑒
(!!!!!!

) 
equation 2.14 

Where  
σ∞ = hypothetical maximum electrical conductivity at infinite 
temperature 

  Ea = activation energy required for electrical conductivity 
  KB = Boltzmann constant 
 

Electrical conductivity is among the important properties required for energy 

storage systems including supercapacitors. From the above equation it is clear that 

the electrical conductivity is a function of temperature. Albeit temperature 

elevation influences the values of conductivity but it is not the sole determinant 

variant. In fact the cation and anion size and dimension are also influence the 

electrical conductivity.  

For instance in an study performed by Vila and colleagues they showed that the 

conductivity diminishes as the alkyl chain length of the cation becomes longer 

[109]. This is a well-expected trend as the size of the alkyl chain length influences 

the free motion and mobility of the cation. Although in some cases the effect of 

the anion size follows the described behaviour as the cation but this is not the case 

at all times. For example, in another study Vila and colleagues observed a direct 

relation between increase in anion size (Cl- < Br- < BF4
-) and electrical 

conductivity [109]. Some aluminium halide salts were also reported to follow the 

same behaviour [111]. This is explained through greater mobility of the anion 

while the surface charge density is reduced.  

On the other hand are the bigger size anions, e.g. PF6
- < ethyl sulfate- < tosylate-, 

where the inverse proportionality with the electrical conductivity holds. Thus the 

dual effect of the anion size on conductivity is dedicated to 1) reduction in the 

surface electrical charge density and 2) influence of the anion size on the 

dynamical movement [112]. 

Regardless of the described conditions, if the plot of Ln(σ) vs. temperature is a 

linear decay then the Arrhenius behaviour holds.  

However some obtained experimental data for ionic liquids show a nonlinear 

decay with temperature [50, 63, 99, 109, 113, 114]. In this case Vogel-Tamman-
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Fulcher equation, equation 2.15, is used instead to describe the variation where Tg 

is the ideal glass transition temperature and is usually fitted for experimental data.  

𝜎 = 𝜎!𝑒
! !!
!!(!!!!)	  

equation 2.15  

Since ILs are entirely comprised of ions, the general understanding is that they 

should contain high conductivities. Although this holds for many ILs but as 

already stated conductivity is largely dependent on the number of the charge 

carriers and the ions mobility [104]. These attributes themselves are described 

through another physiochemical property called viscosity. Hence electrical 

conductivity and viscosity are strongly related to one another. Owing to this 

quality the behaviour of both entity is interlinked. For most ILs the conductivity 

relation seems to be inversely proportional to the viscosity [104]. Consequently at 

higher temperatures, the electrical conductivity increases due to greater ion 

mobility caused by reduced viscosity [113]. Analogous to electrical conductivity 

at some cases, e.g. distillable ILs, the viscosity follows the Arrhenius behaviour 

[115] (equation 2.16) and in other cases follows the Vogel-‐Tamman-‐Fulcher	  

relationship	  (equation 2.17)	  [116].	  The	  former	  is	  reported	  for	  aprotic	  ILs	  over	  

a	  wide	   range	   of	   temperatures	   and	   the	   latter	   is	  mainly reported for ILs with 

symmetric cations or cations that contain functional groups.  

 

η = η!e
(!!!") 

equation 2.16  

Where  
η∞ = hypothetical maximum viscosity at infinite temperature 

  Ea = activation energy  
	  

𝜂 = 𝐴  𝑒
Ď  !!

(!!!!) 
equation 2.17 

         

Where A is an adjustable parameter in units of mPa s, Ď is indirectly proportional 

to the liquid’s fragility and Tg is the glass transition temperature where the 

viscosity reaches a high value in the orders of 1013 Poise at this temperature [116]. 
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The product of the exponential function in the denominator, i.e. Ď	   x	   Tg, is 

commonly referred to as adjustable parameter B and has units of Kelvin.  

There are also reports on ILs that do not obey the either relation [117].  

As already discussed, there is a relation between electrical conductivity and the 

viscosity. To visualize this relation a Walden plot, σ	  vs.	  log(η), is used to provide 

good information about the ionicity. Dilute solution of KCL is used as an 

indication of a fully dissociated system where it creates a solid line profile known 

as Walden line. In a fully dissociated state the ions have equal mobility, therefore 

presence of acidity or basicity causes deviation from the Walden line [97]. 	  
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3 Objectives 
In spite of creation of numerous ionic liquid combinations, a systematic study of 

these electrolytes becomes rather difficult and demanding. This project aims to 

perform a systematic study of various ionic liquids in an EDLC arrangement in a 

clear and well-defined framework. This is implemented through creating various 

combinations of Carbon-IL cells in the laboratory. The overall performance of the 

manufactured cells was then studied using Galvanostatic and impedance 

measurements. A range of individual physical property measurements was also 

precisely performed for both ILs and carbon materials. 

 

In order to accomplish the above objectives, four activated Xerogel-based carbons 

were produced in the laboratory as porous electrode materials and nine different 

liquids from different classes of ILs were selected as electrolytes.   

By varying the relative fractions of resorcinol to catalyst when producing the 

aerogels and keeping the ratios of other precursors and processing conditions such 

as carbonization or activation temperature and time fixed, a range of carbons with 

different pore characteristics and surface areas was produced. The chosen ionic 

liquids are from the pyrrolidinium, sulfonium, ammonium and phosphonium 

groups. Although cationic component of selected ILs are from these classes but 

the anionic component, i.e. Tf2N, kept the same for all combinations as the 

variation in type of the anionic constituent can influence the hydrophobicity and 

physiochemical properties of the IL. In fact these electrolytes mainly differ from 

one another by the alkyl chain length of the cationic component and inclusion of 

functional groups in ammonium and phosphonium based liquids.  

Albeit the priority for choosing ILs is given to the liquids with low viscosities but 

not all chosen electrolytes offer this property optimally at room temperature. As 

discussed in the previous section, the high viscosity of ILs is one of the major 

challenges towards utilization in storage devices due to limited ion mobility 

hindering the performance. Even though the viscosity can be reduced by addition 

of small amounts of organic solvents [118, 119], addition at traces level can lead 

to a major fluctuations in the values of diffusion coefficient [104] and 

electrochemical stability. However, due to the dependence of the diffusion 
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coefficient and viscosity on temperature, temperature elevation was employed to 

alter the viscosity over various temperatures (from 25°C, 40°C, 60°C and 80°C).	  

This	   operation	   temperature	   range	   is	   specifically	   selected	   to	   identify	   a	  

maximum	   operating	   temperature	   that	   various	   cell	   combinations	   remain	  

stable	  without	  any	  significant	  voltage	  drops	  and	  also	  to	  identify	  the	  potential	  

combinations	  that	  can	  be	  explored	  for	  future	  use	  in	  place	  or	  conjugation	  with	  

fuel	   cells	   that	  operate	   in	  80°C.	  Accordingly	   this	  operation	   temperature	  was	  

selected	   as	   a	  maxima	   for	   the	   studied	   range	   where	   safe	   operation	  must	   be	  

ensured	  in	  the	  light	  to	  be	  used	  with	  fuel	  cells	  in	  future.	  

At a further attempt to reduce the viscosity, the effect of presence of presence of 

an ether linkage was also investigated for the Ammonium based and 

Phosphonium based ILs where greater values of viscosities were recorded at room 

temperature. 
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4 Theory 
This chapter briefly describes the background to techniques used in order to 

determine the physical properties of the manufactured carbons (i.e. surface area 

and pore characteristics) and physiochemical characterizations of the chosen 

electrolytes (i.e. viscometry, thermal properties measurements, water content and 

conductivity).  

The surface area and pore characteristic properties of the fabricated carbons were 

determined through the use of BET. The physiochemical properties of the ILs 

were determined using rheology, differential scanning calorimetry, water content 

and conductivity 

4.1 Physical state characterization  

4.1.1 Gas adsorption-desorption 

Gas adsorption is commonly used to determine structural properties, pore 

characteristics and relevant surface area of a porous solid material, e.g. activated 

carbons. Through this method, adsorption always takes place at the solid surface 

where it is directly exposed to a gas that is thermodynamically below its critical 

temperature. It is very common to refer to the adsorbed gas and the solid surface 

as the “adsorbate” and “adsorbent”, respectively [120].  

Depending on the system of study and nature of the material, various inert gases 

such as N2, Kr, Ar, H2, CO and CO2 can be selected as the adsorbate [121]. In this 

study however, nitrogen gas is utilized in order to probe even the smallest 

micropores accurately whereas utilization of other gases for our purpose can lead 

to partial measurements of the adsorption isotherms.  

Gas adsorption can occur via a chemical or physical route.  

In chemical adsorption, or chemisorption, an electron is transferred from the 

adsorbate to the adsorbent surface, which is usually associated with large 

interaction potential (EP) as a chemical reaction is required to overcome the 

activation energy barrier in order to create a platform for adsorption to occur. This 

results in high heats of adsorption, which in turn causes only one layer of 

molecules to be adsorbed to the surface of the adsorbent. Accordingly, 
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chemisorption usually occurs at higher temperatures than the adsorbate critical 

temperature and is irreversible, i.e. no desorption occurs. 

In physical route, or physisorption, the adsorption solely occurs through van der 

Waal’s forces at very low diffusion rates [122]. Hence the heat of adsorption is 

much smaller compared to that of chemisorption. This in turn allows for multiple 

layers of molecules to be absorbed on the adsorbent surface. Also physisorption is 

a reversible adsorption process, i.e. desorption occurs.  

Moreover low diffusion rates means prolonged adsorption times and as already 

stated no surface altering chemical reactions occurring as associated with 

chemisorption. Hence physisorption technique is selected for studying the solid 

carbon samples. 

 

Regardless of the adsorption method, an isotherm is always produced which 

characterizes the porous solid by measuring the amount of adsorbate onto the 

adsorbent surface over a range of pressures. Hence the amount of adsorbed gas is 

not only a function of interaction potential but pressure (P) and absolute 

temperature (T) also have an affect [123]: 

 

𝑊 = ƒ  (𝐸! ,𝑃,𝑇) 

    equation 4.1 

During physisorption with N2 the temperature is kept constant at 77K, so above 

statement simplifies to: 

 

𝑊 = ƒ  (𝐸! ,𝑃) 

    equation 4.2 

In order to obtain useful information about surface area and pore characteristics, 

there are various methods of isotherm interpretation proposed and are available in 

literature. Among these methods are Brunauer-Emmett-Teller (BET) method 

[124] to determine the surface area, Barret-Joyner-Halenda (BJH) method [125] to 

determine pore size distribution, density functional theory (DFT) method to 

determine the mesopore volume and finally the t-plot method to determine the 

micropore volume [126]. The surface area and pore size distribution can also be 
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determined through the DFT method as a quick check to ensure consistency with 

the attained trends from BET and BJH. 

The initial step to interpret any isotherms is to determine the nature of adsorption 

processes which is classified by IUPAC into six main type isotherms [127], 

shown in Figure 4.1. 

 
Figure 4.1 Various types of physisorption isotherms. Adapted from [127] 

 
As shown in Figure 4.1, different types of isotherms display a unique and 

individual shape that is associated with the operational temperature and 

interaction nature of the adsorbate and the adsorbent together.   

In type I isotherms, a rapid adsorption is experienced at the low relative pressures 

followed by a constant adsorption at increased relative pressures. Afterwards, the 

profile either reaches a limit for the volume adsorbed or reaches a saturated 

vapour pressure. Although the reversibility holds for both scenarios, the 

desorption isotherm for the latter scenario may lie above the adsorption isotherm. 

The type I isotherm is mainly observed for adsorbents with microprosity whose 

pore dimension is slightly larger than the adsorbate molecular dimension. 

Accordingly the adsorption process carries on until a point where a molecular 

This image has been removed due to the copyright 
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monolayer of pure adsorbate is present at the adsorbent surface. Hence this point 

resembles a complete filling of micropores with the adsorbate.  

In type II, III, IV and V isotherms, a limit for completion of the monolayer is not 

achieved. Hence determination of this point is arbitrary and it mainly assumed to 

be present at the inflexion points on the isotherm, represented by letter ‘B’.   

Unlike type I, the type II isotherms do not exhibit any saturation limit. They are 

mainly obtained either for non-porous or wide porosity range adsorbents where 

infinite monolayers and multilayers can potentially form. It can be interpreted that 

after point ‘B’, where monolayers are all formed, completion of other layers on 

top are continued.  

Type III isotherms occur when the attraction force holding the adsorbate 

molecules together is greater than the force between the adsorbate and the 

adsorbent. In this scenario the volume of the adsorbed gas increases significantly 

once the monolayer is formed. This in turn leads to formation of a convex shaped 

isotherm. Similar to type II isotherm, the type III isotherm is particularly obtained 

when the solid sample is non-porous [128]. 

Type IV isotherms are in fact very similar to the type II isotherms but with the 

formation of finite multilayers instead of the infinite ones. This leads to complete 

filling of the capillaries in the mesopores where relatively strong interactions 

between the adsorbate and the adsorbent are present.  

Type V isotherms are similar to the type III isotherms where the interactions of 

adsorbate and adsorbent are weak. Type V isotherms are very similar to type IV in 

terms of the profile shape and similarly are associated with mesopore filling. 

Additionally, the desorption isotherms for both types IV and V is in disagreement 

with their adsorption profile in terms of not following the same path. Accordingly 

a gap is created between the adsorption and desorption isotherms that at lower 

relative pressures closes itself up. This leads to establishment of adsorption 

hysteresis, which are illustrated in Figure 4.2. 

Type VI isotherm are represented by steps-rise multilayer adsorption profile 

which are associated with monolayer adsorption for each step. The overall shape 

of the profile and sharpness of the steps are strongly dependent on the system of 
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study and the adsorption temperature. It is worth noting that these profiles are not 

very common. 

 

As already mentioned, the nature of the type IV and V isotherm profiles lead to 

creation of adsorption hysteresis loops where they are usually related with the 

capillary condensation in the mesopore volume. These hysteresis loops are 

characterized into four main types as shown in Figure 4.2. 

 

          
Figure 4.2 Various types of hysteresis loops. Adapted from [127] 

 

Regardless of the type of the hysteresis loop, a common trend is attained for most 

desorption profiles: that is characterized with a steep region of branching followed 

by a gentler closing point. Among the illustrated hysteresis loops, the H1 and H4 

are the two extreme cases where in former the adsorption and desorption 

isotherms are generated vertically and almost parallel to one another over a 

significant range of adsorbed gas. This scenario occurs oppositely for the H4 type 

loops where the adsorption and desorption isotherms similarly remain almost 

parallel with respect to each other but over a appreciable range of relative 

pressures and in the horizontal direction. The H1 and H4 hysteresis loops are 

This image has been removed due to the copyright 
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attained for agglomerates of relatively uniform spheres and narrow slit shaped 

micropores, respectively. 

The types H2 and H3 loops are mainly recognized as intermediate profiles 

between the extreme H1 and H4 classes. The H2 types are attained for more than 

one distinct pore structure, thus interpretation of these type loops are rather 

difficult. This has been explained through the mechanism differences between 

condensation and evaporation, which are occurring in “ink bottle” pores. These 

types of pores are composed of wide bodies and narrow necks. Finally the H3 

loops are attained for plate-shaped aggregates.  

 

4.1.1.1 Langmuir theory 

Various isotherm kinetic theories and equations have been developed. Most of 

these equations applied to a small range pressures consequently they are invalid 

when applied to real experimental data, i.e. a wider range of relative pressures. In 

the next sub-sections the utilized methods to interpret the data will be discussed.  

For the purpose of the surface area determination, the succession of these 

equations is strongly dependent on their prediction of the adsorbate molecules 

onto the surface to create a monolayer of molecules. The Langmuir theory is one 

of the pioneer theorems for surface area determination and similarly obeys the 

same adsorption manner. As described in section 4.1.1 the adsorption of a single 

molecular layer onto the surface is associated with the type I isotherms where a 

maximum adsorbed amount is approached and is associated with the micropore 

filling.  

In order to derive the theory, the following assumptions have been made: 

1. Monolayer of molecules formed on energetically uniform surface 

2. The rate of the adsorption and desorption are equal  

3. No further adsorption beyond formation of the monolayer occurs 

4. No variation in porosity. This means that all pore sites on the surface are 

alike and a single adsorbate molecule could be adsorbed to the surface at 

most as the adsorbate residence from the neighbouring sites have an 

influence  



 56 

However due to the oversimplifying assumptions, the Langmuir model fails to 

describe the surface area for mesoporous materials with type II and IV isotherms.  

 
 

4.1.1.2 BET theory 

The limitation for describing the mesoporous materials through Langmuir theory 

led to development of another theory called Brunauer, Emmett and Tellerthat 

(BET) theory that is in fact the extension of the Langmuir but is able to explain 

the multilayer adsorption. Derivation of this theory for multilayer adsorption also 

requires making number of assumptions that are underlined as follow: 

1. Infinite layers of adsorbate molecules are physically adsorbed to the 

surface 

2. Langmuir theory applies to every layer with no interactions between the 

layers 

3. Energetically uniform surface. Hence there are no interactions whatsoever 

between the neighbouring molecules leading to no interactions between 

the adsorbed layers 

 

 
Figure 4.3 pores filling with increase in relative pressures 

 
The resulting BET equation is expressed by the following equation and the total 

surface area can be calculated through dividing the (c-1)/vmc term by sample 

weight. 
1

𝑣(𝑃!𝑃 − 1)
=

1
𝑣!𝑐

+
𝑐 − 1
𝑣!𝑐

(
𝑃
𝑃!
) 

This image has been removed due to copyright 
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Where P and P0 are equilibrium and saturation pressure of adsorbate at the 

temperature of adsorption, v is the adsorbed gas quantity and vm is the monolayer 

adsorbed gas quantity. c represents the BET constant that is expressed by: 

𝑐 = exp  (
𝐸! − 𝐸!
𝑅𝑇 ) 

Where EI and EL are the heat of adsorption for the first and second or higher 

layers. EL is equal to the heat of condensation for the adsorbate. 

 

 

4.1.2 Rheology  

Viscosity is important for many applications especially for electrolytes in energy 

storage systems as this property controls the ions motion towards a charged 

electrode surface. As discussed previously viscosity is accounted as one of the 

main contributing factors for determining the rate of mass transport.  

Hence for precise measurements at varying temperatures in an O2/H2O deficient 

environment, the electrolyte samples were transferred to Universidad de São 

Paulo for analysis. 

 

4.1.3 Differential scanning calorimetry  

Differential Scanning Calorimetry (DSC) is a thermo analytical technique used to 

quantitatively determine the physical transitions and chemical reactions of solid 

and liquid samples. Through this technique information about melting point, glass 

transition, enthalpy of fusion, crystallization behaviour, reaction enthalpies, 

reaction kinetics, specific heat capacities and many other characteristics can be 

extracted depending on the nature of the sample.  

In the course of this work the DSC is only used to determine the melting point 

(Tm) of the electrolytes.  

For the purpose of energy storage in supercapacitors, the range at which the 

utilized ionic liquids remain in the liquid state is very important. This is 

exceptionally important for us, as temperature elevation runs were also proposed 

as a solution to reduce the electrolyte’s viscosity and improve performance. Hence 
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determination of Tm through DSC is essential in order to ensure the liquid range is 

in fact holds for the utilized operating temperature range, i.e. 25°C - 80°C. 

The DSC test measures the heat flow into and out of the sample while heating, 

cooling or at constant temperature conditions. A DSC instrument is mainly 

comprised of ceramic sensors, a small silver furnace, temperature sensors and 

cooling attachment compartments. Below is a simplified cross-sectional view of a 

DSC measuring cell. The FRS5 and Pt100 sensors measure the difference of heat 

flows through the sample and furnace temperature (Tc) respectively. 

 

 
Figure 4.4 left: x-section representation of a DSC unit, right: magnified section of 

the sample pan 

 

The generated heat from the silver furnace flows upward towards the sample and 

reference crucibles. In this process the heat flows across the silver plate just above 

the furnace then through the glass ceramic interface disk and the FRS5 sensor. 

The heat then flows in two thermocouples arranged in series and located just 

beneath the sample crucible and to the sample. The purpose of the radial 

thermocouples is to measure the difference between the two heat flows 

represented by temperatures Ts and Td on Figure 4.4. It also adds extra calorimetry 

sensitivity that is defined by [S = V / ΔT]. From Ohm’s law the heat flow on the 

sample side is given by:  
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Figure 7.2. Simplified cross-section of a DSC measuring  
cell equipped with an FRS5 sensor. The sample and the  
reference crucible (usually empty) lie exactly over the  
recesses ground into the sensor disk. A thin disk of glass  
ceramic material (interface) connects the sensor with the  
silver plate of the furnace. The purge gas conditioning is  
shown in the lower part. The Pt100 measures the temperature  
of the furnace, Tc. The cooling attachment is shown below  
the flat heater. The two gold FRS5 signal wires and the purge  
gas inlet are located in the center under the FRS5 sensor. 
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Figure 7.3. Expanded section of the sample side of Figure 7.2.  
The paths taken by the heat flow are colored gray, starting from  
the silver plate of the furnace across the glass ceramic interface  
disk, the DSC sensor (along the radially arranged thermocouples  
for the temperature difference Ts – Td ) and through the crucible  
base into the sample. The measured Ts – Td signal is proportional  
to the heat flow on the sample side. On the right side of the  
sensor, Tr – Td is measured in the same way. This temperature  
difference is proportional to the heat flow on the reference side. 
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𝜙! =
𝑇! − 𝑇!
𝑅!!

 

    equation 4.3 

 
Owing to the symmetrical thermocouples arrangement, the thermal resistances for 

both sample and reference sides are the same. Analogously above equation holds 

for the heat flow through the reference crucible (ϕr)	  too. Hence the corresponding 

DSC signal to the sample can be obtained as ϕs - ϕr,     equation 4.4 

 

𝜙 =
𝑇! − 𝑇!
𝑅!!

 

    equation 4.4 

 
Since Ts and Tr are determined by the thermocouples, it is compulsory to consider 

the sensitivity ratios. Hence above equation of heat flow is simplified to the 

following: 

𝜙 =
𝑉
𝑆

𝑅!!
=
𝑉
𝐸 

    equation 4.5 

 
Where V is the thermoelectric voltage and E is the product of sensitivity and Rth 

commonly known as calorimetric sensitivity of a sensor. Various transition 

temperature profiles could be obtained depending on the materials properties but 

usually the melting peaks are triangular shaped and endothermic in nature as the 

heat is adsorbed to breakdown the crystallization energy. 

	  

4.1.4 Water content measurement [129] 

In analytical chemistry, Karl Fischer titration method is used as a common 

technique to determine the traces of water content available in the electrolyte 

samples. This measurement is in particular very important when dealing with ILs 

as presence of considerable amount of moisture content reduces the operating 

potential and hindering the performance at the same time.  There are volumetric 

and coulometric titration procedures where the latter is selected for measuring the 

water content. The instrument itself is consists of a titration vessel, which is 
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comprised of two main compartments of: anode solution which is usually a 

mixture of an alcohol (methanol), a basic solution (imidazole) with sulfur dioxide 

and iodine and a small cathode that is immersed in the anode solution. These two 

compartments are separated with an ion-permeable diaphragm. Below are the 

general reactions occurring when a water-containing sample is added to the 

vessel.  

 

𝐶𝐻!𝑂𝐻 + 𝑆𝑂! + 𝑅𝑁 → 𝑅𝑁𝐻 𝑆𝑂!𝐶𝐻! 

    equation 4.6 

 
𝐻!𝑂 + 𝐼! + 𝑅𝑁𝐻 𝑆𝑂!𝐶𝐻! + 2𝑅𝑁 → 𝑅𝑁𝐻 𝑆𝑂!𝐶𝐻! + 2 𝑅𝑁𝐻 𝐼! 

    equation 4.7 

 
From above equations it is clear that sulfur dioxide oxidizes via two steps of 1) 

reaction with the hydroxyl bond on methanol and 2) present water contents in the 

sample electrolyte in presence of I2. Hence the overall reaction consumes one 

mole of water with one mole of iodine, i.e. 1:1 ratio. The endpoint of the reaction 

is determined through a controlled current potentiometry with using two 

electrodes. Hence this method is commonly referred to in literature as the bi-

potentiometric method. The two mentioned electrodes are potentially working 

electrodes and an indicator electrode where the current is detained constant 

between them. Towards the end of the reaction, there are more I! than I2 hence a 

sudden voltage drop occurs due to the presence of remaining I2 in the anode 

solution. At this point the indicator electrode detects the voltage drop and the 

reaction ends. The interpretation of the results to determine the water content in 

the electrolyte sample is done through obtaining the amount of utilized charge to 

reach the endpoint and reproduce I2.  
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4.1.5 Conductivity analysis 

The conductivity of an electrolyte is usually determined through voltammetric 

experiments where the utilization of large quantities of electrolyte is not very 

economical, especially as temperature elevation must also be considered. 

In voltammetric experiments, the value of conductivity is usually determined by 

the ohmic drop measured upon a changing current [130]. The impedance method 

was used for determination of this resistance. Please refer to section 4.2.4 for 

more information on this technique. 

The value of conductivity was determined through     equation 4.8 where κ is the 

cell constant units and R is the resistance determined from the Nyquist plot. The 

cell constant itself can either be determined via     equation 4.9 or through the use 

of a calibration solution with a known conductivity. Prior to each IL conductivity 

runs, and impedance measurement was performed with the calibration solution to 

correct for the cell constant. 

𝜏 =
𝜅
𝑅 

    equation 4.8 

𝜅 =
𝐿

𝐴!"!#
 

    equation 4.9 

Where Aelec is the surface area of the active working electrode and L is the 

distance parting the two electrodes. 

 

 

4.2 Electrochemical characterization  

4.2.1 Two-electrode (2e) and three-electrode (3e) measurements   

Electrolytes in general account as a crucial component of any electrochemical 

system. Among all the physiochemical properties, the electrochemical stability 

window (ESW) is the most indispensible one as it defines the maximum potential 

range that the electrolyte remains inert towards electrolysis that is involves 

electronation and de-electronation processes. In other words ESW is the potential 

difference between the onset of oxidation and reduction reactions that occur at the 
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positively charged and negatively charged electrodes, respectively [104, 131]. 

Voltammetry experiments are generally used to determine the ESW for most 

electrolytes. See section 4.2.2 for background details on linear sweep 

voltammetry. This is usually done using a potentiostat where it regulates the 

potential difference between the working electrode (WE) and the reference 

electrode (RE) implemented by introduction of current in the system via an 

auxiliary electrode, commonly referred to as counter electrode (CE). When the 

potential difference is greater and beyond than that of the stability window, then 

the electrolyte decomposes [132] and is observed as a sharp increase in current. 

This is clearly demonstrated in Figure 4.5.  

 

 
Figure 4.5 Variation of potential at varying current. Adapted from [10] 

 

The main interactions are occurring at the working electrode. If the dominant 

interaction is oxidizing the electrode is anodic, or vice versa if it is reducing then 

the working electrode is cathodic. On the other hand the reference electrode has 

the important role of separating the oxidation and reduction processes. The 

reference electrode can be utilized into two arrangements of 2-electrode and 3-

electrode cells.  

Although the cyclic voltammetry method is fairly simple to perform for these type 

of measurements but various factors may influence the stability range of an 

This image has been removed due to the copyright 
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electrolyte, regardless of the selected system. Among these factors are the 

voltammetric parameters such as potential scan rate and the cut-off current as well 

as electrodes materials, impurities and cations/anions dimensions and nature [105, 

133].  

The selection of potential scan rate and the cut-off current values are fairly 

arbitrary and the selected limits must be determined through available literature.  

On the other hand, presence of impurities, such O2 and H2O, in the ILs is 

accounted as one of the major limitations in determination of the ESW value. This 

is largely due to the hygroscopic nature of these mediums. In other words 

presence of aforementioned elements causes different levels of dryness, which 

consequently results in an inconsistency of the reported literature values for a 

specific electrolyte [134]. For this reason, the ILs must be dried and kept in a 

nitrogen or argon filled atmosphere environment. 

As already stated the effect of ions dimensions and nature is also significant for 

ESW determination. In general pyrrolidinium, phosphonium and ammonium 

based cations results in wider stability windows compared to the imidazolium-

based cations [56, 135, 136]. However this is strongly reliant on the selected 

anion too. The [NTf2]- and [FAP]- anions are more resistant towards oxidation, 

imposing a wider range of ESW compared to [BF4]- and [PF6]- anions. Albeit 

individual properties of the cation and anion may seem desirable but those 

properties may no longer remain the same when serve as a conjugated IL 

molecule. Hence it is important to determine the ESW of the IL and not entirely 

rely on the information about individual species.  

The alkyl chain length and functionalized branching groups on the cation are also 

effect the ESW value. For instance when the alkyl chain length on the cation is 

extended, wider stability windows are detected. However this trend is reverse 

when for example a functionalized ether-linkage is added to the cation structure 

[137].  

Finally the last important factor influencing the ESW is materials at which the 

aforementioned electrodes are produced from. For instance the material of choice 

for WE is a wide range from tungsten to gold and glassy carbon [63]. Accordingly 

the choice must correlate with the actual electrode/electrolyte system of choice. 
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Since carbon is the main utilized element for constructing the electrodes therefore 

a glassy carbon WE was employed.  

 

 

4.2.2 Linear sweep voltammetry  

Linear sweep voltammetry is known as a fundamental method for studying the 

current potential dependence of a system where a quick screening procedure is 

utilized to pinpoint feasible system materials. The linear sweep voltammetry is 

also referred to as cyclic voltammetry when applied in repetitive manner.  

There are many applications recognized for this method. For instance kinetic 

investigations, such as pioneer studies on diffusion-controlled processes [138, 

139], are among the important ones. Kinetic information can be extracted via 

interpretation of the voltammogram. This is beyond the required application of 

this method, hence no further information is provided here. Please refer to [140] if 

more information is required. 

The linear sweep voltammetry is only used in this study to determine the limits of 

the decomposition potential, hence with the aid of literature study a bigger range 

potential is applied to accurately determine the decomposition potential of the 

electrolyte. 

Via this method the change in potential with time (dE/dt) is scanned with a 

constant scan (or sweep) rate from potential E1 to potential E2, known as the 

potential difference ΔE, and the response is recorded [10, 140]. This method was 

utilized for determination of both operating and ESW voltages. 

 

4.2.3 Galvanostatic cycling 

There are number of diverse techniques recognized to characterize the 

supercapacitors. For instance Galvanostatic cycling (GC) as large amplitude 

technique [141-145] and EIS as small amplitude technique [146-151] have been 

extensively utilized to do the job experimentally. On the other hand there has been 

some studies and developments on the computational simulations [152-155]. 



 65 

However the focus in this study is to characterize the capacitors via experimental 

route. Accordingly GC and EIS methods are discussed in greater details. 

The Galvanostatic cycling, also known as constant current cycling (CC), is a 

direct current (DC) measurement and describes the capacitance by monitoring the 

voltage response when various currents are applied.  

On a more general basis, the CC cycling is utilized to determine the discharge 

capacity and the cycle life of the system due to the simpler electrical control 

arrangement when compared to the other method.  As the name states CC cycling 

works by applying a constant current and monitoring the potential response (ΔE) 

that was developed across the system over a specific time (Δt), as illustrated in the 

following equations [10]: 

𝐶 =
𝛥𝑞
𝛥𝐸 

  equation 4.10  

And 

𝛥𝑞 = 𝐼.𝑑𝑡 

  equation 4.11  

Substituting Δq in equation of capacitance, gives: 

 

𝐶 = 𝐼.
𝑑𝑡
𝛥𝐸 = 𝐼

𝛥𝑡
𝛥𝐸 

  equation 4.12 

The potential difference increases linearly with time as more and more charge 

accumulates at the interface. Hence a linear profile that corresponds to ideal 

charging is attained. Though this condition only hold true for ideally polarizable 

electrodes where no rate limiting processes are occurring, i.e. current passes the 

charge across the interface with no interruptions caused by these processes. Since 

the chosen electrodes in this study, i.e. porous carbon, are not ideally polarizable 

in general then the potential difference usually deviates from the ideal profile, 

which is known to have a linear dependence on time. This is clearly illustrated in 

Figure 4.6. 
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Figure 4.6 CC charging for an ideally and non-ideally polarized electrode. 

Adapted from [10] 

 

Most EDLCs are 2-terminal system with potentially no reference electrode. Please 

refer to section 4.2.1 for more information. Hence an overall evaluation of the 2-

terminal system will be obtained by considering an individual terminal 

capacitance and multiplying it by two. Although in producing EC cells, electrodes 

with similar mass are selected but within this selection the electrode with lower 

active mass is usually chosen for the calculations to ensure exaggerations in 

presence of the active carbon mass is minimized. 

The value of equivalent series resistance (ESR) can also be determined from when 

the current direction is reversed from charge to discharge. Usually the current 

reversal point is associated with a potential drop (ΔEiR) at the beginning of the 

discharge profile. This potential drop is commonly referred to as the internal 

resistance (iR) and displayed in Figure 4.7.  

 

This image has been removed due to the copyright 
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Figure 4.7 a) configuration of an EDLC and b) potential profile across the same 

EDLC on discharge. Adapted from [10] 
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The Galvanostatic profile of above schematic is represented as follow:  

 
Figure 4.8 observed iR drop on the discharge profile of a Galvanostatic cycling 

procedure. Adapted from [32] 

 
Accordingly above values can be utilized to calculate the ESR using the Ohm’s 

law:  

𝐸𝑆𝑅 =
𝛥𝐸!"
𝐼  

  equation 4.13 

  

It is worth mentioning that the rate of the charge and discharge is fairly important 

and is influential on the amount of stored energy. For instance, at lower 

charge/discharge rates, more energy is stored and vice-versa at higher rates less 

energy is stored. Hence it is essential to perform the GC measurements at varying 

discharge rates. 
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The ESR of an EC can be measured using the voltage response to Galvanostatic 

cycling.  The drop in voltage measured on the reversal of the current direction from 

charge to discharge is referred to as the iR drop, indicated in Figure 3.18, and can be 

used  to  calculate  the  ESR  according  to  Ohm’s  law,  represented  by  Eq. 3.56, where 

the equivalent series resistance is denoted by RESR, the iR drop by ViR, and the 

current by I. 

 𝑅 =
∆𝑉
𝐼

 Eq. 3.56 

 

The amount of energy that can be stored at different rates of charge/ discharge has 

been found to vary significantly depending on the rate used, with the highest values 

of specific capacitance being obtained at the lowest rates of charge (or current 

density).  It is therefore important that the rates used in the determination of 

capacitive performance reflect the operating conditions in a practical device. 

Changes in capacitance with repeated cycling are usually investigated using 

Galvanostatic charge/ discharge cycling over many thousands of cycles, as the 

stability of capacitive behaviour determines the lifetime of the device.  Where 

pseudocapacitance contributes significantly to the specific capacitance of carbon 

electrodes, an appreciable fade in capacitance with repeated cycling is usually 

observed. 
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Figure 3.18:  Variation of potential with time for Galvanostatic charge/ discharge 
process exhibiting iR drop 
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4.2.4 Electrochemical impedance spectroscopy [EIS] [10, 102]  

Ohm’s Law describes the resistance as a constant measure where it creates 

opposition to the passage of current when voltage is applied, denoted as R=V/I. 

This relation can solely be applied to ‘ideal resistors’, which 1) assumes an in 

phase flow of current and voltage in the resistor, 2) neglects the effect of 

frequency on resistance and 3) follows the Ohm’s Law at all circumstances 

regardless of the current and voltage levels. 

However for real circuit elements the story is different and a more complex 

behaviour is anticipated. This behaviour is described by electrochemical 

impedance spectroscopy (EIS) where there are conceptual similarities to 

resistance but with a broader range of applicability to circuit elements and no 

simplifying factors.  

 Unlike Galvanostatic cycling, EIS is an alternating current (AC) technique and is 

used to characterize the capacitive and resistive behaviour of the produced EDLC 

cells.  

This is done by applying an AC potential and monitoring the current response 

where resistances are become isolated as a function of frequency.   

Analogous to Ohm’s Law, the impedance is also represented as a fraction of 

potential and current for a given frequency, equation 2.14 

 

𝑍 𝜔 =
𝐸(𝑡)
𝐼(𝑡)  

  equation 4.14 

             

In a purely sinusoidal potential, E(t) is the time variant potential show equation 

2.15 and I(t) is the current response that is lagged by phase angle , 𝜙, is expressed 

by   equation 4.16. 

 

𝐸 𝑡 = 𝐸! sin(𝜔𝑡) 
  equation 4.15 

 
𝐼 𝑡 = 𝐼! sin(𝜔𝑡 + 𝜙) 

  equation 4.16 
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Where ω is the angular frequency calculated by 2πƒ. If the potential and response 

current is considered as a rotating vector, as shown in Figure 4.9, then its length is 

the amplitude E and ω	   is	   the	   frequency	   of	   rotation.	   The	   frequency	   of	   the	  

potential	   and	  current	   response	   is	  usually	   the	   same,	  however	   this	   is	  not	   the	  

case	  for	  the	  resistance.	  In	  fact	  other	  resistances	  than	  ohmic	  may	  influence	  the	  

shape	  by	  imposing	  a	  certain	  phase	  angle	  and	  causing	  the	  response	  to	  be	  out	  

of	  phase.	  	  	   

 
Figure 4.9: Rotating vector diagram for an alternating voltage signal and 

alternating current response. Adopted from [102] 

 

Hence the observed potential and alternating current at any time can be considered 

as the component of rotating vector diagram.  

It is worth discussing that the impedance may contain capacitive elements, 

inductive elements or even ohmic resistances. These elements and their respective 

dependence on frequency are shown in the following table: 

 

         Table 4.1 Various elements of equivalent circuits. Adapted from [10] 

 Current vs. potential Z’= 

Resistor R (ZR) E = IR R 

Capacitor C (ZC) I = C dE/dt ∞ 

Inductor L (ZL) E = L di/dt - 

This image has been removed due to the copyright 
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As shown on the above table, the current response for a ‘capacitor’ is determined 

by multiplication of the capacitance by the derivative of the excitation potential 

signal. The time variant potential, expressed in   equation 4.15, could also be 

expressed in the following form for the same circuit element: 

 

𝐸 𝑡 = 𝐸! cos(𝜔𝑡 + 𝜙) 

  equation 4.17 

  

The substitution of derivative of the rearranged expression of time variant 

potential in the current response equation of the capacitors, gives:  

 

𝐼 𝑡 = 𝐶[−𝜔𝐸! sin(𝜔𝑡 + 𝜙)] 

  equation 4.18 

  

This expression can also be expressed in the following form: 

 

𝐼 𝑡 = 𝐶[𝜔𝐸! cos(𝜔𝑡 + 𝜙 + 𝜋 2)] 

  equation 4.19 

  

As stated earlier, the excitation potential and the alternating current response 

could be expressed in terms of the rotating vector diagram. By using the given 

information and Euler’s mathematical relationship of the base of the natural 

logarithm, i.e. exponential function,   equation 4.17 and   equation 4.19 can be 

simplified to the following equations respectively. Note that j is √-1. 

 

𝐸 = 𝐸!𝑒!" 

  equation 4.20 

  

𝐼 = 𝐶𝜔𝐸!𝑒!(!!
!
!) = 𝐶𝜔𝐸!(𝑒!" . 𝑒!

!
!) = 𝐶𝜔𝑗𝐸!𝑒!" 

  equation 4.21 
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The current response is simplified even further by equalizing the (ejπ/2) function to 

j as –π/2 is defined as the phase shift between the potential and current in an ideal 

capacitor. This part is commonly referred to as the imaginary component. 

According to   equation 4.14 the impedance for capacitors is derived and 

expressed in   equation 4.22. 

 

𝑍! =
𝐸!𝑒!"

𝐶𝜔𝑗𝐸!𝑒!"
=   

1
𝐶𝜔𝑗 =

−𝑗
𝐶𝜔 

  equation 4.22 

 
In theory, by utilizing the EIS method for capacitance measurements, the pseudo 

capacitance of the electrode is distinguished from the double layer capacitance 

over a specified range of frequencies [10]. Accordingly direct information about 

the resistances and device performance could be extracted from this measurement. 

The ZC expression is representable on the Nyquist plot and the determined 

capacitance here is known as the equivalent series capacitance (CESC), which is 

usually frequency dependent [156]. This means that CESC would no longer see the 

system as an isolated DBL capacitor hence the equation of capacitance, i.e. 

dependence on surface area, as defined in section 2.1 is not equal to the CESC: 

 

𝐶!"# ≠
𝑒!𝑒!𝐴
𝑑  

  equation 4.23 

 
In fact the CESC follows the system response as a whole accordingly determination 

of capacitance via both methods is important. The determination of the cell 

capacitance via impedance at the lowest frequency, Zim, is done through the 

following equation: 

 

𝐶 =
1

2𝜋𝜔𝑍!"
 

  equation 4.24  
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To characterize supercapacitors via EIS, an equivalent circuit is required to 

interpret the data. However, in spite of extensive efforts in this field no single 

circuit model has been established to mimic and rationalize the entire system 

behaviour as a whole [156].  

The classical interpretation of the response is based on the transmission line 

model where the structure of the porous medium is assumed to be cylindrical in 

shape [157, 158]. In this model, the charge enters the electrode pores 

progressively [10, 159] and the pore structure itself is described by a series of RC 

circuit components that are connected in parallel and are present along the length 

of the pore as shown below.  

 
Figure 4.10 The transmission line model of a carbon pore. Adapted from [156] 

 

The resistor in this model represent the electrolyte diffusion into the electrode 

pore and the capacitor accounts for local charge storage through electrolyte’s 

polarization at the pore surface. 

However the transmission line model only works for porous materials that are 

identical and uniform in structure. Accordingly modifications to the circuit model 

are necessary as the selected carbon material for this study is produced via 

pyrolysis at high temperature, i.e. wide pore size distribution and irregular particle 

sizes. Additionally utilization of ionic liquids as electrolytes imposes extra 

complexity into the system due to the purely ionic nature of these materials. 

Considering above limitations, the proposed circuit for the utilized system is 

shown in Figure 4.11:  

point, consider a randomly configured electrical network hav-
ing a real physical capacitor embedded somewhere inside it.
An explicit formula for the capacitance of this capacitor is
given by Gauss’s law, which states that the stored charge Q is
equal to the integral of the normal component of the local

electric field E
!

(a vector) over the area A
!

, multiplied by the
local absolute permittivity ! .

Q ! ∮!E!⋅d A! "1#

Accordingly, the ratio Q /V =C real is the real capacitance of
interest, which for a parallel plate capacitor of thickness d
takes the form

Creal !
!A
d

! !r!0A
d

"2#

where !0 is the absolute permittivity of the vacuum and ! r is
the local relative permittivity (dielectric constant) of the me-
dium inside the capacitor.

However, only an electrochemical equivalent circuit could
possibly identify C real. An engineering equivalent circuit
would fail to do so because its “equivalent series capacitance”
is a fictional capacitance whose sole purpose is to mimic the
amplitude and phase response of the total system. Thus, the
equivalent series capacitance has no simple physical correla-
tive. Indeed, for the equivalent series circuit shown in Fig. 1, it
is given by the equation

CESC "" # ! 1
j" Im Z "" #

"3#

where j is the square root of minus one, " is the angular
frequency, and Im Z (" ) is the imaginary component of the
complex impedance of the total system. Note that, unlike the
real physical capacitance, the equivalent series capacitance
derived from this formula may be (usually is) frequency
dependent. This unphysical result arises because the equiva-
lent series capacitance is compelled to follow the response of
the system as a whole (Eq. 3), not just the response of the
isolated capacitor (Eq. 2). Consequently,

CESC "" #≠ !A
d

"4#

As a result of these considerations, literature plots of ca-
pacitance versus “surface area” are meaningless unless the
authors have defined exactly what they mean by capacitance
and preferably demonstrated that this same capacitance is not
frequency dependent.

It is clear from the above discussion that two different
approaches to equivalent circuits are in common use, and these
generate two different values of capacitance for the same real

system. On one hand, there is a two-component (“engineering”)
equivalent circuit which generates a frequency-dependent
equivalent series capacitance whose properties may some-
times violate common sense. On the other hand, there is a
multiple-component (“electrochemical”) equivalent circuit
which generates a frequency-independent real capacitance
(C real) whose properties are well behaved. It is a matter of
regret that, in the scientific literature, these approaches are not
always clearly distinguished. A particularly egregious example
is the capacitance derived by measuring the baseline hysteresis
of voltammograms, which is nearly always an equivalent series
capacitance, even though this fact is rarely (if ever) mentioned
to the reader. A similar caveat applies to the case of capacitance
measurements obtained by bridge methods; these typically
generate values of equivalent series capacitance rather than real
physical capacitance.

Electrochemical equivalent circuit of carbon-based
supercapacitors

The most obvious method of increasing the real capacitance of
carbon electrodes is to increase their internal surface area.
However, increasing the internal surface area of any porous
solid at fixed volume can be achieved only by decreasing the
average diameter of its pores, which necessarily causes an
increase in pore resistance. Therefore, when designing a
supercapacitor, an important consideration is the trade-off be-
tween the total capacitance of the device and the resistance of
individual pores.

The modelling of porous solids, in the case of an interface
that is blocking to charge transfer, has reached a high level of
sophistication [96–101]. The standard model is an array of
identical pores arranged in parallel. Each pore, assumed uni-
form, is then represented by a set of repeated two-port com-
ponents as shown in Fig. 2. For historical reasons, such an
arrangement is called an “RC transmission line”. It can be
seen that every current pathway through the transmission line
passes through a capacitor, so that the impedance approaches
infinity at low frequency. This is what we would expect for an

Fig. 2 The RC transmission linemodel of a single pore. The resistors and
capacitors all have the same values, so that the entire transmission line
consists of a large number of small repeating sections

J Solid State Electrochem (2014) 18:1377–1387 1379
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Figure 4.11 the equivalent circuit for the employed porous system 

 
This circuit is commonly known as the Randle’s circuit and is used to describe the 

impedance behaviour of an EDLC system [10, 33, 146, 160, 161]. In this model 

there are variety of components; capacitor (Cdl), ionic resistance (RI), solution 

resistance (RS) and Warburg (W) resistance. Every single component in this 

arrangement represents and simulates a unique behaviour of an EDLC cell.  

The development of the Randle’s circuit from a single capacitor circuit, i.e. an 

ideal capacitor, followed by the introduction of other involved resistances along 

with the graphical representation of impedance response on the complex plane of 

Nyquist plots is expressed in the following figure. 
87 

 

 

Figure 3.12 – Transmission Line Circuit Model 

 

 

 

Figure 3.13(a) – Equivalent circuit for EDLC with porous carbon electrodes 

 

Distribution of 
capacitance and 
resistance down the 
pore 
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The plots presented in Figure 4.12 are adopted from [32] and briefly edited. The 

Nyquist plot for a capacitor, shown in Figure 4.12 a), exhibits a pure imaginary 

component at all frequencies hence the plot is a single vertical line lies on the 

imaginary axis with zero real impedance. This vertical line shifts along the x-axis, 

as shown in Figure 4.12 b), when a resistor is introduced in series with the ideal 

capacitor.  This frequency response now contains real component as well as an 

imaginary one and is induced by the electrolyte. Hence this resistance is 

commonly referred to as the solution resistance (RS) and its value is determined 

a)   b)   c)  
 
 

d)   e)  

Figure 4.12 An equivalent circuit and Nyquist plot for a) an ideal capacitor, b) a 
solution resistor and a capacitor in series, c) circuit represented in b with addition 
of leakage resistance in parallel, d) a porous medium with electrolyte in the pores 
and e) Randle's circuit for porous electrode systems 
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through the response intercept with the real impedance axis. The representation of 

the leakage resistance on the described circuit in Figure 4.12 b) is done through 

the addition of an extra resistor in parallel to the capacitor. If the value of the 

leakage resistance is high, then a frequency response similar to Figure 4.12 b) is 

expected, otherwise the generated response is semicircle in shape with both real 

and imaginary components as shown in Figure 6.12 c). The highest attainable real 

impedance occurs at the x-axis where the imaginary component is approaching 

zero. The resistance at this point is comprised of the summation of two 

resistances; RS and ionic or polarization resistance (RI) that is described as the 

diameter of the semicircle. As the frequency is increasing, another resistance 

component can be determined. This resistance is in fact the real component of the 

impedance measured at 1kHz and commonly identified as the equivalent series 

resistance (ESR) where it is important for improvements on the system design and 

optimization of the power density [10]. The measurement at 1kHz frequency is 

particularly advantageous as the frame reference for some instruments can only 

measure the impedance at this frequency. Hence performance at this frequency 

not only eases the comparison with available literature values but it also creates a 

platform for fast analysis at conditions where the attention is to screen the 

resistances trend with varying the potential. The generated impedance response in 

Figure 4.12 d) belongs to the porous electrode with electrolyte in the pores that is 

potentially modelled by the transmission line circuit [10, 158]. This circuit model 

arrangement creates a -45° phase angle incline at lower frequency range which is 

shown by a Warburg element. The Warburg element is denoted as (W) on the 

circuit and is usually used to model diffusion related behaviours. The Warburg 

element itself contains two components of diffusion related capacitance and 

resistance [10] where both are dependent to √ω. Hence the Warburg element 

could potentially replace the transmission line circuit components, i.e. a series of 

parallel-arranged RC circuits. By doing so, the overall model circuit is over-

simplified. This makes the model more practical and robust for many users with 

broader application. Randle’s circuit, shown in Figure 4.12 e), provides an overall 

demonstration of the impedance response of an ideal EDLC system. In this 

representation a semicircle at high frequency is obtained and followed by an 
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incline at 45° angle as described and a vertical line in the imaginary axis direction 

at the low frequency region. As stated, the vertical response corresponds to ideal 

EDLC system where the electrodes are ideally polarizable. It is worth highlighting 

that most electrodes, including the produced electrodes for this study, are not 

ideally polarizable and contain porosity and some degrees of additives or 

impurities depending on the carbon production routes. Accordingly in EDLCs 

incorporating porous electrodes, the response at the low frequency region deviates 

away from ideal case scenarios. 

In the course of this work, the Randle’s circuit was used to fit the impedance data 

and ascertain characteristics. 
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5 Experimental 

5.1 Activated carbon preparation 
The activated Xerogel carbons are produced via two main steps of carbonization 

of produced aerogel and activation of the carbonized products at elevated 

temperatures. In this chapter, a description of the gel synthesis along with the 

detailed reaction mechanism is provided. Also there are several well-known 

factors recognized to influence the gel properties and the characteristics of the 

post-activation carbons. Among these factors the type of the precursors, nature of 

the activating agent and processing conditions are important and will be discussed 

in this chapter.  

 

5.1.1 Resorcinol-Formaldehyde gel synthesis 

A large portion of the literature study on activated carbons is based on the 

polycondensation of the aqueous solution of resorcinol (R) with formaldehyde (F) 

in presence of an alkaline catalyst (C) [37, 41, 42, 162]. Also, there are reports on 

divergent products of the aforementioned precursors, which undergo a fairly 

similar reaction mechanism [163-167]. However the core utilized components 

reported in literature is based on the synthesis of the RF gels with no branching. 

Hence to make pore characteristic comparisons with readily available literature, 

the precursors with no branching are selected for this study.  

In order to produce the RF hydrogel, 0.1 mole of resorcinol [C6H4(OH)2, supplied 

from Sigma-Aldrich at 99% purity], which is equivalent to 11 g, and the desired 

mass of sodium carbonate anhydrous [Na2CO3, supplied from Sigma-Aldrich at 

>=99.5% purity] were dissolved in 110 cm3 of deionized water (W) under 

constant stirring at room temperature. Once the resorcinol completely dissolved, 

0.2 mole of formaldehyde [HCHO, supplied from Sigma-Aldrich at 37% 

solution], which is equivalent to the mass of 16.2 g, were added to the solution 

under stirring. The stirring carried on until a homogenous solution was obtained. 

The solution was then sealed to avoid solvent evaporation and kept at 85°C for a 

period of 72 hours. At this point, it was found that the solution turned into dark 

reddish solid from a colourless solution. The produced hydrogel was then 
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removed from the oven and cooled at room temperature. It was observed that the 

hydrogel was saturated with water hence a solvent exchange procedure was 

performed with approximately 200 cm3 of acetone [C3H6O, supplied from Fluka at 

99% purity] for 72 hours on an orbital shaker at 25°C. The reason for choosing 

acetone as the solution for solvent exchange is that it contains lower surface 

tension in comparison to water, and hence reduces pore shrinkage. 

 

It is worth mentioning that, polycondensation of (R) and (F) occurs at the molar 

ratio of 1:2, i.e. R/F = 0.5. This ratio kept constant for all produced carbons to 

ensure the same mass of precursors is reacting for all aerogels. The ratio of 0.5 is 

precisely fit within the reported optimum range of 0.34 < x < 0.7 [168]. Beyond 

these limits two scenarios occur: either the mesopore structure breaks down or 

there is not enough formaldehyde in the solution to proceed with the reaction and 

form proper cross-linked clusters. 

Similarly the ratio of resorcinol to deionized water was also kept constant at 0.1 

g/cm3, i.e. R/W = 0.1, to again guarantee the same volume of solute for all RF 

hydrogels. The selected ratio for R/W is again in the range with the optimum 

literature value of 0.05 < x < 0.5 [168]. If RW ratio is less 0.05 the gel structure 

may not fully develop and vice-versa if the ratio is greater than 0.5 the final 

product may be a polymer suspension in solution. Hence an accurate selection of 

R/F and R/W was done with extra care and attention as they can influence the gel 

structure hindering porosities. 

 

To summarize, by utilizing the above formulation and consideration, four 

activated carbons were produced where the R/C ratio is only varying at 200, 250, 

300 and 350 ratios. R/F and R/W ratios were kept the same for all carbons 

meaning the amount of catalyst is the only variant, at the stated ratios, with 

respect to the resorcinol quantity.   
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5.1.2 Reaction mechanism 

Upon dissolving the resorcinol in deionized water, the hydroxyl bond on the 

resorcinol ring becomes positively charged. This is typically achieved using 

sodium carbonate catalyst where it promotes electron donation and forms 

resorcinol anions [169]. At the beginning of this process, although both charged 

and uncharged resorcinol species are present but their presence proportion is 

largely in favour of the uncharged species, i.e. about 98%. In spite of the huge 

disparity between the species proportions, the resorcinol anions are extremely 

reactive towards formaldehyde compound. With the addition reaction of 1 mole of 

electron deficient (R) with 2 moles of (F), hydroxymethyl (−CH2OH) derivatives 

of (R) are produced which are catalysed by H+ ions that were removed from the 

present hydroxyl bond in the addition reaction. In fact presence of H+ ions help to 

eliminate the −OH bond that is attached to hydroxymethyl derivatives and form a 

benzyl type cation [169]. Moreover other compounds such as methylene (−CH2−) 

and methylene ether (−CH2OCH2−) are produced through condensation 

polymerization of the formed product of the addition reaction [169]. This is 

clearly illustrated in Figure 5.1.  
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Figure 5.1 The reaction mechanism for sol-gel polymerization. Adapted from 

[170] 

The methylene and methylene ether compounds are commonly known as the 

bridge compounds. As the name states, they either connect/bridge the benzyl-type 

cations together or with another benzene ring to form 3D cross-linked clusters 

through a sequence of electrophilic reactions [169]. 

The total pore volume and surface area of the aerogel carbon depends upon the pH 

at which polymerization takes place. At the polymerization stage, the value of pH 

itself is depends upon the catalyst amount. 

As described earlier the addition reaction is catalysed by a basic solution of 

sodium carbonate where the condensation polymerization is catalysed by H+ ions, 

which are acidic. The combination of the two entities together results in creation 

of various pH values, which influence the pore characteristics. Precipitation or a 

halt in condensation may occur if the pH is too small or too large, respectively. 

Hence an optimum PH window of 6.5 < x < 7.5 is defined to promote reactions 
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without any interference. In fact the value of PH is dictated by the amount of the 

consumed basic and acidic catalysts in the addition reaction and the condensation 

polymerization, respectively. Utilization of these catalysts creates a PH window 

that is directly influenced by the ratio between the resorcinol and the sodium 

carbonate, i.e. R/C ratio.  

Hence the R/C is known to be the most structural-defining influence of the gel 

network and is selected as the only varying factor for producing our Xerogels. 

 

5.1.3 Carbonization of aerogels 

As described in chapter 2.4.1, it is important and necessary to perform the 

activation step in order to remove residual valences at the surface and introduce 

porosity in the structure [10, 17]. Due to the nature of the produced Xerogel, 

physical activation is selected for this study. The physical activation itself is 

involved with the carbonization of the aerogels followed by the gasification of the 

carbonized product with an oxidizing gas, such as CO2, at several varying 

temperatures.  

In order to produce Xerogel carbons, all produced aerogels were dried at 80°C in 

a vacuum oven and then pulverized using a bench top high-energy Spex 

SamplePrep 8000M ball-mill at small batches of 5 g. Tungsten carbide vessel and 

balls were used as non-reacting materials to mill the aerogel. According to a study 

performed by Sillars [74], 5 minutes milling is proved to be a sufficient duration 

for this process as further milling causes significant expansion in the surface area 

and creation of finer and narrower range of particle sizes that could have a 

detrimental effect on the cell performance when utilized in an EDLC arrangement 

in combination with IL electrolytes.  

The milled gel was then accurately weighed and transferred onto a ceramic 

crucible. The carbon-containing crucible was then placed in the centre of a 

Carbolite tubular furnace and sealed from both sides. In order to reduce the 

chances of combustion the carbonization must be carried in an inert atmosphere. 

For this reason an argon gas is utilized to enter the tube furnace from one end, 

flow over the crucible sample and leave the tube from the opposite side. A gas 

flow rate of 300 ml min-1 was selected and the tube was purged for 30 minutes 
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prior to carbonization. For carbonizing the samples, a heating profile similar to 

[37, 171, 172] Schedule’s was used as mapped in Figure 5.2.   

 
Figure 5.2 Carbonization temperature profile 

 

In this schedule, 3 heating steps are involved. The sample was first heated to 

150°C at 5°C min-1 increment followed by a hold period of 30 minutes. 

Afterwards, another heating step is applied to 450°C at the same heating rate 

followed by another 30 minutes hold period. At the final step, temperature 

increased to 850°C at the rate of 10°C min-1 and maintained for 120 minutes. The 

maximum carbonization temperature of 850°C allows for complete elimination of 

volatiles from the aerogel as well as ensuring a maximum surface area at the same 

time [41, 74, 169, 173, 174]. Once the hold period of the final stage was 

completed, the flow rate of argon was reduced to 50 ml min-1 to allow for slow 

cooling to room temperature. 

It is worth mentioning that through the carbonization process gaseous species 

contains oxygen and hydrogen are removed from the carbons.  After removal, the 

remaining carbons arrange themselves into sheets of irregular aromatic shaped 

molecules that are condensed in size and present a partial planar structure. 

Although the presence of the irregular aromatic ring system causes the 

introduction of pores into the structure but the vacant pores may become blocked 



 84 

by other disorganized carbon or the decomposition products such as tarry 

materials [175]. Hence carbons with high porosity cannot be fabricated via 

carbonization route only. Accordingly another heating procedure known as the 

activation step comes into action to enhance the pore structure further. 

 

5.1.4 Activation of the carbonized products 

Once the crucible sample was cooled to room temperature, it was removed from 

the furnace and the content was weighed accurately. Afterward, the carbonized 

material was placed back into the crucible and to the furnace to activate. Both Ar 

and CO2 gas were utilized as the heating and oxidizing gases respectively to 

enhance the pore structure and introduce further porosity. Also it is evident that 

the activation process affects the pore dimension, hence pores with different 

shapes and sizes are produced through this step [176]. A heating schedule similar 

to that used in previous investigations have been utilized [37, 171, 172] 

The following heating schedule is used for the activation procedure: 

 

 
Figure 5.3 Activation temperature profile 

 

Similar to carbonization, the sample kept under flow of argon for 30 minutes prior 

to the heating procedure. In this schedule however the heating procedure carried 

at a single step to 850°C at 10°C min-1 increments. Argon gas at 300 ml min-1 was 
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selected for the heating. Once the temperature reached 850°C, the flow of argon 

replaced with CO2. A hold period of 60 minutes at 850°C under flow of CO2 was 

then applied which followed by a constant cooling to the room temperature under 

flow of argon gas at the rate of 50 ml min-1. 

It is highly important to apply the same treatment procedures while carbonizing 

and activating small batches of samples as slightest variation in process conditions 

and parameters, such as temperature, hold periods, gas flow rate, etc., may 

influence the surface area and the pore characteristics of the produced Xerogels 

[35]. Thus, as described in 2.4.1, controlling these parameters opens an 

opportunity of obtaining carbon materials with a widespread range of porosities 

suitable for a desired application. 

Once all small batches of each Xerogel carbon type were produced, they were the 

well mixed in separate containers, according to their R/C ratios, to ensure a 

uniform pore distributions in all produced carbon electrodes.  

 

5.1.5 Xerogel carbon characterization 

5.1.5.1 Nitrogen adsorption/desorption 

A Micromeritics TriStar II 3020 instrument was used to characterize the produced 

activated carbons in terms of the surface area, pore volume and pore width. 

In order to do this the previously vacuum dried samples were degassed for 10 hrs 

at 200°C prior to measurements. This step is crucial to the activated carbons as it 

removes even the traces of volatiles from the structure and ensures the carbon 

sample is relatively dry. The degassed samples were then transferred to the main 

chamber and the surface area along with other pore characteristics were generated 

automatically through utilization of the nitrogen adsorption and desorption 

isotherms at -196°C.	  	  
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5.2 Ionic liquid preparations 
As described in sections 2.5.3 and 2.6, the cation constituent of an IL can be 

altered through the alkyl chain length and addition of functional groups in order to 

vary the stability window, viscosity, conductivity, etc. This statement is tested 

here through the use of 9 different ionic liquids with Pyrrolidinium, Sulfonium, 

Ammonium and Phosphonium based cation species. These cations were used in 

conjugation with a sole anion that kept the same for all cation types. A clear 

description of the utilized methods to characterize these ILs is given further on in 

this section. 

All utilized ILs, with the exception of Phosphonium based ILs, are commercially 

available and were supplied from Io-Li-Tec Ltd. The Phosphonium based ILs 

were synthesized separately at a collaborating group in Universidad de São Paulo 

and transported here. Preliminary studies on this type of electrolytes are reported 

and published as a joint work between the same partner university and our group 

[177]. However a commercially available carbon was utilized to study the 

performance of the produced cells. Depending on the supplier, commercial 

carbons are usually containing some degrees of impurities or irregularity in the 

pore characteristics hindering the optimal performance. Hence all selected 

electrolytes in this study were tested with every developed activated carbon types 

creating various combinations. Figure 5.4 signifies the structural differentiation of 

the utilized cation species with a sole anionic component. Although there are 

various inorganic anions at available and highest conductivities are attained 

through conjugation of cations with the smallest anions e.g. BF4 but small anions 

are less stable and decompose in lower potentials in comparison to the cations. 

Hence there is a trade-off between the stability, dimension and conductivity.  

A bis(trifluoromethanesulfonyl)imide [Tf2N]- anion is selected for use in this 

study. This selection is mainly made due to the fact that this anion is repeatedly 

found in ILs with reasonably good transport and electronic properties as well as 

displaying wide electrochemical stability windows. Provision of the these 

properties is mainly caused by the presence of a partially delocalized charge on 

the [Tf2N]- anion that weakly interacts with cation species and instigates 

flexibility in the structure [113]. 
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a) [Pyr13] cation    b) [Pyr14] cation 

                            
 
c) [S221] cation    d) [S222] cation 

              
e) [N1114] cation    f) [N2224] cation 
 

             
 
g) [N122(2O1)] cation   h) [P2225] cation 
 

   
 
i) [P222(2O1)] cation    j) [NTf2] anion 

Figure 5.4 Schematic representation of the utilized IL constituents, a) 1-methyl-1-
propylpyrrolidinium [Pyr13], b) 1-butyl-1-methylpyrrolidinium [Pyr14], c) diethylmethyl-
sulfonium [S221], d) triethylsulfonium [S222], e) butyltrimethylammonium [N1114], f) 
butyltriethylammonium [N2224], g) N,N-diethyl-N-methyl-N(2methoxyethyl)-ammonium 
[N122(2O1)], h) pentyltriethylphosphonium [P2225], i) (2methoxyethyl)triethylphosphonium 
[P222(2O1)] and j) bis(trifluoromethane)sulfonimide [NTf2] anion 
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As illustrated from above, the Pyrrolidinium based cations are differing from the 

other cation types as they contain a 5-membered saturated ring structure whereas 

the rest contain a linear structure with/without ether linkage inclusion.  

The Pyrrolidinium based cations comprising of four carbons and a nitrogen atom 

on their ring. The only factor demarcating the selected Pyrrolidinium based ILs is 

the presence of an additional CH2 group in the alkyl chain that is attached to the 

nitrogen molecule. 

The next group of ILs is sulfonium based and as the name states these ILs 

comprised of a positively charged sulfonium central atom. Two ILs are selected 

for this category that both are containing alkyl side branching which similar to the 

pyrrolidinium ILs are differing by absence of a CH2 group in [S221] cation. 

Similar to Pyrrolidinium ILs, the ammonium based ILs are also containing 

nitrogen in the structure but in a linear arrangement with 7, 10 and 8 carbons for 

[N1114], [N2224] and [N122(2O1)] respectively. The [N122(2O1)] cation contains an ether 

linkage which is incorporated in the structure to investigate its influence on the 

physiochemical properties of the IL and the overall performance of the cell in 

comparison to [N1114] and [N2224]. 

The same approach was applied on the Phosphonium based ILs where an ether 

linkage is merged in the structure to create [P222(2O1)] IL. 

All the above cations were combined with a [Tf2N] anion separately to create nine 

different ionic liquids with the same anionic component.  

   

5.2.1 IL characterization 

In this section a clear and step-by-step description of the utilized methods to 

characterize the physiochemical properties of the ILs will be given.  

Samples were dried at 80°C prior to each measurements hence contained very low 

moisture content, <7 ppm.  

All measurements were performed at replicates of two. 

5.2.1.1 Karl-Fischer titration 

For water content measurements, 0.3 ml of the dry IL was accurately weighed and 

injected through a seal rubber into the stirring solution of a KF instrument. The 
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weigh of the sample was then inserted and the water content in the sample is 

automatically calculated. This is done according to     equation 4.6 and     equation 

4.7 where H2O and I2 are consumed when the reaction is complete. By knowing 

the total mass of the sample and consumed I2, the amount of moisture in the 

sample is generated automatically. 

 

5.2.1.2 Conductivity measurements  

A pair of platinum electrodes and a clear acrylic cell were used for the purpose of 

the cell assembly in a way that the electrodes are secured with the PTFE tape at 

either end of the acrylic cell. The liquid of choice is placed in between the two 

electrodes and must be airtight and free of any bubbles. 

Once the cell is prepared, it was then transferred to a temperature controller 

chamber connected to a Maccor potentiostat instrument in order to implement the 

impedance measurements. Temperatures of 4.7, 12.5, 20.5, 25.0, 30.5, 40.0, 49.5, 

60.0 and 25.0°C were utilized to carry the measurements. Prior to the impedance 

measurement for each temperature, an hour of rest step was applied in order to 

attain the desired temperature.  

It is worth mentioning that since acrylic is sensitive to high temperatures and the 

cell constant may vary at higher temperatures, no further temperature ascent 

beyond 60°C was implemented. 

According to the same reason, prior to each IL conductivity runs, the acrylic cell 

was calibrated with 0.01M solution of KCl at the conductivity of 1413 µS cm-1. 

The cell constant, which is given by the length between two platinum electrodes 

divided by the surface area, was calculated by considering the conductivity of the 

calibrating solution and the intercept of the impedance plot with the axis. The 

calculated constant cell value from calibrating solution was then applied on the 

same equation but this time for IL conductivity calculations.  

Note: Since above arrangement is used to measure the conductivity of ILs, the 

electrodes and the cell must be free from any contaminations and moisture 

contents. Hence extensive cleansing and vacuum drying steps are carried to ensure 

elimination of the unwanted effects. For instance after each use the acrylic cell 

and electrodes were washed firstly with soapy water and acetone respectively, 
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followed by water and ethanol cleansing on the same order. Finally the electrodes 

and the cell were washed with deionized water and another ethanol cleansing 

correspondingly. After each of these cleansing steps the relevant compartment 

was positioned in a vessel containing the fresh cleansing solution particular to that 

step and placed in an ultrasonic bath for a duration of 15 minutes at 25°C. Or 

similarly for drying the compartments, a 5 minutes vacuuming at 80°C was 

followed by an overnight vacuuming at 25°C. 

 

5.2.1.3 Rheology  

The dynamic viscosity and density analyses for all ILs were performed at 

Universidad de São Paulo on a bench top SVM 3000 Anton-Paar viscometer. The 

same temperature range as of ionic conductivity was selected up to 60°C, i.e. 4.7, 

12.5, 20.5, 25.0, 30.5, 40.0, 49.5, 60.0, 65.6, 71.8, 80.0, 90.0°C, in order to make 

comparison easier. The relative and absolute uncertainty for dynamic viscosity 

and density is ±1% and ±5E-4 g cm-3.  

 

5.2.1.4 Differential Scanning Calorimetry  

For the purpose of cell preparation, a weight of 10 -15 mg of the liquid was 

precisely measured and placed in the centre of the 40μL Aluminium crucible. A 

pierced Aluminium lid was placed over the crucible, crimped and transferred to 

the DSC instrument. The punching helps to vent off any volatiles from the 

samples and also ensures good contact to the DSC atmosphere for the purpose of 

the heat transfer or removal. Once the sample cell was prepared, it was then 

transferred to the other side of the instrument’s stage and a rate of 10 °C/min was 

selected for heating and cooling. 

A recommended rate of 50 mL/min of Nitrogen gas was utilized as the purged gas 

for the standard measuring atmosphere. Although Helium and Air could also be 

employed as purges gases but the main reason for this selection is that the 

Nitrogen gas remains inert up to the temperature of 600°C.  

The selection of heating and cooling profile is arbitrary and entirely dependent on 

the physiochemical properties of the sample. Although there are few temperature 
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ranges and profiles are reported by different research groups [61, 178, 179] but a 

range of -80°C to 200°C seems to be a reasonable selection in terms of providing 

enough temperature range for the desired functionality.  

The following temperature profile, displayed in Figure 5.5, was utilized for all 

electrolyte samples. 

 

 
Figure 5.5 Utilized temperature profile for DSC measurements 

 

Liquid Nitrogen was also utilized to reduce the temperature down to -80°C. A 

temperature of 25°C was selected as the initial temperature for all samples. This 

was followed by a temperature drop to -80°C at the rate of 10 °C /min and a hold 

period of 60 minutes to ensure that the sample is not supercooled. Then the 

temperature increased to 200°C at the same rate of 10 °C/min.  

Although other important phase transition properties such as crystallization and 

glass transition (Tg) could possibly be detected and determined using the above 

temperature profile, however they are irrelevant to the scope of this project as they 

are well out with the operating range selected here.  

Worth mentioning that all above preparation steps were performed inside a glove-

box so the effect of presence of moisture content could be neglected. 

 

5.2.1.5 Operating voltage and Stability Window determination  

The operating voltage of the electrolyte was determined through soaking a small 

disc of glass fibre separator with the electrolyte and arranging it in a Swagelok 

cell. Linear sweep voltammetry was then performed using a Solartron Analytical 

1470E Potentiostat/Galvanostat analyser between 0 and 4.5 V vs. open circuit 
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potential at sweep rates of 50 mV s-1. A cut-off current density of 30 mA cm-2 was 

selected for a 2 mm diameter electrode. 

 

For determining the ESW voltage of an electrolyte, a three-electrode cell 

arrangement, comprising of a glassy carbon as WE, silver wire as RE and 

platinum as CE, was utilized. Linear sweep voltammetry was applied in similar 

manner at a cut-off current density of 40 µA cm-2 for a 3mm diameter glassy 

carbon electrode.  

 

5.3 EDLC fabrication 

5.3.1 Electrode preparation 

The produced activated carbons, as described in section 5.1, were milled for 

duration of 60 minutes in a bench top mill using a silicon nitride container and 

two grinder balls of the same material. The procedure of loading the container was 

carried out in an oxygen deficient environment as significant amount of heat is 

generated during milling. Accumulation of trapped heat and increase in 

temperature of the carbon content in presence of oxygen is hazardous thus the 

container was filled and sealed in a glovebox. The milled carbons were then 

transferred to the vacuum oven for drying overnight.  

To produce electrode slurries, firstly the dried carbon was mixed with a 

KynarFlex® 2801 polymer binder at the dry mass ratio of 85:15 on the total basis 

of 300 mg. Afterwards 3 ml of acetone was added to the dry mixture to create an 

inky blend. The amount of added acetone is highly arbitrary and it depends on the 

porosity of the carbon as more porous carbons require more solvent to have the 

same wettability effect as the carbons with less porosity. However through 

experimentation, the aforementioned amount is proved to be sufficient for the 

range of carbon porosities we are interested in.    

To encourage impregnation of the pores with the solvent and even distribution of 

the polymer binder through the solution, the inky mixture was then sealed and 

positioned inside an ultra-sonic water bath at 30°C for 15 mins. This was followed 

by medium speed stirring on a magnetic stirrer for the duration of 5-6 hrs.  
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Once the polymer binder was fully dispersed, the mixture casted over Aluminium 

foil of 15µm thickness, with the use of a doctor blade spreader.  

The spreader itself uses a micrometric adjustable paint applicator that was set at 

250 µm. Hence this value is the wet film thickness of the carbon electrode where 

the solvent is also present. Hence by controlling the thickness, the active mass of 

substrate is also controlled to some degrees.  

This arrangement the Al foil acts as the current collector and the active carbon is 

utilized as an attached component to the current collector. 

Preliminary studies of this work on various types of carbons with imidazolium-

based ILs have declared that although more active mass on a given surface area is 

thought to maximize the cell performance but the actual findings contradicted this 

hypothesis. This could potentially reasoned by blockage of the pores with 

narrower range particles resulting in presence of inactive mass that does not 

contribute to charge storage.   

Hence the aforementioned wet film thickness is a reasonable choice for this study 

and assumed to remain uniform at all points on the sheets of electrodes.  

Once the acetone is evaporated from the surface, the produced electrode sheets 

were then transferred to a vacuum oven at 80°C to fully dry overnight. The dry 

electrode sheets were then punched into small electrode discs with a diameter of 

16mm and placed back into the vacuum oven for further drying overnight. 

The completely dried electrode discs were then weighed accurately and matched 

together as closely as possible to ensure similar mass of active materials are 

present at both electrodes.  

 

5.3.2 EDLC assembly 

The EDLC cell production was performed in an O2/H2O deficient glove-box 

under Argon atmosphere. In this study a coin cell arrangement was used to 

produce and study the EDLCs.            Figure 5.6 illustrates a cross-sectional view 

of a coin cell arrangement where all cell components were pressed together by a 

crimping machine into a 20mm diameter coin cell.  
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           Figure 5.6 Schematic of an EDLC coin cell arrangement 

	  

In this arrangement, the previously matched activated carbon electrodes, which 

were attached to the Al foil, positioned in a way that the Al foils from each 

electrode faces the top and bottom cases.  A 16 mm diameter disc of an ionically 

conductive separator was placed between the two positive carbon electrodes. 

Among all potential separators available commercially, both chemically and 

biologically natured, the chemical separators seem to remain more inert towards 

the ionic liquids. Due to possible decomposition of the biological natured 

separators, e.g. cellulose, in contact with ILs [180] their application as separators 

in energy storage is only limited to the aqueous electrolytes and organic 

electrolytes to some degree. Hence a common choice of GF3 glass fibre separator, 

that is an ionically conductive and electronically insulating, was selected and 

utilized in cell productions.  

In order to ensure a good ionic conductivity, presence of excess electrolyte is 

essential. Hence, all cell components were soaked with drops of electrolyte during 

construction. The cell was then vacuumed for 5 minutes prior to crimping to 

maximize the impregnation and filling of the carbon pores with electrolyte. Then, 

two 0.5 mm thick spacers were placed on the top electrode and sealed close with a 

crimper. The purpose of inserting the spacers into the arrangement is to increase 

the contact between the electrodes and the current collector by introducing extra 

pressure in order to minimize the attainable distance and therefore reduce the 

resistances [181]. 

5Design and specifi cations are subject to change without notice. Ask factory for technical specifi cations before purchase and/or use.
Whenever a doubt about safety arises from this product, please contact us immediately for technical consultation.  

Gold Capacitors Technical Guide
Principles and Operation of Gold Capacitors

We have also products available that have greater capacitance to comply with the following requirements:

• For loading a large amount of current in a short time, (e.g. solenoid absorption of hot-water gas heaters and 
protection of HDD head requesting several mA to several 100mA of current.

•  Load for lighting equipment.

A cross-sectional drawing of a coin shaped single 
cell Gold Capacitor is shown in Fig.2.

The electrode within the cell is made from activated 
carbon. The electrode is then impregnated with 
an electrolyte. A separator with high insulating 
properties against ion penetration is then positioned 
between both electrodes to prevent short circuiting. 
Then packing is added between the top cover and 
bottom case to seal.

Negative and positive electric charges are then 
formed between the solid activated carbon fi bers 
and the liquid electrolyte. The boundary area 

The electric double layer acts as an insulator and does not allow current to fl ow when an external DC voltage is 
applied. As the voltage level is increased, a point is reached where the current will begin to fl ow. The magnitude 
of this voltage is called the “decomposition voltage”. Further increasing this voltage will cause the electrolyte to 
decompose causing additional current to fl ow. 

The withstand voltage of a Gold Capacitor is determined by the decomposition voltage and varies by number of 
capacitors used in series.

Gold capacitors use an activated carbon electrode and an organic electrolyte. The electric double layer is very thin, 
like a molecule, and the electrode uses a large surface activated carbon, allowing a high capacitance (in farads) to 
be attained. The withstand voltage per single cell is also high and the product can be miniaturized because it uses 
organic electrolytes.

2-2 Construction and Principles of Operation

between these charges is the electric double layer. This can be seen in Fig.3. The area increases as higher voltages are 
applied. The higher voltage increases the charge as shown in Fig.4.
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To reduce the internal resistances by eliminating the effect of over pressuring the 

cell while crimping and also to guarantee comparing cells manufactured under 

same physical conditions, all cells were crimped up to a certain pressure. This 

pressure was proven to be sufficient to provide good contact between the cell 

compartments as well as reducing the internal resistances.  

 

5.3.3 EDLC characterization 

All 9 electrolytes were tested in the 4 developed activated porous mediums 

creating 36 different combinations. These cells were electrochemically 

characterized by Galvanostatic cycling at different rates and EIS. 

For characterizing the temperature elevation runs both methods were utilized. 

Worth mentioning that to ensure reproducibility and attaining reliable 

performances for above chemistries, two cells were produced for each carbon/ 

electrolyte combinations.   

 

5.3.3.1 Galvanostatic charge/ discharge cycling  

 
The constructed cells were cycled from the open circuit voltage to the operating 

voltage limit of the selected electrolyte at constant current rates of 0.25, 0.5, 1, 2, 

4, 8, 16 and 32 mA. For each constant current charging rate, a total of 20 cycles 

were implemented and the associated voltage response was recorded at one-

second/ -or lower at higher rates- intervals. For each rate, the required values for 

cell capacitance measurements were extracted at the 15th discharge cycle of the 

corresponding rate as at this stage the cell has reached a steady state and ions are 

at equilibrium.  

The specific capacitance of a cell can be expressed in various ways including the 

normalization of the unit mass, area or even volume of the material. However, 

since our focus here is to study and investigate the materials therefore, the 

capacitance is normalized according to the mass of active material, i.e. carbon. 

Hence capacitance was determined using the following expression: 
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𝐶 =
𝐼𝑡
Δ𝐸
𝑊  

equation 5.1        

 Where I is the discharge current in units of A, ΔE is the potential difference from 

where discharge starts to 1 V, t is the corresponding discharge time to 1 V and W 

is the mass of the active material. A sample calculation is shown in Appendix 2. 

Internal resistance was also measured through introducing 10 short pulses of 

specific current and recording the response. This step applied right after the 

potentiostat hold period after charging is complete and before discharging the cell. 

 

5.3.3.2 Electrochemical impedance spectroscopy 

The EIS spectras were determined using a 10 mV AC amplitude and 100 mV DC 

potential at a frequency range of 100 kHz to 10 mHz. The value of capacitance 

was determined through the use of   equation 4.24 at a frequency of 10 mHz and 

its corresponding imaginary component of impedance. 

Various resistances of RS, RI and ESR were determined through this method by 

considering the intercept at coordinate (x=Z’, y=Z’’=0) in the high frequency 

region, fitting the equivalent circuit model and isolating resistance at 1 kHz, 

respectively. Please see Appendix 3 for sample calculations. 

 

5.3.4 Summary 

To study the overall performance of a supercapacitor, the individual properties of 

the constructing components must be altered. Carbon as the porous medium and 

electrolyte as the conducting medium play an important roles.   

To minimize the effect of impurities, the carbon precursors where synthesized, 

carbonized and activated in-situ with various pore characteristics. 

To tackle the high viscosity problem of the ILs, the chain length on the cation is 

altered and also as an alternative an ether linkage is introduced to the structure.  

Temperature elevation at 40°C, 60°C and 80°C was also proposed as a further 

attempt to reduce the viscosity. 
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6 Results and discussions 

6.1 Physical characterization of ACs 

6.1.1 Quantitative investigation of hydrogels 

The four activated Xerogel carbon materials were produced using the described 

procedure in section 5.1 at R/C ratios of 200, 250, 300 and 350. Prior to 

carbonization a qualitative investigation of the hydrogels were performed by 

considering the gel colour and its stiffness. As described in the experimental 

section the full gelation process was completed over a period of 72 hours at 80°C 

over which a colour change from a colourless solution of precursors to transparent 

red monoliths was observed. The same colour change was observed for all other 

hydrogels. However stiffness decreased as the R/C ratio increased. This could be 

due to the shrinkage of the cross-linked molecules with increase in the R/C ratio 

[163, 169]. 

 

6.1.2 Activated Xerogel carbon characteristics 

One of the primary objectives of this study was to investigate the effect of pore 

size distribution, through altering the R/C ratio, with the cell performance. In 

order to attain a better understanding of the pore structure of the resultant 

activated carbons, N2 adsorption/desorption at 77K was performed on all carbon 

samples. Through the N2 adsorption/desorption method the specific surface area 

of the activated Xerogels was determined with the BET and DFT methods. Albeit 

both methods are determining the same variable but the DFT model is utilized to 

ensure the same trend is attained with varying the R/C ratio as with BET for all 

AC carbons. The pore size distribution, mesopore volume and micropore volume 

were also determined using the BJH, DFT and t-plot methods, respectively. The 

pore size distribution attained from BJH was similarly checked with the modal 

pore width determined from DFT to ensure the accuracy of trends with increasing 

the R/C ratio. These characteristics are summarized in Table 6.1. 
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Table 6.1 Pore characteristics of ACs 

RC SBET
a 

[m2g-1] 
SDFT

b 
[m2 g-1] 

Vtot.
c
 

[cm3 g-1] 
Vmic.

d 

[cm3 g-1] 
Vmeso.

e
 

[cm3 g-1]  
dBJH

f 
[nm] 

dDFT
g 

[nm] 
200 670 530 0.48 0.21 0.18 4.3 5.4 
250 720 580 0.53 0.22 0.21 5.1 6.3 
300 750 620 0.62 0.23 0.27 6.3 7.2 
350 790 630 0.67 0.24 0.32 7.5 8.1 
a specific surface area calculated using the BET method bspecific surface area determined using 
DFT model ctotal pore volume calculated at P/P0>0.99 d micropore volume determined using the 
t-plot method e mesopore volume from DFT model f average modal pore width estimated from BJH 
pore size. gmodal pore width estimated from DFT pore size distribution.    
 

From above, it is clear that the determined surface area through both BET and 

DFT methods exhibit an increasing trend with increase in the R/C molar ratio. 

Similar trend is attained for the total pore volume with a 28.4% increase from 

RC200 to RC350. The micropore volume contributes marginally to this trend as 

no substantial variation is observed. However the total pore volume increases with 

the R/C ratio resulting in a relative 8% reduction in the micropore volume when 

compared with the total pore volume for the AC350 and AC200. On the other side 

is the mesopore volume, which experience an increase influencing the total pore 

volume the most. This is also reflected in Figure 6.2, which illustrates the pore 

size distribution determined through the DFT model in the small mesopore region.  

The attained adsorption/ desorption isotherms for the activated carbons at varying 

R/C ratios are shown in Figure 6.1. The adsorption/desorption profiles for all 

carbons display a type IV isothermal curve with combination of H2 and H4 

hysteresis loop that are generally obtained for mesoporous materials. The shape of 

the attained hysteresis loop between the adsorption and desorption isotherms, with 

gentle and near horizontal desorption profile at relatively high pressures, indicates 

that the pores are slit shaped or partially wedge-shaped with narrow neck at one 

end or at both ends if the pore is open [182]. 
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Figure 6.1 Adsorption/desorption isotherms at 77K 

 

As seen in Figure 6.1, the nitrogen uptake maintains an increasing trend with 

increase in the R/C ratio at all relative pressures with RC200 and RC350 

representing the lowest and highest volume of adsorbed nitrogen, respectively. 

This finding is supported by Figure 6.2, which is related to the available mesopore 

volume in the sample exhibiting an increasing trend with increase in the R/C ratio. 

Hence the attained trends for gas uptake at the course of the adsorption and 

desorption is related to the mesopore volume.  

Also as described in section 4.1.1, the quantity of nitrogen adsorbed at low 

relative pressures is associated with micropore filling which experiences a slight 

increase with R/C ratio. This agrees well with the summarized micropore volume 

in Table 6.1. Consequently this is indicative of the fact that mesoporosity has the 

biggest effect on the pore width.   
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Figure 6.2 Mesopore size distribution of produced ACs 

As illustrated in Figure 6.2, with increase in the R/C ratio the mode of the 

distribution is shifted to larger pore sizes. The estimates of the modal pore width 

credited to each AC carbon indicate that a 50-unit increase in this region increases 

the average pore width by approximately 0.9 nm. This trend also exists when the 

BJH model was applied to the desorption isotherm, as indicated by dBJH shown in 

Table 6.1. 

 
 

6.1.3 Burn-off% variation with R/C 

The burn-off percentage and the yield at which the precursors are converted to the 

carbonized and activated carbons are determined using the following relations: 

 

𝐵𝑢𝑟𝑛  𝑜𝑓𝑓  % =
𝑊!"#$#%&' −𝑊!"#$%

𝑊!"#$#%&'
×100 

 
𝑌𝑖𝑒𝑙𝑑  % = 100− 𝑏𝑢𝑟𝑛  𝑜𝑓𝑓   

 
 
These equations are applied to all the small batches of materials and represented 

in the Table 6.2 as an average with equated standard deviations of 6-8 runs.  
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Table 6.2 Yield% and Burn-off% of carbonized and activated carbons 

AC Yield % Burnt-off % 
 Carbonization  
RC200 51.6 ± 0.4 48.4 ± 0.4 
RC250 50.4 ± 0.4 49.6 ± 0.4 
RC300 50.7 ± 0.6 49.3 ± 0.7 
RC350 49.6 ± 0.1 50.4 ± 0.1 

 Activation  
AC200 87.0 ± 2.2 13.0 ± 2.2 
AC250 87.8 ± 0.6 12.2 ± 0.6 
AC300 89.7 ± 0.2 10.3 ± 0.2 
AC350 90.3 ± 0.4 9.7 ± 0.4 
 
The yield of carbonization for all R/C carbons remains constant at about 50% 

while an increasing trend is attained when they are activated. Consequently for the 

activation process the burn-off% is reduced which could be reflected from the 

possibility that the tarry materials are present and their quantity are varying in a 

decreasing manner with increase in R/C ratio resulting in smaller weight losses at 

higher R/C ratios. Moreover, the higher quantity of tar content in smaller AC 

carbons, may also be due to the trapping of the volatiles by microporosity [183]  

These findings correlate well with the literature studies [184]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 102 

6.2 Physical characterization of ILs 
The selected ionic liquids were characterized according to their transport and 

thermal properties through the techniques described in sections 5.2.1. Previously 

it was argued that a way forward to tackle the high viscosity problem of the ILs is 

to operate at elevated temperatures. Hence these properties are measured and 

investigated at 25°C, 40°C, 60°C and 80°C and presented in sections 6.2.2, 6.2.3, 

6.2.4 and 6.2.5. A summary of all physiochemical properties at elevated 

temperatures is also given in section 6.2.6. 

 

6.2.1 Water content 

Prior to any physiochemical characterizations and cell production the moisture 

content of the selected ILs were determined through three distinct conditions of 1) 

as received, 2) dried and 3) two weeks after drying. These values are reported in 

Table 6.3. In the first condition, sealed samples were transferred to an argon-filled 

glovebox (O2 < 0.1 ppm and H2O < 0.1 ppm) and measurements were followed. A 

range of 32 – 63 ppm is recorded for the moisture content. In the second 

condition, the ILs were heated under rapid stirring for 10 hrs inside the same 

environment to dry. This drying arrangement was set and used for all ILs as an 

indicator to offer a reasonably dry liquid. The measurement took place 

immediately after the sample was cooled and typical moisture content of 5 ppm 

was recorded. In the third condition the ILs were left inside the glovebox for 

duration of two weeks. Under these conditions the water content rose to a range of 

9 – 15 ppm with as large as a nine times approximate increase for [S221][NTf2] 

electrolyte. Hence all physiochemical and electrochemical measurements were 

conducted within a few days of drying the liquids.  
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Table 6.3 Water content of received, dry and partially dry electrolytes 

ILs wc. As received 
[ppm] 

wc. Dried 
[ppm] 

wc. After 2 weeks 
[ppm] 

[Pyr13][NTf2] 35.4 3.1 12.3 
[Pyr14][NTf2] 59.1 4.6 15.6 
[S221][NTf2] 59.4 0.9 9.1 
[S222][NTf2] 58.4 4.4 14.3 
[N1114][NTf2] 36.9 2.3 8.9 
[N2224][NTf2] 33.0 1.9 10.4 
[N122(2O1)][NTf2] 62.3 3.7 13.9 
[P2225][NTf2] - 2.8 - 
[P222(2O1)][NTf2] - 4.6 - 
Due to insufficient supply of [P2225][NTf2] and [P222(2O1)][NTf2] batches from USP, only a dry 
moisture reading was recorded.          
 

It is worth highlighting here that the disparity of some determined physiochemical 

values with literature might have arisen from the difference in moisture content.  

 

6.2.2 Thermal analysis of ionic liquids 

Generally, the thermal stability of ionic liquids is dependent on their structure. 

The literature on most ILs including the ones utilized in this study has shown 

excellent thermal stabilities beyond 200°C [185, 186], for instance a thermal 

stability of 271°C [187] and 300°C [188] is reported for [Pyr14][NTf2] and 

[N1114][NTf2] respectively, determined through the thermogravimetric analysis 

measurements. However special care must be taken at operating temperatures 

above 150°C especially for Pyr-ILs where chemistries which yield in impurities 

are readily observed through increase in fluorescence and coloured impurities at 

much lower temperatures than previously reported by thermal gravimetric 

analysis [187]. Accordingly a thermal stability beyond 150°C seems a reasonable 

value to rely on and is well out of the range of desired operating temperatures for 

this study, i.e. 25 - 80°C. Hence no thermal stability analysis was performed and 

determination of the melting point through the DSC technique was only pursued.  

Figure 6.3 represents the DSC traces of all utilized ILs with the exception of the 

P-based liquids due to the insufficient synthesized supply. A significant variation 

in phase behavior is observed for all electrolytes. On heating, all liquids (with 

exception of [N122(2O1)][NTf2] where a solid line profile was obtained) experience 
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a single or multi solid-solid transition before reaching their melting points. This 

state manifests itself on the profile as endothermic peak/s before the melting point 

peak is formed. It is possible for these transition states to consume a large fraction 

of the enthalpy of melting which may consequently yield in creation of low-

energy melting transitions [189]. This is observed for [S222][NTf2] and 

[N1114][NTf2] liquids where multiple solid-solid transition peaks are attained at -

32.1, -13.9 and -10.4°C for the former liquid and 9.2°C for the latter one, 

respectively, lowering the melting energy. 

 
Figure 6.3 DSC traces of all utilized ILs 

This work also includes examples where the created solid-solid transition peak/s 

consume smaller fraction of enthalpy of melting leading to formation of higher 

energy melting transitions. Examples of this are [Pyr13][NTf2], [S221][NTf2] and 

[N2224][NTf2] liquids where smaller endothermic peak/s occurred at 4.9, -21.4 and 

(-34.9 / +13.9)°C, respectively, compared to the melting transition. 

While heating, some of the utilized liquids undergo cold crystallization where the 

occurrence of this phenomenon is associated with development of the exothermic 

peak/s on the profile. More precisely cold crystallization occurs when the liquid is 

supercooled at the beginning of the heating procedure, i.e. -80°C. In this 
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condition, the liquid is in the metastable state and addition of the slightest 

amounts of energy into the system creates cold crystals, which expose themselves 

as exothermic peak/s on the traces profile. This process is observed for 

[Pyr14][NTf2], [S222][NTf2] and [N1114][NTf2] liquids first at -59.6, -54.9 and -

44.6°C, respectively. With further heating solid-solid transition appears for 

[Pyr14][NTf2] liquid at -32.7°C and for [S222][NTf2] liquid at temperatures 

discussed before. However further heating of [N1114][NTf2] from the first cold 

crystallization peak creates two extra exothermic peaks at -28.7 and -7.5°C, which 

could be indicative of the fact that this liquid remains in the metastable state as the 

heating proceeds and several episodes of cold crystallizations are experienced. 

Through further heating a solid-solid transition is observed at 9.2°C, as already 

mentioned. 

Table 6.4 compares the determined melting points for this study and available 

literature. The determined melting points here do not follow a clear trend with the 

length of the linear alkyl substituent and ether linkage.  

It is worth noting that the attained profile for [N122(2O1)][NTf2] IL is associated 

with no melting peak and crystallization dips. This can either caused by a melting 

temperature beyond the utilized temperature range here or can be dedicated to the 

possibility that [N122(2O1)][NTf2] is a non-crystal forming IL. These possibilities 

can be tested through varying the experimental conditions. 

 

Table 6.4 Melting temperature of utilized ILs vs. literature values 

ILs Melting point   
(mp) [°C] /  
This study 

 Melting point  
(mp) [°C] /  
From literature 

[Pyr13][NTf2] 11.0  
[Pyr14][NTf2] -17.3 -6.5 [186], -6 [177], -18*a 
[S221][NTf2] -11.7 -11.7 [186] 
[S222][NTf2] -7.0 -17.6 [186], -35.5*a 
[N1114][NTf2] 17.1 -18*a 
[N2224][NTf2] 20.9  
[N122(2O1)][NTf2] No peak/s  
[P2225][NTf2] - 16 [177] 
[P222(2O1)][NTf2] - 10 [177] 
*Denotes mp values reported on manufacturers website: a Sigma-Aldrich    
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There are also large discrepancies, more than 35°C for some ILs, between the 

determined melting temperatures and other literature values. This inconsistency is 

mainly caused by the variation in experimental conditions such as the sample 

mass, the rate of cooling/ heating, temperature the liquid is held at, duration of the 

hold period, nitrogen flow rate, moisture content of the sample and purity. 

Additionally the alkyl substituent on the side chain and the [NTf2]- anion have 

many rotational degrees of freedom, influencing the melting point and creating 

different transitions on the melting profile [189]. 

To eliminate or reduce the effect of endo/exo peaks on the melting profile pattern, 

a setup with lower temperature and extended hold period could be explored. 

However since all determined melting temperatures here and in literature are 

<25°C, suggesting that operation between 25 and 80°C can be permitted for all 

ILs and is acceptable. 

 

6.2.3 Viscosity of ionic liquids 

Figure 6.4 demonstrates the Arrhenius-like plot of viscosity for all utilized 

electrolytes at various temperatures. It is clear that a descending trend for 

viscosity is attained with increase in temperature regardless of the electrolyte type. 

This is a common and well expected trend for temperature elevation scenarios and 

is supported by not only similar studies [117, 177, 190] but with studies utilizing 

different cations and anions other than the selected ones here [101, 191-193]. The 

sulfonium-based ILs display the lowest viscosity whereas the ammonium-based 

ILs, with the exception of [N122(2O1)][NTf2] electrolyte, exhibit the highest 

viscosities at all temperatures in the order of [N2224][NTf2] >> [N1114][NTf2] >>> 

[S221][NTf2] > [S222][NTf2]. The difference between the two extremes is roughly 

one order of magnitude and is supported by other literature studies [136, 194]. 

The variation of viscosity for all other electrolytes with temperature lie between 

the attained profiles for these two extremes in the order of [P222(2O1)][NTf2] > 

[Pyr13][NTf2] > [N122(2O1)] [NTf2] > [Pyr14][NTf2] and [P2225][NTf2].  
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Figure 6.4 Arrhenius plot of viscosity 

 
As illustrated from Figure 6.4 when the alkyl chain length on a particular cation is 

extended, the viscosity increases at that particular temperature. For instance, the 

replacement of the present proton on the alkyl side chain of [Pyr13][NTf2] and 

[S221][NTf2] electrolytes with a methyl group creates [Pyr14][NTf2] and 

[S221][NTf2] electrolytes, respectively that both are bigger in size. Similar 

extension approach is used for the non-ether ammonium ILs but instead of a 

methyl group, three are added to each alkyl branching chains of [N1114][NTf2] 

producing [N2224][NTf2], which is again bigger in size and exhibits the highest 

value of viscosity. Table 6.5 compares the cation volumes. A larger cation 

restricts the mobility and movement of the electrolyte leading to higher viscosity. 

This holds true for the [Pyr14][NTf2] and [N2224][NTf2] electrolytes in comparison 

to their unextended constituents, i.e. [Pyr13][NTf2] and [N1114][NTf2], but not the 

[S222][NTf2]. Although the [S222][NTf2] does not follow this relation but there are 

some literature reports that supports the findings here [194-198].  
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Table 6.5 Molecular weight and volume of the selected cations 

ILs Molecular weight of cations 
(Mwtc) 

M [g mol-1] 

Molecular volume of 
cations 

(Vc) [Å3] 
[Pyr13][NTf2] 128.2 225 
[Pyr14][NTf2] 142.3 253 
[S221][NTf2] 105.2 179 
[S222][NTf2] 119.2 207 
[N1114][NTf2] 116.2 222 
[N2224][NTf2] 158.3 306 
[N122(2O1)] [NTf2] 146.3 266 
[P2225][NTf2] 189.3 359 
[P222(2O1)][NTf2] 177.3 313 
The given properties in this table are calculated from [199]. The Mwta and Va is also determined 
to be 280.15 and 248 Å3 respectively.       
          
 

In the case of [N122(2O1)][NTf2] and [P222(2O1)][NTf2] electrolytes, the incorporation 

of an ether linkage into the alkyl side chain roughly halves the viscosity at 298K 

for both electrolytes when compared against the most similar structure without the 

ether linkage, i.e. [N2224][NTf2] and [P2225][NTf2] respectively. The significant 

diminution of viscosity is thought to be due to the electron donation property of 

the oxygen present in the ether linkage resulting in a reduced charge density on 

the central atom, i.e. N+ and P+, and weaker cation-anion electrostatic interactions 

[200]. Moreover presence of the ether linkage on the alkyl side chain enhances 

cation flexibility allowing for greater ion mobility and lower viscosity. 

Further reduction of viscosity is observed at 40°C, 60°C and 80°C, however the 

aforementioned trend becomes less significant when comparing the viscosity of 

the electrolytes with and without the ether linkage at high temperature.  

Although as stated earlier, most of the attained curves are characterized to 

produce an Arrhenius-like behaviour but slight degree of curvature is also 

observed for some ILs, especially the N-based ones, which is influenced by the 

structure of the ions. In fact ILs comprising of asymmetric cation structure or 

mostly absence of any functional groups, obey the Arrhenius law [117]. In 

contrast, presence of functional groups may lead to the formation of extra 

hydrogen bonds [201] resulting in additional cation-anion or even cation-cation 
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hydrogen bonding interactions. The illustrated minor deviation from linearity may 

also be due to chain tangling or even the associated molar mass effects with the 

alkyl groups on the nitrogen central atom of the ammonium based ILs.  

 

6.2.4 Density of ionic liquids 

The density measurements were performed over the same temperature range as 

the viscosity measurements shown in Figure 6.5. Table 6.6, Table 6.7, Table 6.8 

and Table 6.9 also report the corresponding values at 25°C, 40°C, 60°C and 80°C.  

A linear dependency of density with temperature is observed for all electrolyte 

systems. More precisely the density decreases as the temperature increases, i.e. 

more free spaces available between the ions and therefore the IL becomes less 

ordered at higher temperatures.    

The sulfonium based ILs present the highest densities followed by the 

[Pyr13][NTf2] > [N122(2O1)][NTf2] > [Pyr14][NTf2] > [N1114][NTf2] > 

[P222(2O1)][NTf2] > [N2224][NTf2] and [P2225][NTf2] electrolyte with the lowest 

density at all temperatures. The relatively high density of the S-based ILs in 

comparison to [N2224][NTf2] and [P2225][NTf2] electrolytes in spite of their lower 

alkyl chains counts is mainly triggered by the greater density of the central atom 

of these electrolytes.    

From Figure 6.5 it is seen that the density decreases with increase in cation size 

meaning that the expansion of alkyl chain length reduces the density regardless of 

the fact that the larger ion sizes usually comprise greater mass.  

For instance at 25°C, the [S222][NTf2], [Pyr14][NTf2] and [N2224][NTf2] 

electrolytes encompass densities 2.7%, 5.8% and 3.8 % greater than [S221][NTf2], 

[Pyr13][NTf2] and [N1114][NTf2] electrolytes, respectively. These trends are in 

good agreement with literature studies [194, 198, 202]. 

At 40°C the density of [S222][NTf2] and [N2224][NTf2] electrolytes experiences the 

same degree of increase as 25°C with respect to [S221][NTf2] and [N1114][NTf2] 

constituents (i.e. a further 2.7% and 3.8% respectively) whereas a 2.3% increase is 

reported for the ring of [Pyr14][NTf2] compared to the [Pyr13][NTf2] electrolyte. 

This trend remains the same for the aforementioned electrolytes at 60°C and 80°C 
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runs. Hence, the larger cation imposes greater densities and this is regardless of 

the corresponding central IL atom on the cation and operating temperature. 

The density of the ILs, i.e. [N122(2O1)][NTf2] and [P222(2O1)][NTf2] is significantly 

greater than their most similar ILs structures, i.e. [N2224][NTf2] and [N2225][NTf2], 

due to the incorporation of the ether linkage 

 

 
Figure 6.5 Variation of density with temperature 

 
 

6.2.5 Conductivity of ionic liquids 

The variation of conductivity with temperature is illustrated in Figure 6.6. As 

anticipated from the viscosity measurements when temperature is increasing an 

ascending trend for conductivity is observed that is mainly attributed to the 

untangling of chains and improved transport properties with temperature.  

As already been discussed, conductivity and viscosity have inverse 

proportionality meaning that at higher temperatures the reduction in viscosity 

allows for greater ion mobility leading to an increase in conductivity. Figure 6.7 

illustrates the relationship between the molar ionic conductivity and the fluidity 

(that is inverse of viscosity). All ILs exhibited an almost linear relationship 

between the molar ionic conductivity and fluidity confirming that the increase in 

ionic conductivity is directly related to decrease in viscosity.  

1.2

1.3

1.4

1.5

1.6

260 280 300 320 340 360 380

Pyr13
Pyr14
S221
S222
N1114

N2224
N122(2O1)
P2225
P222(2O1)

D
en

si
ty

 / 
g 

cm
-1

T / K



 111 

From literature the cation and anion size also recognized to influence the electrical 

conductivity. In fact the conductivity is reduced as the alkyl chain length on the 

cation becomes longer. This observation is most likely caused by limited mobility 

and motion of the cation with increase in its dimension considering the anionic 

component is maintained the same for all ILs. In other words a long alkyl chain 

difficult the movement or hopping of the cations and therefore contribute lower to 

the electrical conductivity. 

 

 
Figure 6.6 Arrhenius plot of ionic conductivity 
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Figure 6.7 Molar ionic conductivity variation with fluidity 

 

 
                           Figure 6.8 Walden plot 
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6.2.6 Physiochemical properties of ILs at elevated temperatures [A 

summary] 

As shown previously, reported values of viscosity for pyrrolidinium, sulfonium, 

ammonium and phosphonium based ILs are in broad agreements with the 

literature values at 25°C. The following tables summaries the physiochemical 

properties at selected operating temperatures of 25°C, 40°C, 60°C and 80°C. 

 

Table 6.6 Summary of physiochemical properties at 25°C 

ILs Viscosity	  
(η)	  

[mPa.s] 

Density	  
(δ)	  

[g	  cm-‐3]	  

Conductivity	  
(σ)	  

[mS	  cm-‐1] 

Molar	  ionic	  
conductivity	  

(Λ)	  [S	  cm2	  mol-‐1]	  
[Pyr13][NTf2] 53.7 1.43 4.87 1.19 
[Pyr14][NTf2] 78.0 1.40 3.02 0.95 
[S221][NTf2] 40.6 1.50 6.65 1.71 
[S222][NTf2] 33.7 1.46 7.30 1.94 
[N1114][NTf2] 105.6 1.39 2.11 0.60 
[N2224][NTf2] 150.0 1.34 1.31 0.43 
[N122(2O1)] [NTf2] 71.6 1.41 2.90 0.82 
[P2225][NTf2] 85.3 1.30 2.10 0.76 
[P222(2O1)][NTf2] 48.1 1.38 3.84 1.27 
 

 

Table 6.7 Summary of physiochemical properties at 40°C 

ILs Viscosity	  
(η)	  

[mPa.s] 

Density	  
(δ)	  

[g	  cm-‐3]	  

Conductivity	  
(σ)	  

[mS	  cm-‐1] 

Molar	  ionic	  
conductivity	  

(Λ)	  [S	  cm2	  mol-‐1]	  
[Pyr13][NTf2] 30.7 1.41 9.25 2.01 
[Pyr14][NTf2] 41.8 1.38 5.27 1.61 
[S221][NTf2] 24.2 1.48 10.47 2.72 
[S222][NTf2] 20.2 1.45 11.68 3.14 
[N1114][NTf2] 52.8 1.38 4.73 1.19 
[N2224][NTf2] 67.6 1.33 2.53 0.84 
[N122(2O1)] [NTf2] 37.2 1.39 6.81 1.65 
[P2225][NTf2] 43.8 1.29 3.71 1.30 
[P222(2O1)][NTf2] 27.2 1.36 6.26 2.04 
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Table 6.8 Summary of physiochemical properties at 60°C 

ILs Viscosity	  
(η)	  

[mPa.s] 

Density	  
(δ)	  

[g	  cm-‐3]	  

Conductivity	  
(σ)	  

[mS	  cm-‐1] 

Molar	  ionic	  
conductivity	  

(Λ)	  [S	  cm2	  mol-‐1]	  
[Pyr13][NTf2] 16.9 1.40 16.74 3.73 
[Pyr14][NTf2] 21.7 1.36 9.84 3.05 
[S221][NTf2] 14.0 1.47 16.94 4.45 
[S222][NTf2] 11.8 1.43 19.04 5.18 
[N1114][NTf2] 25.7 1.36 12.73 2.66 
[N2224][NTf2] 30.0 1.31 5.93 1.98 
[N122(2O1)] [NTf2] 18.9 1.38 18.33 3.45 
[P2225][NTf2] 21.5 1.27 6.61 2.43 
[P222(2O1)][NTf2] 14.8 1.35 10.58 3.60 
 

 

Table 6.9 Summary of physiochemical properties at 80°C 

ILs Viscosity	  
(η)	  

[mPa.s] 

Density	  
(δ)	  

[g	  cm-‐3]	  

Conductivity	  
(σ)	  

[mS	  cm-‐1] 

Molar	  ionic	  
conductivity	  

(Λ)	  [S	  cm2	  mol-‐1]	  
[Pyr13][NTf2] 10.4 1.38 - - 
[Pyr14][NTf2] 12.9 1.35 - - 
[S221][NTf2] 9.0 1.45 - - 
[S222][NTf2] 7.6 1.41 - - 
[N1114][NTf2] 14.7 1.34 - - 
[N2224][NTf2] 16.1 1.29 - - 
[N122(2O1)] [NTf2] 11.1 1.36 - - 
[P2225][NTf2] 12.2 1.26 10.13 - 
[P222(2O1)][NTf2] 9.1 1.33 16.00 - 
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6.3 Electrochemical characterization of ILs 
The electrochemical stability window and the operating potential of the utilized 

ILs are extremely sensitive to the environment and conditions used to determine 

them. For instance, determination of the cut-off current density is fairly arbitrary 

and is mainly designated when the current density deemed large enough to signify 

possible electrolyte decompositions. For determination of the ESW in this work, a 

cut-off current density of 40 µA cm-2 was selected which is rather a conservative 

choice and results in provision of narrower ESWs when compared against 

majority of literature values.  

On the other hand, utilization of a symmetrical cell arrangement helps to 

determine a reasonably more accurate value of the operating potential. 

In a symmetrical arrangement as of EDLCs, the operating potential was used to 

determine the electrolyte’s decomposition potential. Table 6.10 compares the 

ESW and the operating potentials in an asymmetric and symmetric cell 

arrangements as outlined in the experimental chapter. 

 

Table 6.10 ESW and operating voltage of utilised ionic liquids 

ILs ESW [V] Operating potential [V] 

[Pyr13][NTf2] 4.6 2.92 

[Pyr14][NTf2] 4.8 3.07 

[S221][NTf2] 3.8 2.67 

[S222][NTf2] 2.8 2.57 

[N1114][NTf2] 5.2 3.59 

[N2224][NTf2] 3.9 3.28 

[N122(2O1)] [NTf2] 4.7 3.01 

[P2225][NTf2] 4.9 3.42 

[P222(2O1)][NTf2] 4.1 2.73 

TEABF4 in PC 4.0 2.1 

 

A clear dissimilarity between the above reported values is that the ESW is 

substantially higher than the operating voltage. In fact the degradation of all 

electrolytes initiates at the weakest covalent bonds at both methods. As already 
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stated, the difference between the attained values is mainly caused by the ESW 

tendency to be asymmetric with respect to the OCP of a symmetric cell, hence the 

operating potential value that can be utilized without appreciable electrolyte 

decomposition is considerably lower than the ESW.  

Since a symmetrical arrangement is utilized to study the electrochemical 

performance of the produced EDLCs, it is understandable to select the operating 

potential determined in the similar manner. This selection is taken in spite of the 

fact that lower operating potential, influences the cell performance contrariwise. 

However, in this approach the possibility of the surface area being rendered 

inactive by electrolytes decomposition products is minimized. Figure 6.9 

demonstrates the operating potential of each electrolyte up to a cut-off potential of 

5V. The large increase in current is associated with the breakdown potential. A 

simple comparison between the attained operating potential profile for the organic 

solution of TEABF4 in PC with other ILs demonstrates less stability at elevated 

potentials. Hence utilization of ionic liquids allow for not only more stability but 

also must improve energy density when incorporated as electrolytes into a 

supercapacitor cell. 

 

 
Figure 6.9 The operating potential of utilized ILs 
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According to Figure 6.9 and Table 6.10, the S-based ILs present the lowest 

operating potentials with little difference between them and [N1114][NTf2] and 

[P2225][NTf2] electrolytes present the highest with values of 3.5 V and 3.4 V, 

respectively. More precisely [S221][NTf2] electrolyte is slightly more stable than 

the relative [S222][NTf2] constituent in both 2e and 3e arrangements which may be 

caused by the influence of the smaller cation on the charge density of the ion 

leading to marginally higher ion-ion interactions. This trend is also observed for 

the N-based [N1114][NTf2] and [N2224][NTf2] ILs with 3.5 V and 3.2 V of 

operating potential, respectively. However the Pyr-based ILs do not follow this 

trend which may be due to the saturated ring structure exhibiting greater influence 

over the central charge density.   

On the other hand, incorporation of the methoxyethyl linkage on the 

[N122(2O1)][NTf2] and [P222(2O1)][NTf2] in the side chain decreases the operating 

potential. This is mainly attributed to the reduced positive charge density at the 

ammonium and phosphonium centre atoms. This trend also exists for the 3e 

method ESW measurement of [P222(2O1)][NTf2] but not the [N122(2O1)][NTf2]. A 

ESW value of 4.7 V is recorded for [N122(2O1)][NTf2] which is considerably higher 

when compared against the 3.9 V of [N2224][NTf2]. The contradiction here may 

arise from the fact that possible ionic coordination alteration leading to enhanced 

stability of the IL. 
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6.4 Electrochemical analysis of EDLCs 
The electrochemical analysis of manufactured supercapacitor cells is mainly 

based on the information generated during Galvanostatic charge-discharge cycling 

(GC) and electrochemical impedance spectroscopy [EIS] techniques. GC is 

generally used for measuring the amount of stored energy whereas EIS provides 

more details about the capacitance and equivalent series resistances.  

In section 6.4.1 a brief overview of the calculated capacitance values, resistances 

(particularly internal resistance and iR drop) and their relation together is 

presented using the GC method. Section 6.4.2 provides a brief summary of 

determined capacitances and various resistances through the EIS method. A more 

in depth investigation of rate capability and attained resistances with varying 

temperature is followed in sections 6.4.3, 6.4.4, 6.4.5, 6.4.6 for each of the Pyr-

based, S-based, N-based and P-based categories distinctively. Finally section 

6.4.7 compares the best performing AC-IL combinations together at room and 

elevated temperatures. 
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6.4.1 Galvanostatic cycling and iR drop 

Figure 6.10 and Figure 6.11 illustrate Galvanostatic charge-discharge profile for 

the [Pyr13][NTf2] electrolyte at constant current rate of 0.5 mA and at operating 

temperature of 25°C and (40°C, 60°C and 80°C) for all ACs, respectively. This IL 

is solely selected for the purpose of demonstration as a representative of all other 

AC-IL combinations. Table 6.11 summarizes the capacitance and internal 

resistances determined at current rates of 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, 32.0, 

64.0 and 100 mA for the same electrolyte at the aforementioned temperatures. 

Corresponding tables for all AC-IL combinations at 25°C, 40°C, 60°C and 80°C 

can be found in Appendix 4. 

 

  
 

Figure 6.10 Galvanostatic cycling profile for [Pyr13][NTf2] at 25°C 
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in a marginally higher voltage drop. Hence a very small value or no capacitance is 

attained at high current densities particularly due to inability of the ions to transfer 

from the bulk solution to the porous structure quick enough to create a double 

0

1

2

3

0 200 400 600 800 1000

AC200
AC250
AC300
AC350

Po
te

nt
ia

l /
 V

Galvanostatic charge-discharge time / s

2.6

2.7

2.8

2.9

300 325 350

Po
te

nt
ia

l /
 V

Galvanostatic charge-discharge time / s



 120 

layer of charge. In other words the iR drop becomes greater than the operating 

potential of the IL. Please see Table 6.11. 

As shown in Figure 6.10 for [Pyr13][NTf2] electrolyte at 25°C, it is apparent that 

there are no consistent correlation between ACs and constant current charging- 

discharging partially due to variation in presence of active materials, i.e. data 

could be normalized on basis of mass. However a faster charge discharge manner 

is observed for AC300 and AC350 in comparison to the AC200 and AC250, 

which may be due to better accessibility of the ions to the larger pore volumes. 

This trend also holds for the aforementioned AC-IL combination at 40°C and 

60°C. However, at 80°C a major shift occurs in attaining shorter charge-discharge 

profiles and higher internal resistance values recorded in comparison to 40°C and 

60°C operation temperatures, which is mainly the result of accumulation of all 

resistances induced on the cell and reduced viscosity, respectively, as a result of 

temperature elevation.  

Figure 6.11 Galvanostatic cycling profile for [Pyr13][NTf2] at a) 40°C, b) 60°C 
and c) 80°C

 
a)           b) 

 
c) 
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Table 6.11 Calculated capacitance [Cs] and internal resistance [iR] at varying 
current densities and temperatures for [Pyr13][NTf2] 

CC	   AC200	   	  	   AC250	   	  	   AC300	   	  	   AC350	   	  	  
mAcm-‐2	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	  
	  	   	  	   	  	              At 25°C 	  	   	  	   	  	  
0.25	   27.6	   76.1	   28.7	   62.8	   24.5	   51.7	   25.7	   52.9	  
0.5	   24.6	   78.4	   26.2	   63.1	   23.3	   51.2	   24.3	   53	  
1	   21.4	   79.8	   23.7	   63.6	   22	   51.7	   23	   53.3	  
2	   17.8	   79.5	   20.8	   63.7	   20.8	   51.6	   21.4	   53.4	  
4	   13.8	   77.8	   17.1	   62.9	   18.1	   51.5	   19.4	   52.8	  
8	   7.8	   73.7	   11.4	   60.6	   11.3	   50.5	   15.2	   50.7	  
16	   -‐	   -‐	   7.7	   53.5	   10.3	   45.5	   12.7	   46.4	  
32	   -‐	   -‐	   -‐	   -‐	   3.3	   40.4	   14.5	   44.4	  

	  	   	  	   	  	              At 40°C 	  	   	  	   	  	  
0.25	   31.6	   88	   32.4	   83.9	   27	   52.5	   28.3	   75	  
0.5	   27.1	   92.3	   28.7	   93.5	   24.8	   53.2	   26	   76.8	  
1	   22.3	   94	   25	   84.9	   22.6	   53.8	   23.8	   77.6	  
2	   16.9	   94.2	   20.6	   84.2	   19.7	   53.9	   20.8	   77.5	  
4	   12.6	   92.5	   15.5	   84.7	   18.5	   53.3	   17.5	   75.7	  
8	   5.6	   88	   9.3	   78.2	   12.5	   51.1	   11.1	   70.9	  
16	   -‐	   -‐	   5.4	   66.4	   15	   44.7	   -‐	   -‐	  

	  	   	  	   	  	              At 60°C 	  	   	  	   	  	   	  	  
0.25	   33.1	   113	   35.2	   107	   29.7	   97.5	   31.6	   118	  
0.5	   24.2	   118	   27.5	   113	   24.5	   104	   26.2	   126	  
1	   16.2	   119	   19.2	   114	   18.7	   106	   20.4	   128	  
2	   11.1	   119	   13	   113	   12.5	   105	   14.5	   127	  
4	   -‐	   -‐	   9.5	   110	   9.5	   103	   10.4	   124	  
8	   -‐	   -‐	   5.1	   103	   -‐	   -‐	   -‐	   -‐	  

	  	   	  	   	  	   	  	  	  	  	  	  	  	  	  	  	  	  At 80°C 	  	   	  	   	  	   	  	  
0.25	   21.4	   125	   27.4	   121	   30.6	   106	   32.2	   132	  
0.5	   13.3	   128	   16.5	   124	   21.7	   114	   22.6	   137	  
1	   9.3	   129	   11.2	   125	   13.6	   115	   15	   137	  
2	   6.8	   129	   7.8	   123	   9.4	   115	   9.9	   137	  
4	   -‐	   -‐	   -‐	   -‐	   7.5	   114	   -‐	   -‐	  
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6.4.2 Electrochemical impedance spectroscopy 

The EIS resistance measurements and calculation of cell capacitance was 

performed as previously outlined. The solution resistance (Rs) was determined 

using the intersect of the spectra with the real component of impedance, i.e. Z’ 

axis. The ionic resistance (Ri) was estimated through fitting a semi-circle function 

and a Randle’s circuit model to the spectra at the high frequency region in order to 

determine the diameter. The equivalent series resistance (ESR) was estimated at 

the frequency of 1 kHz and is the addition of different resistance contributions 

induced on the cell including the AC material resistance, polymer resistance, IL 

resistance and the resistance at the AC/current collector interface. 

The cell capacitance values were determined at a frequency of 0.01 Hz and 

normalized against the mass of the active materials present in one electrode. 

Therefore the value of capacitance is expressed on a basis of 3-electrodes. 

It is worth noting that safe operation is only permitted up to the maximum 

temperature of 60°C. 
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6.4.3 EDLC performance – Pyr-based ILs 

6.4.3.1 EIS measurements 

The behaviour of the assembled cells using five-membered ring pyrrolidinium 

based ILs is considered first where the volume of the cations are 225 Å3 and 253 

Å3 for [Pyr13][NTf2] and [Pyr14][NTf2] electrolytes, respectively. It is worth 

recalling that the [Pyr13]+ is smaller in dimension when compared against its 

paired anion, i.e. 248 Å3 [NTf2]-.  Incorporation of a CH2 group into the side chain 

of the [Pyr13]+ increases the volume of the new cation, that is [Pyr14]+, by 11% 

which is marginally greater than its conjugating anion.  

 

Figure 6.12 illustrates the produced Nyquist plots for each of ACs combined with 

[Pyr13][NTf2] and [Pyr14][NTf2] ILs at 25°C, 40°C and 60°C. From the low 

frequency response region at all temperatures, it is apparent that none of the cells 

exhibit ideal capacitor behaviour, mainly due to the presence of porosity in the 

electrodes. However the response in this region can be characterized as 

approaching ideal when the Pyr-ILs are paired with AC300 and AC350 where 

pore volume and pore width are greater compared to the AC200 and AC250. In 

fact according to Table 6.12 there is a clear correlation between increase in the 

angle of the capacitive component of Nyquist plot and increase in the R/C ratio of 

carbons for both electrolytes which is caused either by inhomogeneity in the 

double layer or low conductivity of the utilized ILs. 

This condition also holds for other EIS temperature elevation runs. However the 

phase angle tends to decrease when considering a specific AC-IL combination at 

different temperatures. For instance the attained capacitive angles for the AC200-

[Pyr13][NTf2] combination at 25°C, 40°C and 60°C are -52.5, -46.1 and -42.9, 

respectively. This trend also observed for both ILs paired with wider pores, which 

indicates a larger deviation from the ideal vertical response as a result of 

inhomogeneity of the double layer since the conductivity increases with 

temperature and can be eliminated as an influencing factor at high temperatures.  

 

The inset of Figure 6.12 elucidates a magnified section of high frequency region 

where a slight variation in the series resistance, Rs, is observed with the utilized 
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carbon. Although the variation of Rs does not follow a clear trend with increase in 

the pore size at a specific temperature but it tends to decrease when the 

temperature increases, which again is reflected by increase in conductivity. For 

instance Rs values of 6.3 Ω, 3.5 Ω and 2.4 Ω are recorded for AC200-

[Pyr13][NTf2] combination at 25°C, 40°C and 60°C, respectively. This relation is 

also holds precisely for other AC-[Pyr13][NTf2] and AC-[Pyr14][NTf2] 

combinations and is attributed to the higher conductivity of the liquids as a result 

of reduced viscosity at temperature elevation conditions. However when 

comparing an specific AC-[Pyr13][NTf2] to the same AC in combination with 

[Pyr14][NTf2] of the same temperature, the value of the solution resistance (Rs) 

tends to increase due to the presence of an extra methyl group in [Pyr14][NTf2] IL 

in comparison to [Pyr13][NTf2] restricting ion mobility. This trend is observed 

between the Pyr-based ILs regardless of the operating temperature.  

 

From the inset of the high frequency region in Figure 6.12 and the calculated 

resistances presented in Table 6.12 it is evident that at 25°C, there is a reduction 

in the ionic resistance (Ri) and ESR with increase in the R/C molar ratio of the 

activated carbons. In other words with increasing the pore width from RC200 to 

RC350 at the aforementioned operating temperature, the ionic resistance and ESR 

for both Pyr-based ILs is decreasing.  

With increasing the operating temperature to 40°C the ACs-[Pyr13][NTf2] 

combinations obey the same relation as described for AC-IL combinations at 

25°C, while this does no longer hold for ACs-[Pyr14][NTf2] combinations at 40°C. 

In fact the AC300-[Pyr14][NTf2] combination provides the lowest ionic and ESR 

resistances in comparison to other AC-[Pyr14][NTf2] combinations at the 

operating temperature of 40°C. However the associated resistances at this 

combination are still higher compared to the AC300-[Pyr13][NTf2] at the same 

temperature due to presence of an extra methyl group in [Pyr14][NTf2] but the 

capacitive component is higher allowing for higher capacitance outputs. This 

property could be attributed to presence of a more localized charge on the [Pyr14] 

cation causing in a more favourable molecular orientation with AC300 and 

therefore allowing a higher concentration of ions to be adsorbed to the surface and 
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pore walls. However by increasing the temperature further to 60°C, some 

inconsistent variations are observed in the ionic resistance and the ESR with 

increase in the pore width which is mainly due to the increased energy of the 

system and accumulation of resistances, especially the ionic resistances.  

 

It is worth noting that the value of Ri for all AC-IL combinations, which is the 

indication of the interaction between the conducting and porous mediums, 

experience a huge increase compared to the same combination at colder 

temperature run. This trend contradicts with the previously described expectation 

that at higher operating temperatures the mobility of the IL increases and therefore 

the IL can reach the least accessible pores to create a double layer of charge and 

hence leading in improved performance. The contradiction here could be 

explained through a possible reduction in the optimum operating potential of the 

IL when used in the cell configuration as a result of increase in the system energy 

at elevated temperatures.  
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 Table 6.12 EIS characteristics of pyr-ILs paired with controlled porosity ACs at 
various temperatures 

 

 
  

ILs ACs Ceis 
[Fg-1] 

Rs 
[Ω] 

Ri 
[Ω] 

ESR 
[Ω] 

ϕ 
 [°] 

   At 25°C    
[Pyr13][NTf2] 200 17.8 6.3 84.6 50.6 -52.5 
 250 19.9 5.7 51.5 43.4 -59.8 
 300 17.4 5.8 36.3 35.1 -66.7 
 350 18.9 5.2 33.4 32.3 -71.1 
[Pyr14[NTf2] 200 19.2 7.7 69.3 51.6 -58.0 
 250 19.9 6.9 62.6 48.5 -54.2 
 300 20.1 8.0 52.7 43.1 -64.1 
 350 20.5 9.4 41.1 42.5 -66.6 
   At 40°C    
[Pyr13][NTf2] 200 16.8 3.5 122.8 49.5 -46.1 
 250 19.7 3.5 76.1 48.1 -52.8 
 300 17.2 3.3 57.4 42.2 -58.4 
 350 19.2 3.2 51.3 39.9 -62.8 
[Pyr14][NTf2] 200 19.4 4.7 133.9 55.4 -45.2 
 250 18.2 5.2 78.9 51.0 -49.1 
 300 20.1 4.5 58.4 44.2 -61.2 
 350 19.9 4.3 63.1 47.1 -57.2 
   At 60°C    
[Pyr13][NTf2] 200 13.6 2.4 160.1 45.2 -42.9 
 250 17.8 2.4 126.2 46.3 -47.9 
 300 16.5 2.3 112.9 48.5 -48.8 
 350 18.3 2.3 103.7 45.3 -52.6 
[Pyr14][NTf2] 200 14.2 3.2 316.8 47.9 -34.5 
 250 13.4 2.7 149.7 49.6 -45.6 
 300 19.9 3.1 101.3 48.5 -50.6 
 350 18.9 3.6 108.7 50.8 -50.7 
Where Ceis represents the determined specific capacitance through EIS at 0.01Hz, Rs the solution 
resistance determined at the intercept of x-axis, Ri ionic resistance determined through fitting 
various functions, ESR equivalent series resistance determined at 1kHz and ϕ capacitive 
component of the impedance determined at the low frequency region 
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a) [Pyr13][NTf2]                                    b) [Pyr14][NTf2] 

 

  
c) [Pyr13][NTf2]      d) [Pyr14][NTf2] 

 

   
e) [Pyr13][NTf2]     f) [Pyr14][NTf2]  

   

Figure 6.12 EIS plots for a) a) [Pyr13][Tf2N], b) [Pyr14][Tf2N] at 25°C, c) [Pyr13][Tf2N], 
d) [Pyr14][Tf2N] at 40°C and e) [Pyr13][Tf2N], f) [Pyr14][Tf2N] at 60°C  
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6.4.3.2 GC measurements 

The effect of temperature elevation on resistances, especially for those with 

smaller pore sizes, through EIS is also evident on the cell performance determined 

by GC. Figure 6.13 compares the electrochemical performance of [Pyr13][NTf2] 

and [Pyr14][NTf2] ILs together with respect to the controlled porosity ACs at 

temperatures of 25°C, 40°C, 60°C and 80°C. 

 

The curves associated with each of the AC-IL combinations display better 

performance and improved retention of capacitance with charging rates when 

combined with ACs with higher pore width, i.e. AC300 and AC350. This is 

occurring for both pyr-ILs at elevated temperatures, which is also supported by 

the substantially lower determined resistances through EIS for these pore 

mediums. 

At 25°C operation and at charging rate greater than 2 Ag-1 the value of the IR 

drop tends to be greater than the operating potential of the both pyr-based ILs 

combined with AC200 as no further cycling beyond this rate was accomplished. 

This is mainly due to the provision of narrowest pore characteristics of the AC200 

carbon. With increasing the pore width by 15% from 4.3 nm to 5.1 nm for AC250, 

the pyr-based cells provide capacitance at twice the charging rate, i.e. 4 Ag-1. The 

AC300 and AC350 carbons on the other hand maintain the highest cyclability 

with the charging rate at this temperature.  

 

The obtained specific capacitances during GC discharge rates of 0.5 and 4.0 mA, 

i.e. c0.5 and c4.0, are shown in Table 6.13. This is rather a very narrow selection of 

discharge densities compared to the whole cycled rate range, however cycling 

beyond 4 mA for some of the AC-IL combinations at higher temperatures could 

not be performed. Please refer to Appendix 4. 

According to the tabulated data, at the low current density of 0.5 mA, there is an 

increase in the value of c0.5 as the temperature increases to 40°C regardless of the 

utilized Pyr-IL and AC, which can be attributed to the phenomena of charge 

redistribution becoming more efficient through improving the mass transport 

properties by increasing the temperature to 40°C. However with increasing the 
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charging rate to 4.0 mA at temperature of 40°C this trend no longer exists where 

in fact the self-discharge processes have a greater influence.  

It is also evident that at low charging density of 0.5 mA for all AC-IL 

combinations at room temperature and 40°C the value of capacitance tends to be 

slightly higher for the ACs with narrower pore width in comparison to the wider 

pore carbons, with AC250 standing the highest for some combinations. However 

as the current density increases to 4.0 mA, capacitance retention tends to 

dramatically fall for the carbons incorporating narrower pores in comparison to 

wider pore carbons. This is mainly due to the presence of higher percentage of 

microporosity in AC200 and AC250 carbons, 43% and 41% respectively, 

compared to the other carbons limiting the mass transfer of the ions as the ions are 

unable to access the inner surface area of the pores rapidly enough in order to 

create the double layer at higher rates.  

Analogously, the establishment of higher capacitance values for AC200 and 

AC250 at low current densities at 25°C and 40°C can also be attributed to either 

the more dominant presence of microporosity getting saturated with ions more 

rapidly or association of these carbons with lower surface area and lower total 

pore volumes offering fewer sites in a given geometry for charge storage.  

It is worth noting that the aforementioned trend becomes less significant for the 

c0.5 values at operating temperatures of 60°C and 80°C where the energy of the 

system is higher and narrower pores are influenced by the resistances the most. 

 

No clear trend between the extension of the cation side chain length and the 

capacitance at the aforementioned rates was observed. 

It is worth highlighting that there is a noticeable disparity between these specific 

capacitances determined through GC method and EIS method. Determination of 

lower capacitances through EIS is mainly due to the fact that the entire surface 

available for formation of double layer is not completely used unless very low 

frequencies are applied. It is possible that at the selected frequency of 0.01 Hz the 

surface is not fully utilized since the ACs contain a high surface area and high 

microporosity volume.  
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As anticipated from electrochemical supercapacitors, a very high coulombic 

efficiency must have been attained at all discharge rates, usually exceeding 98%. 

Regardless of the discharge rate, however the attained efficiencies here are 

noticeably lower than anticipated. The discrepancies here mainly arise due to the 

experimental design for cycling the cells. A 20 seconds potentiostatic hold period 

was applied after the cell is fully charged to the operating potential limit of the IL 

and just before the discharge process starts. This step was applied to allow for 

charge redistribution inside the pore volume and also to counteract the rate of self-

discharge at the same time. During this potentiostatic hold period extra current 

was added to the system in order to recover the lost potential and maintain the cell 

at the fully charged state. Therefore the calculated coulombic efficiencies at 0.5 

mA and 4.0 mA are not real measures of this quantity at the aforementioned rates.  

The coulombic efficiency here, which was calculated as a ratio of output charge to 

the input charge, seems to be greater than 84% at low charging rate of 0.5 mA in 

all operating temperatures where then significantly reduced with increase in the 

charging rate to 4.0 mA and increases in temperature. Firstly, at higher charging 

rates, the cell charges up to the maximum operable potential of the IL much faster 

when compared against a lower rate since constant current charging was applied. 

Hence the ions have a shorter time to displace themselves inside the pores 

accordingly the distribution may taking place unevenly and not to the full capacity 

of the AC-IL combination. In other words, the current may not reach some of the 

smaller micropores at higher rates where it leads to participation of smaller 

fraction of the pores to contribute towards the charge storage and therefore 

reducing the output capacitance and correspondingly affecting the efficiency. 

Secondly, as already discussed, with increasing temperature the energy of the 

system increases leading to accumulation of resistances and occurrence of 

increased IR drops, even at lower discharge rates. The calculated efficiencies and 

IR drop values are in good agreement with the determined capacitances, 

especially at higher rates, as higher efficiencies and lower IR drops are associated 

with AC350-[Pyr13][NTf2] and AC300-[Pyr14][NTf2] combinations for most 

temperature runs. 
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 a) [Pyr13][NTf2]    b) [Pyr14][NTf2] 

 
 c) [Pyr13][NTf2]    d) [Pyr14][NTf2] 
 

 
e) [Pyr13][NTf2]    f) [Pyr14][NTf2] 

 

 
        g) [Pyr13][NTf2]     h) [Pyr14][NTf2] 
 
Figure 6.13 Variation of Specific capacitance with current density for a) 
[Pyr13][Tf2N], b) [Pyr14][Tf2N] at 25°C, c) [Pyr13][Tf2N], d) [Pyr14][Tf2N] at 
40°C, e) [Pyr13][Tf2N], f) [Pyr14][Tf2N] at 60°C and g) [Pyr13][Tf2N], h) 
[Pyr14][Tf2N] at 80°C 
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Table 6.13 GC characteristics of Pyr-ILs paired with controlled porosity ACs at 
various temperatures 

ILs AC c0.5  
[Fg-1] 

c4.0 
[Fg-1] 

η0.5  
[%] 

η4.0  
[%] 

IRdrop0.5  
[Ω] 

IRdrop4.0  
[Ω] 

   At 25°C     
[Pyr13][NTf2] 200 24.6 13.8 94.5 67.5 341 263 
 250 26.2 17.1 95.1 74.7 217 182 
 300 23.3 18.1 95.6 79.0 180 150 
 350 24.3 19.4 95.5 80.0 176 146 
[Pyr14][NTf2] 200 25.4 15.5 95.1 70.9 321 257 
 250 25.4 14.3 94.7 70.0 273 227 
 300 24.9 20.3 95.5 81.3 173 140 
 350 24.7 19.2 95.1 79.1 185 154 
   At 40°C     
[Pyr13][NTf2] 200 27.1 12.6 93.9 61.7 407 315 
 250 28.7 15.5 94.4 70.0 290 227 
 300 24.8 18.5 94.5 74.5 221 179 
 350 26.0 17.5 94.2 73.3 245 198 
[Pyr14][NTf2] 200 28.9 15.8 94.1 67.9 361 290 
 250 27.4 12.2 93.7 65.9 320 260 
 300 26.9 18.1 94.0 74.0 258 205 
 350 26.3 17.3 93.5 72.8 231 187 
   At 60°C     
[Pyr13][NTf2] 200 24.2 - 92.5 45.8 647 445 
 250 27.5 9.5 93.3 55.5 478 353 
 300 24.5 9.5 92.4 54.6 485 355 
 350 26.2 10.4 92.1 51.1 576 408 
[Pyr14][NTf2] 200 25.7 - 91.5 32.8 890 580 
 250 23.6 8.1 91.4 55.2 512 358 
 300 28.3 12.4 91.4 59.8 490 352 
 350 25.6 9.4 90.6 49.9 579 412 
   At 80°C     
[Pyr13][NTf2] 200 13.3 - 88.5 34.1 827 529 
 250 16.5 - 90.3 40.7 728 482 
 300 21.7 7.5 90.3 45.0 622 435 
 350 22.6 - 89.8 32.8 847 556 
[Pyr14][NTf2] 200 7.8 - 84.6 - 2120 - 
 250 13.9 6.2 88.1 45.5 729 450 
 300 27.0 8.8 88.7 50.3 633 421 
 350 22.7 - 87.9 40.6 758 499 
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6.4.4 EDLC performance – S-based ILs 

6.4.4.1 EIS measurements 

In this section, the behaviour of the assembled cells using sulfonium based ILs 

were considered where volume of the cations are 179 Å3 and 207 Å3 for 

[S221][NTf2] and [S222][NTf2], respectively. These cation volumes are markedly 

lower than their conjugating anion, that is [NTf2]- at the volume of 248 Å3, 

leading to creation of the smallest IL dimensions utilized in this study. The S-

based ILs are differing from one another through inclusion of an extra methyl 

group into the side chain of [S221]+ that contains the lowest number of constituents 

on its branch, creating [S222]+. 

 

Figure 6.16 shows the produced Nyquist plots for [S221][NTf2] and [S222][NTf2] 

ILs paired with controlled porosity activated carbons at the temperatures of 25°C, 

40°C and 60°C. The attained spectra illustrate that, similar to AC-pyr 

combinations, the AC-S cells do not behave as ideal capacitors at any of the 

operating temperatures since there are no vertical responses associated with the 

low frequency region of these plots. The angle of the capacitive components here 

does not follow a consistent trend with increasing the pore width from AC200 to 

AC350 or cation size at a specific temperature. However through increasing the 

temperature, the response deviates further from the ideal behaviour when 

compared to the previous temperature. This is perhaps caused by presence of 

some inhomogeneity in the double layer produced as a result of present porosities 

or uneven electrode thicknesses.  

 

As described in the experimental section, the low frequency impedance is also 

correlated to capacitance. It is seen that the calculated capacitance values of 

[S221][NTf2] IL are markedly higher combined with every controlled porosity ACs 

in comparison to AC-[S222][NTf2] combinations. This trend is observed for all 

operation temperatures and contradicts with the expectation as the least viscous 

and most conductive IL, i.e. [S222][NTf2], is expected to perform better.  

With the exception of AC200-[S222][NTf2] and AC350-[S222][NTf2] combinations 

where a marginal increase in ceis  occurs at 40°C, all other combinations 
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experience a sharp decrease in ceis when the temperature increases as result of 

resistances build up inside the cells. 

 

Regarding the resistances determined from the magnified section of high 

frequency region shown in Figure 6.16, in spite of the small cation dimensions, 

the narrowest pore width AC200 remains the most resistive porous medium in 

terms of providing insufficient room for ions to form double layers for both ILs at 

all temperatures. The highest value of ionic resistance and ESR is associated with 

this carbon in all operating temperatures. The least resistive pore medium, 

however, tend to vary with the cation size at different temperatures. In fact there 

are no consistent trend between (Rs, Ri, ESR) and ion size, pore width and 

temperature. However, similar to AC-pyr combinations the ionic resistance 

increases with temperature. 

 

The most capacitive behaviour at 25°C is observed for AC300-[S221][NTf2] and 

AC350-[S222][NTf2]. Although this is reflected on ceis for the former combination 

but the latter combination is associated with the provision of the lowest ceis at the 

aforementioned temperature as the solution resistance is relatively high at 4.1 Ω 

compared to other combinations at this temperature.  

AC250-[S221][NTf2] combination at this temperature is seem to equally compete 

with AC300 paired with the same IL. However the marginally higher Ri and ESR 

resistances and lower phase angle indicate that the pore width provided by AC250 

may be slightly small for the optimum ion adsorption. 

It is worth noting that for the value of Ri and ESR tends to be at the minimum for 

AC350-[S221][NTf2] at 25°C. However the ceis tends to be the second lowest 

standing after AC200-[S221][NTf2] combination at 38.5 Fg-1. This indicates that 

the provided pore width from AC350 are too large for ions adsorption and it may 

be the case that the unabsorbed ions compete with the existing absorbed ones in 

the same pore to form a double layer of charge as this carbon provides the widest 

pathways for the ion diffusion so no empty pore volume is available in this carbon 

and perhaps excess electrolyte is present, i.e. pore flooding takes place.  This 

condition is generally associated with a substantial increase in the double layer 
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thickness or a decrease in the IL’s dielectric constant and shown in Figure 6.14. 

Alternatively the mechanism of ion pairing takes place where the attraction 

between the adsorbed and competing ions becomes lower with the pore walls than 

ions carrying opposite charge resulting in ion pairing and higher concentration of 

neutral ion pairs [37]. This behaviour is also observed through further increase in 

the temperature to 40°C and 60°C for this AC-IL combination. 

These finding supports the idea that the performance of IL based supercapacitors 

can only be improved through careful selection of carbon materials [203]  

 

 
 

 
Figure 6.14 Pore flooding mechanism resulting in: a) ion exchange and b) ion 

pairing. Adapted from [37] 
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Figure 6.6  – Proposed mechanism of pore flooding leading to ions at double-layer 

and bulk exchanging  

 

 

 

 

 

Figure 6.7 – Proposed mechanism of pore flooding leading to ion pairing in RTIL 

electrolytes 

 

Anions in the pore 
compete to form the 
double-layer with 
adsorbed ions 
exchanging with 
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allow ions to easily 
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form good contact 
with the carbon wall 
without excess ions  

 

Ion pairing occurs, 
where the attraction of 
the anion to the cation is 
greater than the 
attraction to the pore 
wall resulting in a 
higher concentration of 
neutral ion pairs, 
resulting in a decrease 
in the conductivity of 
the electrolyte. 
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Figure 6.7 – Proposed mechanism of pore flooding leading to ion pairing in RTIL 

electrolytes 
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In a closer investigation of AC-[S222][NTf2] combinations at 25°C, only a 

marginal variation in the ceis is observed for AC200/250/300-[S222][NTf2] with 

AC300 standing the highest as discussed. However the resistances are more 

significant with the narrower pore width ACs causing disparities with the shape of 

the spectra as shown in Figure 6.15 b). The disparity in the shape of the spectra 

remains with raising the temperature to 40°C, although interestingly the AC200-

[S222][NTf2] combination provides the highest resistances but also provides the 

highest capacitance which was followed by AC300>AC350>AC250 respectively. 

Similar to 25°C operation, AC300-[S221][NTf2] provides better performances and 

capacitive behaviour compared to its relative [S221][NTf2] combinations at 40°C. 

 

Through further increase of temperature to 60°C, AC300-[S221][NTf2] 

combination provides the markedly higher capacitance compared to others but Rs 

and ESR resistances are also among the highest.  

The discrepancies between the resistances and determined ceis values with the 

shape of the spectras for [S222][NTf2] combinations also remain at this 

temperature. However the wider pore carbons, i.e. AC300 and AC350, tend to 

provide better capacitances. 
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Table 6.14 EIS characteristics of S-ILs paired with controlled porosity ACs at 
various temperatures 

 

 

 

 

 

 

ILs ACs Ceis 
[Fg-1] 

Rs 
[Ω] 

Ri 
[Ω] 

ESR 
[Ω] 

ϕ 
 [°] 

   At 25°C    
[S221][NTf2] 200 36.4 3.6 74.4 37.8 -47.2 
 250 41.4 3.1 15.5 17.8 -59.5 
 300 44.7 4.0 14.4 17.7 -66.8 
 350 38.5 3.8 9.8 13.4 -64.6 
[S222][NTf2] 200 29.7 3.4 43.7 36.5 -49.6 
 250 28.9 3.2 38.5 34.7 -55.9 
 300 29.8 3.18 20.7 22.2 -58.0 
 350 25.7 4.1 9.5 13.4 -70.2 
   At 40°C    
[S221][NTf2] 200 35.5 4.0 71.7 43.2 -45.1 
 250 35.9 3.4 36.2 31.3 -49.9 
 300 37.4 2.3 27.8 25.7 -51.1 
 350 34.9 2.4 22.4 22.3 -55.6 
[S222][NTf2] 200 30.1 3.3 74.1 43.7 -44.7 
 250 24.4 2.1 35.8 30.5 -49.9 
 300 28.2 2.4 56.4 38.9 -48.2 
 350 25.9 2.1 19.8 19.9 -58.3 
   At 60°C    
[S221][NTf2] 200 23.3 1.8 144.2 35.9 -39.0 
 250 23.5 1.7 61.9 35.7 -46.8 
 300 31.5 5.1 73.1 40.0 -45.4 
 350 23.1 2.2 55.5 36.7 -50.4 
[S222][NTf2] 200 19.7 3.2 144.8 43.4 -40.2 
 250 19.1 1.5 59.5 39.4 -49.5 
 300 23.2 3.4 129.8 46.0 -40.7 
 350 22.0 3.1 45.5 36.9 -50.4 
Where Ceis represents the determined specific capacitance through EIS at 0.01Hz, Rs the solution 
resistance determined at the intercept of x-axis, Ri ionic resistance determined through fitting 
various functions, ESR equivalent series resistance determined at 1kHz and ϕ capacitive 
component of the impedance determined at the low frequency region 
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a) [S221][NTf2]     b) [S222][NTf2] 

  
c) [S221][NTf2]     d) [S222][NTf2] 

 

  
e) [S221][NTf2]     f) [S222][NTf2] 

Figure 6.15 EIS plots for a) [S221][Tf2N], b) [S222][Tf2N] at 25°C, c) [S221][Tf2N], d) 
[S222][Tf2N] at 40°C and e) [S221][Tf2N], f) [S222][Tf2N] at 60°C 
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6.4.4.2 GC measurements 

Figure 6.16 compares the electrochemical performance, determined by GC, of 

[S221][NTf2] and [S222][NTf2] ILs when paired with controlled porosity carbons at 

25°C, 40°C, 60°C and 80°C. Table 6.15 compares these combinations with 

respect to the attained capacitances, efficiencies and IR drop values at the 

discharge rates of 0.5 and 4.0 mA at the aforementioned temperatures.  

 

Analogous to the determined capacitances using the low frequency impedance, 

when comparing the characteristics of [S221][NTf2] cells with those using 

[S222][NTf2] there are markedly higher values of c0.5 and c4.0 are associated with 

[S221][NTf2] for each of the ACs, which again contradicts with our expectation 

due to provision of better conductive and transport properties of [S222][NTf2] IL. 

This can be attributed to 3 major reasons of: 1) the absence of a CH2 in 

[S221][NTf2] IL allowing for better accessibility to the surface i.e. greater fraction 

of pores being utilized, 2) much denser packing of [S221][NTf2] IL may occur at 

the electrode surface due to their smaller cation dimension and 3) absence of a 

methyl group in [S221][NTf2] can also led to a reduction in distance between the 

central charged atom of the adsorbed cation with the AC surface transferring 

greater amount of charge to the porous surface [204]. 

 

At 25°C and 40°C runs, the AC200 carbon paired with both S-ILs produce the 

poorest performance in terms of the ability of the cells to cycle at higher rates. 

Correspondingly the voltage drop at higher rates is more significant when 

compared to the operating potential of the IL, in addition, the IR drop is at its 

maximum for the aforementioned combinations at all temperatures indicating that 

provided pore width by AC200 is insufficient for optimum charge storage. 

With increasing the temperature further to 60°C and 80°C, a sharp drop in 

capacitance is observed for all AC-ILs perhaps due to a greater degree of self-

discharge as a result of improved transport properties. In other words, the better 

electronic and transport properties for S-ILs at elevated temperatures aids the 

formation of the double layer, however at the same time the self discharge is also 

encouraged due to the same reason, i.e. better electronic and transport properties. 
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This effect is much higher and more noticeable for S-based ILs in comparison to 

the other ILs due to the smaller size of the cations and provision of the lowest 

viscosities. 

 

Albeit, analogous to the determined capacitances through EIS, the obtained GC 

capacitances experience a reduction with higher temperatures but according to the 

tabulated data, an increase in c0.5 is observed for AC200/300/350 at 40°C for both 

[S221][NTf2] and [S222][NTf2] ILs when compared against the same combinations 

at the same rate at 25°C. This is mainly due to the reason that at this temperature 

accumulation of resistances are not as significant as 60°C and 80°C runs where 

the energy of the system increases. This perhaps is in favour with creation of 

double layer at smallest pores due to improved properties and not in a 

compromise with self-discharge processes. Also the small size S-cations can 

perhaps provide better orientation with the surface at this temperature. 

However when increasing the discharge density to 4.0 mA, the trend disappears as 

at higher densities, the cell charges up to the operating potential of the 

incorporated IL in a shorter time period when compared against lower densities 

hindering the charge displacement inside the pores. This means that there is 

insufficient time available for optimum charge storage; therefore lower values 

were calculated for c4.0.  

 

Similar to the presented EIS data, at the operating temperatures of 25°C, 40°C and 

60°C the AC300-[S221][NTf2] combination provides the highest values of c0.5 and 

c4.0 at the most stable manner. However the AC200-[S222][NTf2] combination 

tends to provide marginally higher c0.5 at the operating temperatures of 25°C and 

40°C with AC300-[S222][NTf2] combination standing the second highest. At 

60°C, AC300-[S222][NTf2] combination still provides the second highest value of 

c0.5 with a marginal difference with AC350-[S222][NTf2] combination standing at 

the highest. However the c4.0 performance seems to remain at the highest for 

AC350-[S222][NTf2] combination compared to the other ACs paired with 

[S222][NTf2] at all temperatures. In other words, AC350-[S222][NTf2] combination 

show better capacitance retention properties with the increased charge density 
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where the association of relatively lower c0.5 values of this combination in 

comparison to other AC-[S222][NTf2] could be linked to presence of relatively 

higher percentage of wider mesoporosity in the AC350 carbon than microprosity.  

 

Accordingly the coulombic efficiencies at the discharge rate of 4.0 mA tend to be 

at the highest for AC300-[S221][NTf2] and AC350-[S222][NTf2] combinations at 

25°C, 40°C and 60°C runs. Similarly the IR drop values for these combinations 

are substantially lower in comparison to other controlled porosity carbons at the 

studied temperatures. Hence the highest efficiencies are achieved with 

combinations that the IR drop is at the minimum or fairly low, which then result 

in provision of highest capacitances. 

It is also evident that the attained efficiencies at 4.0 mA discharge rates are 

significantly lower when compared against the corresponding efficiency at 0.5mA 

of the same combination. As described in section 6.4.3, this is mainly due to the 

experimental procedure employed as a 20 seconds potentiostatic step was applied 

at the fully charged state to assist the ions to arrange themselves inside the porous 

medium in order to minimize the effect of self-discharge processes. Hence extra 

current was added at this stage to compensate for the potential decay and maintain 

the cell at the fully charged state. Accordingly when discharge density increases, 

this current becomes more influencing, as less time is available to the ions to 

migrate while charging the cell. It is worth noting that a correction for this current 

is not possible due to the instrument limitation.  

 

Value of the IR drop is also reduced with increase in the discharge density where 

a relatively bigger potential drop is recorded due to the same mentioned reason.  
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a) [S221][NTf2]          b) [S222][NTf2] 
       

          
c) [S221][NTf2]          d) [S222][NTf2] 

       
   e) [S221][NTf2]           f) [S222][NTf2] 

          
g) [S221][NTf2]             h) [S222][NTf2] 

Figure 6.16 Variation of Specific capacitance with current density for a) [S221][Tf2N], b) 
[S222][Tf2N] at 25°C, c) [S221][Tf2N], d) [S222][Tf2N] at 40°C, e) [S221][Tf2N], f) [S222][Tf2N] at 
60°C, [S221][Tf2N] and h) [S222][Tf2N] at 80°C 
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Table 6.15 GC characteristics of S-ILs paired with controlled porosity ACs at 
various temperatures 

 
 
 
 
 
 
 

ILs AC c0.5  
[Fg-1] 

c4.0 
[Fg-1] 

η0.5  
[%] 

η4.0  
[%] 

IRdrop0.5  
[Ω] 

IRdrop4.0  
[Ω] 

   At 25°C     
[S221][NTf2] 200 51.0 29.4 96.9 77.1 187 169 
 250 53.7 41.3 97.4 86.7 139 91 
 300 55.8 42.6 98.0 91.9 52 46 
 350 49.8 38.8 97.5 87.3 92 78 
[S222][NTf2] 200 44.8 26.2 97.1 79.3 176 145 
 250 43.3 21.4 97.1 74.1 143 190 
 300 44.6 32.2 97.4 85.9 84 74 
 350 36.2 29.4 96.8 87.3 82 67 
   At 40°C     
[S221][NTf2] 200 51.5 22.1 95.0 66.8 336 276 
 250 47.7 19.1 95.5 75.1 174 149 
 300 57.7 43.8 96.4 86.9 95 84 
 350 51.7 33.6 96.0 84.1 102 90.6 
[S222][NTf2] 200 46.4 17.5 96.1 69.1 247 215 
 250 41.8 17.1 96.1 72.3 187 157 
 300 45.9 21.9 96.1 75.0 198 174 
 350 39.0 25.1 96.0 81.5 120 103 
   At 60°C     
[S221][NTf2] 200 34.8 - 87.0 44.9 572 410 
 250 37.2 - 81.3 67.7 243 195 
 300 40.5 21.5 85.0 73.1 219 174 
 350 35.2 - 85.8 67.1 252 193 
[S222][NTf2] 200 30.4 10.5 87.2 56.0 401 301 
 250 26.2 - 87.2 62.6 288 210 
 300 32.3 - 90.2 52.5 406 342 
 350 32.8 14.3 91.0 69.3 228 176 
   At 80°C     
[S221][NTf2] 200 4.1 - 59.7 - 2233 - 
 250 8.7 - 74.0 30.9 2487 475 
 300 5.6 - 61.8 - 1942 - 
 350 8.6 - 63.7 - 1235 - 
[S222][NTf2] 200 5.1 - 68.8 8.8 1889 - 
 250 8.7 - 73.6 33.9 1545 435 
 300 4.6 - 43.1 6.8 1531 - 
 350 - - - - - - 
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6.4.5 EDLC performance – N-based ILs 

6.4.5.1 EIS measurements 

 
Next, the behaviour of the assembled cells containing ammonium based ILs were 

considered where the volume of one of the cations is smaller and the others are 

greater than the [NTf2]- anion, that is 248 Å3. The volume of the cations are in the 

order of 222 Å3, 306 Å3 and 266 Å3 for [N1114]+, [N2224]+ and [N122(2O1)]+ species, 

respectively. Here the effect of chain length is investigated differently were three 

CH2 groups are added to the side chains of  [N1114]+ cation in order to produce 

[N2224]+ whereas formerly addition of only one CH2 group into the structure was 

investigated. The incorporation of an ether linkage into the structure and its effect 

on performance was also considered. 

 

Figure 6.17 demonstrates the produced Nyquist plots for [N1114][NTf2], 

[N2224][NTf2] and [N122(2O1)][NTf2] ILs in combination with controlled porosity 

ACs at 25°C, 40°C and 60°C. Analogous to the previously attained spectra for 

AC-pyr and AC-S at varying operating temperatures, the cells comprised of N-ILs 

do not exhibit any ideal capacitive behaviour as  the low frequency response is not 

vertical. However as observed from Table 6.16 the capacitive response is 

approaching ideal behaviour for most combinations with carbons containing 

higher percentage of pore width and pore volume, i.e. AC300 and AC350.  

In fact a clear consistency is observed between increase in the R/C ratio and 

increase in the capacitive component angle for AC-[N1114][NTf2] and AC-

[N2224][NTf2] combinations at 25°C and 40°C which then disappears through 

further temperature increase to 60°C.  

On the other side is the ether incorporated [N122(2O1)][NTf2] IL which shows no 

consistent correlations with increase in the pore width and capacitive behaviour at 

various temperature runs. The inconsistency at low temperature run is perhaps 

caused by high viscosity and low conductivity of this IL even in presence of the 

ether linkage. 

Although no consistent correlations observed for the capacitive component for all 

ILs paired with controlled porosity carbons at specific temperatures but as the 
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temperature increases a clear deviation from the ideal behaviour is attained for all 

combinations as a result of inhomogeneity in double layer.  

The required data for calculation of ceis for different combinations are also 

extracted from the low frequency response region where the relative resistances 

presented in Table 6.16 are attained from the high frequency region.  

At 25°C it is seen that there are a marginal increase in the value of calculated 

capacitances for AC-[N2224][NTf2] combinations when compared against 

unextend [N1114][NTf2] and ether incorporated [N122(2O1)][NTf2] ILs paired with 

controlled porosity ACs. This trend in particular is unanticipated as the longer 

chain IL, that is [N2224][NTf2], is expected to produce lowest ceis due to the 

extended chain length limiting the IL mobility and correspondingly lowering the 

transport properties. Although this may seem as an unexpected result at the first 

glance, but from the DSC spectras, melting temperatures of 17.1°C and 20.9°C 

are determined for [N1114][NTf2] and [N2224][NTf2] ILs, respectively. Clearly, 

these melting temperatures are very close to the 25°C operating temperature and 

the hypothesis is that these N-ILs may still contain some solid crystals in their 

structure influencing the performance.  

It is also evident that at this operating temperature, the solution resistances for 

different AC-N combinations are in the order of [N2224][NTf2]> [N1114][NTf2]> 

[N122(2O1)][NTf2] where a little variation in Rs is observed with [N1114][NTf2] and 

[N2224][NTf2] ILs paired with controlled porosity carbons. This finding supports 

the original hypothesis about presence of solid crystals in the IL as no significant 

variation is observed when pore width is increasing. In other words the influence 

of the cation size and pore width can be treated as negligible for the 

aforementioned combinations at 25°C. 

In the case of [N122(2O1)][NTf2] IL, presence of the methoxyethyl linkage leads to 

lower degrees of interactions between the cation and the pore walls of the 

negatively charged electrode. It is also worth recalling that although incorporation 

of an ether linkage adds extra flexibility into the chain and reduces viscosity, it 

also impedes the potential range at which the IL remains stable. Hence the ether-

incorporated cells charge up to a lower potential limit at each cycle, reducing the 

amount of displaced charge in the electrode.  
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At 25°C, AC350-[N1114][NTf2] and AC350-[N122(2O1)][NTf2] combinations 

provide the highest ceis at 21.9 and 20.8 Fg-1, respectively, in comparison to other 

AC combinations paired with the same N-based IL at the same temperature. 

According to the resistances extracted from the high frequency region, there is a 

minimum Ri and ESR that coincide well with peak values of ceis. These 

combinations are also associated with the maximum phase angle attained from the 

low frequency impedance that again is in good agreement with attaining highest 

ceis capacitances. 

The above characteristics of minimum Ri, minimum ESR and maximum phase 

angle are hold for the AC350-[N2224][NTf2] combination at the same operating 

temperature, however a specific capacitance of 21.4 Fg-1 is calculated for this 

combination, which is marginally lower than AC300-[N2224][NTf2] combination 

of 22.3 Fg-1. The contradiction here may perhaps arise from the fact the near mp 

temperature of this IL to the operating temperature may result in the creation of 

some solid crystals that consequently causes blockage. 

The same trend is also observed at 40°C. The contradiction here is no longer 

linked to the melting of the [N2224][NTf2] IL as the temperature is increasing, 

viscosity is reducing and a bigger variation of Rs is recorded with the ACs. Thus 

the inconsistency here could perhaps be linked to greater degree of ionic 

coordination of this IL with AC300 leading to denser packing of the ions on the 

electrode surface and displacing more charge.  

An increase in ceis is experienced for all AC-N combinations when increasing the 

temperature to 40°C. This trend tends to be more significant for the narrower pore 

width AC200 and AC250 where a greater percentage of microporosity is available 

for charge storage in comparison to AC300 and AC350. Through further 

temperature increase to 60°C, a minor reduction in capacitance is experienced for 

most AC-N combinations due to the increase in the system energy. However the 

AC250-[N2224][NTf2] and AC200-[N122(2O1)][NTf2] combinations are excepted 

from this trend where a higher value of ceis is produced compared to the previous 

operating temperature. In fact the aforementioned combinations provide the 

highest value of ceis when compared against other AC combinations of the same 

category. These combinations are also associated with higher values of Ri, ESR 
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and lower ϕ than AC300-[N2224][NTf2] and AC350-[N122(2O1)][NTf2] 

combinations, as previously discussed, indicating that this variation is most likely 

caused by impedance limitation in determining the capacitance in the low 

frequency region rather than having any physical meaning. 

 

It is also worth noting that at 25°C, the Ri and ESR resistances are at their 

maximum when the N-ILs are paired with AC200 indicating that a large fraction 

of microporosity in this carbon is inaccessible to the ions. Although by increasing 

the temperature to 40°C and 60°C, Ri and ESR resistances increase but the trend 

for AC200 no longer exists due to the build up of the system energy. 

Not to forget that the allowable operating potential window at 25°C was utilized 

for all temperature operations, which may stand as too wide when dealing with 

high temperature runs. Although this account as a primary reason for build up of 

resistances but the ceis variation with temperature is not as extreme as other 

previously studied systems indicating that the selected operating potentials of N-

ILs at 25°C are relatively a conservative choice for potential limit.  
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Table 6.16 EIS characteristics of N-ILs paired with controlled porosity ACs at 
various temperatures 

  

ILs AC Ceis 
[Fg-1] 

Rs 
[Ω] 

Ri 
[Ω] 

ESR 
[Ω] 

ϕ 
[°] 

   At 25°C    
[N1114][NTf2] 200 16.1 11.2 71.2 49.1 -51.9 
 250 18.1 10.4 39.4 36.8 -57.3 
 300 20.8 10.9 49.9 44.1 -68.3 
 350 21.9 11.8 18.9 27.6 -74.6 
[N2224][NTf2] 200 20.4 15.8 66.7 54.2 -57.9 
 250 20.0 16.1 51.3 45.5 -58.4 
 300 22.3 15.6 41.5 40.5 -61.6 
 350 21.4 15.2 30.5 33.5 -69.5 
[N122(2O1)][NTf2] 200 17.8 11.5 89.5 58.0 -62.3 
 250 19.7 9.3 46.3 43.4 -57.2 
 300 20.1 8.6 43.7 43.1 -73.3 
 350 20.8 7.2 34.9 34.1 -74.7 
   At 40°C    
[N1114][NTf2] 200 19.7 6.7 148.7 55.3 -47.1 
 250 20.7 6.3 54.2 44.2 -49.6 
 300 22.2 9.9 107.7 59.7 -55.5 
 350 22.6 7.4 43.2 40.4 -64.3 
[N2224][NTf2] 200 23.6 9.0 104.5 60.4 -52.7 
 250 22.1 11.1 106.3 50.9 -54.2 
 300 24.2 8.7 42.4 39.1 -64.4 
 350 22.3 7.8 41.3 33.5 -62.3 
[N122(2O1)][NTf2] 200 21.4 5.3 118.1 51.7 -62.8 
 250 15.3 5.4 125.9 52.1 -45.3 
 300 20.5 4.5 131.8 53.6 -59.3 
 350 21.8 4.6 89.5 52.3 -64.3       
   At 60°C    
[N1114][NTf2] 200 14.5 2.9 178.6 58.4 -42.1 
 250 20.4 5.8 74.9 49.3 -48.3 
 300 21.2 9.0 168.9 56.5 -44.9 
 350 21.7 3.8 72.1 46.3 -54.0 
[N2224][NTf2] 200 22.4 4.8 158.8 55.1 -40.9 
 250 23.0 5.7 112.7 52.4 -48.9 
 300 22.0 4.9 99.4 48.9 -46.1 
 350 20.6 4.7 62.1 45.1 -52.9 
[N122(2O1)][NTf2] 200 23.0 3.1 202.8 41.6 -48.0 
 250 14.2 3.5 133.2 48.4 -46.1 
 300 20.2 2.9 190.1 49.7 -51.5 
 350 21.5 4.4 136.8 48.3 -52.7 
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a) [N1114][NTf2]       b) [N2224][NTf2]       c) [N122(2O1)][NTf2] 
 

 

 

 

 

 

 

 

 
 
d) [N1114][NTf2]          e) [N2224][NTf2]        f) [N122(2O1)][NTf2] 
 

 

 

 

 

 

 

 

 

g) [N1114][NTf2]          h) [N2224][NTf2]        i) [N122(2O1)][NTf2] 

Figure 6.17 EIS plots for a) [N1114][NTf2], b) [N2224][NTf2], c) [N122(2O1)][NTf2] at 
25°C, d) [N1114][NTf2], e) [N2224][NTf2], f) [N122(2O1)][NTf2] at 40°C and g) 
[N1114][NTf2] , h) [N2224][NTf2], i) [N122(2O1)][NTf2] at 60°C 
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6.4.5.2 GC measurements 

Similar to the previously studied ILs, the electrochemical performance of the N-

based ILs was also investigated through the Galvanostatic cycling. Figure 6.18 

illustrates the produced spectras of the [N1114][NTf2], [N2224][NTf2] and 

[N122(2O1)][NTf2] ILs paired with controlled porosity activated carbons at 25°C, 

40°C 60°C and 80°C. The relative capacitances, coulombic efficiencies and IR 

drop values of these combinations are also calculated at the discharge rates of 0.5 

mA and 4.0 mA at all temperatures. These values are presented in Table 6.17. 

 

At 25°C, the associated curves for the N-ILs combined with AC300 and AC350 

display better performance and higher capacitance retention with increasing the 

discharge rates when compared against narrower pore ACs.  

A noticeable similarity in the profile of AC300-[N2224][NTf2]  with AC350-

[N2224][NTf2] and AC200-[N2224][NTf2]  with AC250-[N2224][NTf2] is also 

observed. The same similarity is seen for [N122(2O1)][NTf2] paired with wider pores 

and narrower pores ACs. 

It is also evident that a marginal variation is observed when AC300/AC350-

[N2224][NTf2] are compared against AC300/AC350-[N122(2O1)][NTf2] combinations 

with the slightly higher performance of the latter profiles due to the incorporation 

of ether linkage introducing extra flexibility to the structure and lowering 

viscosity. Attaining almost the same profiles with two different ILs at the same 

pore mediums with marginal variation could either be dedicated to similarity in 

physiochemical properties or the cation constituent volume since the anion 

remains unchanged. The influence of viscosity and conductivity can be 

disregarded here as the attained values are fairly apart at 150 mPa.s / 1.31 mScm-1 

and 71.6 mPa.s / 2.9 mScm-1 for [N2224][NTf2] and [N122(2O1)][NTf2], respectively, 

at 25°C. Hence the volume of the cation should have a greater influence. In this 

case both ILs contain relatively larger size cation constituents in comparison to 

the [NTf2] anion so the hypothesis here is that the cations may considered as too 

large even for the dealing wider pore mediums, i.e. AC300 and AC350. A 

possibility opens here that the provided surface area and pore volume by these 

carbons are not fully available to the bigger size cations due to their dimension, 
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accordingly a greater portion of the stored charge is perhaps coming from the 

creation of the double layer with the anion at the positive electrode. As a result, 

little performance variation is observed between the narrower and wider pores 

when paired with two different N-based ILs offering significantly different 

physiochemical properties. 

Hence ACs with greater pore width must be explored to observe whether the 

stated proposition is the influencing factor. 

At the low discharge density of 0.5 mA, there is no consistent correlation between 

the c0.5 values, increase in chain length, incorporation of ether linkage and 

increase in the pore width. However relatively higher values of c0.5 are obtained 

when the N-based ILs are paired with AC250 in comparison to other ACs in the 

same category which then changes to AC200 at operating temperature greater 

than 40°C. These carbons are associated with a higher degree of microporosity 

indicating that at the low discharge rate of 0.5 mA there are sufficient time 

available for the current to reach the smaller micropores hence the microporosity 

is more involved in the storage. Moreover according to the earlier discussed 

argument, this trend is most likely related to the anion and its dimension directly 

where these species have sufficient time to create the double layer at smallest 

micropores and participate in storage. Overall these findings indicate that at the 

lower charge densities the narrower pore width carbons are the optimum medium 

choice among the studied carbons here. 

By increasing the discharge rate to 4.0 mA, AC350 is a better choice for the N-ILs 

as the level of microporosity is reduced and mesoporosity increases. In fact, 

similar to the determined ceis values, the AC350-[N1114][NTf2], AC300-

[N2224][NTf2] and AC350-[N122(2O1)][NTf2] provide the highest c4.0 capacitances 

which are associated with high efficiencies and low IR drops.  

As previously discussed, the reason for selection of 4.0 mA rate as a comparison 

point to low discharge rate of 0.5 mA is purely due to inability of most 

combinations to undergo GC cycling beyond this rate at higher temperature 

operations as the voltage drop due to resistances are significant.  

In the case of the AC300-[N2224][NTf2] combination at 25°C and 40°C operation, 

it is seen that AC350 paired with the same IL perform better at slightly greater 
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rates than 4.0 mA which is interrelated with the rate of about 1 Ag-1 on the GC 

plots. Hence at the aforementioned temperatures, AC350-[N2224][NTf2] 

combination provides better performances with increases in the rate in comparison 

with AC300-[N2224][NTf2] combination. This finding is supported by provision of 

the highest efficiencies and lowest IR drop for this combination at 25°C and 40°C. 

In fact both wider pore combinations are associated with higher efficiencies and 

lower IR drops compared to narrower pore ACs at all temperatures.  

 

According to the tabulated data and GC plots, through further temperature 

increase to 60°C and 80°C, wider pore ACs still provide better performances with 

increase in the discharge rate at a more stable manner in comparison to narrower 

pore ACs. However unlike at 25°C and 40°C, the effect of pore characteristics is 

less apparent when operating at higher temperatures especially for 

AC250/300/350-[N1114][NTf2] combinations perhaps due to buildup of resistances 

and blockage of pores as a result of overcharging decomposition or melting of the 

polymer due to temperature. At the same time, the mentioned combinations 

provide the highest c0.5 and c4.0 at all temperatures when compared against other 

N-ILs in the same operating temperature indicating a greater contribution of the 

cation constituent to charge storage, as its smaller in size, in comparison to other 

ILs in the same category.  On the other side are the extended [N2224][NTf2] and 

ether incorporated [N122(2O1)][NTf2] ILs where the extension of the side chains of 

the former IL limits the ion mobility and increases the viscosity in comparison to 

[N1114][NTf2] whereas in the case of [N122(2O1)][NTf2] although incorporation of 

the ether linkage improves the viscosity due to the reduced positive charged 

charge density at the central ammonium atom but a trade-off with maximum 

operating potential is created which results in lower performance. 

As a general trend, AC300 and AC350 deliver better efficiencies and lower 

potential drops due to resistances at most temperatures regardless of the utilized 

N-IL. It is also evident that the attained efficiencies at 4.0 mA discharge rates are 

significantly lower when compared against the corresponding efficiency at 0.5mA 

of the same combination. As described in section 6.4.3, this is mainly due to the 

experimental procedure defect.  
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a) [N1114][NTf2]     b) [N2224][NTf2] 

 

 

 

 

 

   

    
 c) [N122(2O1)][NTf2] 
   

 
d) [N1114][NTf2]     e) [N2224][NTf2] 
 

 

 

 

  
 
    

 f) [N122(2O1)][NTf2]   
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g) [N1114][NTf2]     h) [N2224][NTf2] 
 
 

 

 

 

 
 

    i) [N122(2O1)][NTf2]   

 
j) [N1114][NTf2]     k) [N2224][NTf2] 
 

 

 

 

 

 

 

    l) [N122(2O1)][NTf2]   

Figure 6.18 Variation of specific capacitance with current density for a) 
[N1114][NTf2], b) [N2224][NTf2], c) [N122(2O1)][NTf2] at 25°C, d) [N1114][NTf2] , e) 
[N2224][NTf2], f) [N122(2O1)][NTf2] at 40°C, g) [N1114][NTf2] , h) [N2224][NTf2], i) 
[N122(2O1)][NTf2] at 60°C and j) [N1114][NTf2] , k) [N2224][NTf2], l) 
[N122(2O1)][NTf2] at 80°C     
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Table 6.17 GC characteristics of N-ILs paired with controlled porosity ACs at 
various temperatures 

 

 

 

ILs AC c0.5 
[Fg-1] 

c4.0 
[Fg-1] 

η0.5 
[%] 

η4.0 
[%] 

IRdrop0.5 
[Ω] 

IRdrop4.0 
[Ω] 

   At 25°C     
[N1114][NTf2] 200 21.6 11.4 92.9 54.1 780 477 
 250 32.1 24.8 96.1 84.2 175 139 
 300 30.7 26.0 95.9 83.6 189 137 
 350 31.1 27.3 96.5 89.7 111 89 
[N2224][NTf2] 200 25.0 18.3 95.8 75.7 279 218 
 250 24.0 17.7 95.0 74.2 615 219 
 300 27.4 22.1 95.8 80.0 166 138 
 350 25.3 21.6 96.8 86.2 138 113 
[N122(2O1)][NTf2] 200 24.0 14.4 93.9 63.7 413 313 
 250 28.5 18.5 95.5 75.0 212 175 
 300 27.7 23.3 95.7 83.5 157 129 
 350 26.6 23.3 96.1 86.1 143 118 
   At 40°C     
[N1114][NTf2] 200 27.1 11.8 93.3 49.0 891 541 
 250 35.4 24.8 94.7 78.2 245 194 
 300 33.6 23.7 94.6 79.3 246 194 
 350 34.2 26.9 94.9 84.7 160 130 
[N2224][NTf2] 200 28.8 18.1 95.0 68.8 386 294 
 250 28.0 18.5 95.2 77.1 263 195 
 300 29.7 20.5 95.0 77.8 221 171 
 350 27.3 21.3 95.2 81.9 185 141 
[N122(2O1)][NTf2] 200 28.4 16.6 92.9 54.4 567 403 
 250 28.6 10.4 94.2 57.8 396 321 
 300 29.1 18.3 93.2 67.9 339 261 
 350 28.3 20.5 94.0 70.8 281 218 
   At 60°C     
[N1114][NTf2] 200 38.6 12.4 92.8 51.8 843 480 
 250 37.7 15.1 91.3 72.2 368 268 
 300 36.0 20.8 91.8 68.3 457 341 
 350 36.4 15.0 91.6 76.2 295 224 
[N2224][NTf2] 200 32.2 11.7 93.7 53.6 635 451 
 250 29.6 14.4 93.0 70.0 373 267 
 300 31.8 17.2 92.8 70.4 323 249 
 350 28.0 17.1 92.8 71.1 325 242 
[N122(2O1)][NTf2] 200 30.5 - 91.9 45.6 613 466 
 250 17.6 - 91.2 39.8 798 503 
 300 28.7 12.5 89.8 49.4 662 443 
 350 30.3 15.4 91.5 57.0 512 377 
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   At 80°C     
[N1114][NTf2] 200 31.6 - 88.8 20.7 1545 767 
 250 24.6 7.5 86.1 45.0 864 543 
 300 23.6 - 88.0 32.3 2877 694 
 350 32.3 12.5 85.8 57.9 621 421 
[N2224][NTf2] 200 22.8 - 89.6 25.7 1221 678 
 250 25.2 9.3 88.7 56.1 593 389 
 300 23.4 6.8 88.2 45.3 719 456 
 350 26.1 12.4 89.0 64.0 403 278 
[N122(2O1)][NTf2] 200 13.9 - 83.4 6.1 1533 - 
 250 11.0 - 85.5 27.5 1087 628 
 300 20.2 - 85.4 25.2 1087 636 
 350 25.9 - 87.9 33.7 808 549 
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6.4.6 EDLC performance – P-based ILs 

6.4.6.1 EIS measurements 

Finally, the behavior of the produced cells using phosphonium ILs was considered 

and their response with increase in the temperature was investigated. The selected 

P-ILs for this study were synthesized and supplied from a partner university at a 

limited quantity. These ILs contain a relatively larger volume of the [P2225] and 

[P222(2O1)] cation constituents at 359 Å3 and 313 Å3, respectively, in comparison 

with the paired [NTf2] anionic component at the volume of 248 Å3, 

 

The produced Nyquist plots for [P2225][NTf2] and [P222(2O1)][NTf2] ILs paired with 

controlled porosity ACs at 25°C, 40°C and 60°C operating temperatures and the 

relative resistances at these temperatures are displayed in Figure 6.19 and Table 

6.18, respectively.  

From the low frequency region it is seen that, with the exception of AC200 carbon 

paired with [P2225][NTf2] and [P222(2O1)][NTf2] ILs at all temperatures, there is a 

clear consistency or trend between the type of the IL and the angle of the 

capacitive component of the Nyquist plot at specific temperature operations. For 

instance, considering AC250-[P2225][NTf2] and AC250-[P222(2O1)][NTf2] 

combinations at 25°C where the angle of the capacitive components are 

determined to be -69.5° and -63.7°, respectively. Hence the former combination is 

behaving more ideally in comparison to the latter combination. Through 

increasing the temperature to 40°C and 60°C this trend is maintained for the 

aforementioned combinations and all other ACs paired with P-ILs, except AC200 

where perhaps presence of a greater percentage of microporosity in AC200 

compared to the other ACs is favouring the smaller cation, i.e. [P222(2O1)][NTf2], 

the most. In other words a better degree of coordination is perhaps preserved for 

AC200-[P222(2O1)][NTf2] combination leading to a higher values of phase angle. It 

is also evident that wider pore ACs have an increasing effect on the capacitive 

component of the Nyquist plot especially at 25°C and 40°C operations where the 

influence of system energy and encountered resistances are less significant. 
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Additionally the inhomogeneity in the double layer is also confirmed for the P-ILs 

as the low frequency response tend to deviate further away from the ideal 

response when temperature rises.  

As discussed previously, incorporation of the methoxyethyl linkage into the 

structure introduces extra flexibility in the structure. As a result [P222(2O1)][NTf2] 

IL, display better transport properties and conductivities at all temperature 

operations when comparing this IL with its non-ether constituent, i.e. 

[P2225][NTf2]. This is clearly demonstrated through attaining relatively higher 

solution resistances and lower ceis for [P2225][NTf2] IL paired with different ACs at 

varying operating temperatures.  

At the same time, inclusion of methoxyethyl into the structure introduces a trade-

off with the maximum operating potential range that the IL could remain stable 

mainly as a result of reduced positive charge density on the central phosphonium 

atom. Although the operating potential of the [P222(2O1)][NTf2] determined to be 

relatively lower at 2.7V when compared to the [P2225][NTf2] IL at 3.4V but 

marginally higher ceis values were attained for the former IL combined with 

controlled porosity carbons.  

This can be explained through two possibilities. The first possibility is that a very 

small electronegative region is introduced by the methoxyethyl-incorporated link 

into the cation structure, due to presence of oxygen in the link, that facilitates a 

denser packing of the [P222(2O1)] cation on the AC surface allowing a greater 

charge displacement over the electrode surface. Second possibility is that, similar 

to N-based ILs, a great portion of the available pore volume is not accessible to 

the [P2225][NTf2] cation constituent due to the high volume of the cation blocking 

the pores, meaning that these species are perhaps have minimal or low 

contribution to the charge storage.  

 

Additionally [P2225][NTf2]-based combinations are associated with lower ionic 

and ESR resistances at all temperatures when compared against [P222(2O1)][NTf2] 

combinations. This trend is in contradiction with the fact that the larger volume 

cation, i.e. [P2225]+, limits the cation mobility and results in higher induced 

resistances. At the same time this trend favours the earlier discussed possibility 
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that large cation [P2225]+ have minimal or low contribution towards charge storage 

when paired with the produced ACs displaying lower ionic and ESR resistances. 

Hence an AC with a larger pore volume and pore width must be considered to 

ensure that the aforementioned reasoning holds true for the [P2225][NTf2] based 

combinations. 

 

It is worth noting that a clear reduction in solution resistance is established for the 

AC-[P222(2O1)][NTf2] combinations in comparison to the AC-[P2225][NTf2] 

combinations at a specific temperature operation indicating that ether 

incorporation into the structure improves the transport properties and lowers the 

Rs. However no correlation is attained between this resistance and varying the 

ACs at a specific temperature due to the large volume of both utilized 

phosphonium cations applying minimum effect on the selected pore mediums.  

A reduction in Rs is also observed as a result of reduced viscosity while the 

operating temperature increases to 40°C and 60°C.  

At the same time, it is also evident that with increasing the temperature to 40°C, 

the calculated ceis values for both IL paired with different ACs increases in 

comparison to 25°C operation. Though at a further temperature elevation to 60°C, 

an additional improvement in the value of capacitance is attained for AC-

[P2225][NTf2] combinations while the ether incorporated combinations experiences 

a marginal reduction in the ceis value and substantial increase in the ionic 

resistances. The increase in the Ri resistances of the aforementioned combinations 

could be a result of accumulation of the system energy and possibly the 

decomposition of the [P222(2O1)][NTf2] IL and introduction of some degrees of 

self-discharge in the system. Within the described trends, mostly the ACs with 

wider pores and higher pore volumes, i.e. AC300 and AC350, provide the highest 

capacitances. 
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Table 6.18 EIS characteristics of P-ILs paired with controlled porosity ACs at 
various temperatures 

Where Ceis represents the determined specific capacitance through EIS at 0.01Hz, Rs the solution 
resistance determined at the intercept of x-axis, Ri ionic resistance determined through fitting 
various functions, ESR equivalent series resistance determined at 1kHz and ϕ capacitive 
component of the impedance determined at the low frequency region 
 
 

ILs AC Ceis 
[Fg-1] 

Rs 
[Ω] 

Ri 
[Ω] 

ESR 
[Ω] 

ϕ 
[°] 

   At 25°C    
[P2225][NTf2] 200 14.2 10.7 54.9 43.1 -58.7 
 250 12.7 11.1 63.2 42.9 -69.5 
 300 16.1 10.7 33.0 32.9 -72.6 
 350 18.7 11.7 44.6 38.6 -70.1 
[P222(2O1)][NTf2] 200 15.1 6.1 114.2 54.9 -61.8 
 250 15.5 6.1 77.8 49.2 -63.7 
 300 18.2 6.1 38.7 37.3 -67.9 
 350 19.1 5.6 48.6 47.6 -66.0 
   At 40°C    
[P2225][NTf2] 200 16.1 6.0 67.3 43.8 -55.2 
 250 14.4 6.8 64.4 45.3 -65.6 
 300 17.2 6.6 55.9 36.4 -66.3 
 350 19.7 6.7 50.7 34.8 -66.4 
[P222(2O1)][NTf2] 200 16.6 4.7 99.0 49.9 -63.6 
 250 15.8 3.8 102.9 48.4 -56.8 
 300 18.3 3.7 68.6 46.4 -58.7 
 350 20.0 3.8 67.3 46.3 -60.4 
   At 60°C    
[P2225][NTf2] 200 18.8 3.5 68.5 45.9 -49.1 
 250 15.1 3.7 86.7 48.6 -58.2 
 300 18.1 4.9 77.1 36.0 -61.1 
 350 20.1 4.2 85.4 37.4 -58.3 
[P222(2O1)][NTf2] 200 16.1 2.6 167.6 46.2 -47.7 
 250 14.8 2.7 118.5 48.2 -49.1 
 300 16.9 2.4 141.1 46.9 -45.9 
 350 19.4 2.3 108.4 47.0 -50.2 
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a) [P2225][NTf2]       b) [P222(2O1)][NTf2] 
 

 
c) [P2225][NTf2]       d) [P222(2O1)][NTf2] 
 

 
e) [P2225][NTf2]       f) [P222(2O1)][NTf2] 
 
Figure 6.19 EIS plots for a) [P2224][NTf2], b) [P222(2O1)][NTf2] at 25°C, c) 
[P2224][NTf2], d) [P222(2O1)][NTf2] at 40°C and e) [P2224][NTf2], f) [P222(2O1)][NTf2] 
at 60°C 
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6.4.6.2 GC measurements  

The influence of temperature elevation on the [P2225][NTf2] and [P222(2O1)][NTf2]  

containing cells paired with controlled porosity carbon was also studied using the 

GC method.  

 

Figure 6.20 illustrates and compares the electrochemical performance of these P-

IL cells at the operating temperatures of 25°C, 40°C, 60°C and 80°C. Table 6.19 

summarizes the calculated specific capacitances, efficiencies and IR drop 

resistances at the discharge rates of 0.5 and 4.0 mA at the stated operating 

temperatures.  

 

Unlike the attained capacitances from the EIS method, where a marginally higher 

ceis values were recorded for [P222(2O1)][NTf2] containing cells at 25°C and 40°C, 

AC-[P2225][NTf2] combinations display a reasonably higher c0.5 and c4.0 values at 

all operating temperatures in comparison to AC-[P222(2O1)][NTf2] combinations 

when using the GC method. The discrepancy in the trends here is mainly due to 

the selection of 0.01Hz frequency in determining the ceis values, which may 

classify as slightly high when dealing with high surface area carbons. 

Additionally the variation in micro and mesoporosity in each of the produced ACs 

in this study is only varying slightly with increasing the RC ratio of each AC. This 

means that there are no substantial variations in the pore characteristics. 

Accordingly the inconsistency in the capacitance trends is more logical especially 

at high temperature operations when the system energy is increasing and self-

discharge processes are encouraged as a result of resistances accumulation. 

Additionally, the operating potential of the [P2225][NTf2] IL is higher than the 

[P222(2O1)][NTf2] IL indicating that more charge can be displaced on the surface 

providing higher capacitances.  

In spite the provision of higher capacitances for cells containing [P2225][NTf2] IL, 

notably higher capacitances at low discharge density of 0.5 mA are also attained 

in comparison to a higher discharge density, i.e. of 4.0 mA. This is mainly 

attributed to the fact that at low charge density, a longer period of time is required 

to charge up the cell to its corresponding operating potential than when utilizing a 
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higher charging current. As a result, longer charging times assist a more efficient 

ion transfer and charge distribution in a greater fraction of the available pore 

volume.  

Within this trend it is also evident that there are no consistent correlation between 

the attained c0.5 and c4.0 capacitances and increase in the pore width at different 

temperatures. Although there are no consistency but as supported from the EIS 

data wider pores ACs provide higher c0.5 and c4.0 capacitances for most P-IL 

combinations in comparison to narrower pores ACs, i.e. AC200 and AC250, at all 

operating temperatures. Association of higher efficiencies and lower IR drops 

with wider pore ACs, i.e. AC300 and AC350, at all operating temperatures also 

supports these findings.  

According to the tabulated data, the calculated capacitance values at the low 

discharge density of 0.5 mA for both [P2225][NTf2] and [P222(2O1)][NTf2] ILs 

combined with different ACs are improving as the operation temperature 

increases to 40°C. This trend is mainly accredited to the enhanced transport and 

electronic properties of both ILs with temperature.  

Through a further increase in temperature to 60°C and 80°C, it is seen that c0.5 

capacitance still improving for AC-[P2225][NTf2] combinations whereas a 

marginal variation in this value is experienced for ether incorporated AC-

[P222(2O1)][NTf2] combinations at 60°C followed by a substantial decay at 80°C 

operation where the system energy increasing and the IR drop is shooting up 

massively.   

As observed from  
 
Figure 6.20 at high temperature operations especially 60°C and 80°C, the AC-

[P2225][NTf2] combinations remain stable at higher charge densities in comparison 

to AC-[P222(2O1)][NTf2] combinations with little variation in the IR drops at 

different current densities with temperature. This finding is supported by the EIS 

measurements which could again be linked to the original discussion point about 

larger cations having minimum contribution to charge storage meaning that even 

the largest studied pore volume, i.e. AC350, is characterized as too narrow for this 

IL. 
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Similar to the previously studied IL systems, the attained efficiencies are 

noticeably lower than anticipated for EDLC systems, that is >98%. As described 

in section 6.4.3, this is mainly due to the experimental procedure defect as a 20 

seconds potentiostatic step was applied at the fully charged state to assist the ions 

to arrange themselves inside the porous medium in order to minimize the effect of 

self-discharge processes. Hence extra charge was added at this stage to 

compensate for the potential decay and maintain the cell at the fully charged state. 

Accordingly when discharge current density increases, this current becomes more 

influencing, as less time is available to the ions to place themselves inside the 

pores while charging the cell. It is worth noting that again a correction for this 

current is not possible due to the data collection limitations. Accordingly the 

determined efficiencies at various charging rates cannot be a real measure of this 

quantity.  

Also a major variation is observed between the efficiencies determined at 0.5 mA 

and 4.0 mA current densities at every operating temperature, which increases 

substantially as the temperature rises. Since a constant current charging is utilized, 

at high charging rates the cell charges up to the maximum operating potential of 

the IL much quicker in comparison to lower charging currents. Therefore the ion 

transfer takes place over a shorter time scale leading to uneven or incomplete ion 

displacement over a given surface area. In other words a fraction of pores do not 

participate towards charge storage, as some of the smaller pores may remain 

uninfluenced by the applied charging current.  

With respect to the variation as a result of temperature elevation, a bigger voltage 

drops is experienced which according to the Ohm’s law resulting in bigger IR 

drop readings even at smaller charging currents in comparison to the previous 

temperature run.   
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a) [P2225][NTf2]     b) [P222(2O1)][NTf2] 
 

 
c) [P2225][NTf2]     d) [P222(2O1)][NTf2] 
 

 
e) [P2225][NTf2]     f) [P222(2O1)][NTf2] 

 
g) [P2225][NTf2]     h) [P222(2O1)][NTf2] 
 
Figure 6.20 Variation of specific capacitance with current density for a) 
[P2225][NTf2], b) [P222(2O1)][NTf2] at 25°C, c) [P2225][NTf2], d) [P222(2O1)][NTf2] at 
40°C, e) [P2225][NTf2], f) [P222(2O1)][NTf2] at 60°C and g) [P2225][NTf2], h) 
[P222(2O1)][NTf2] at 80°C 
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Table 6.19 GC characteristics of P-ILs paired with controlled porosity ACs at 
various temperatures 

 

 

 

 

 

ILs AC c0.5 
[Fg-1] 

c4.0 
[Fg-1] 

η0.5 
[%] 

η4.0 
[%] 

IRdrop0.5 
[Ω] 

IRdrop4.0 
[Ω] 

   At 25°C     
[P2225][NTf2] 200 18.6 12.2 94.4 83.2 369 312 
 250 18.2 13.9 94.9 86.7 279 237 
 300 20.5 17.6 95.7 91.2 161 136 
 350 20.9 16.9 95.8 89.9 177 156 
[P222(2O1)][NTf2] 200 18.0 11.6 93.7 61.0 400 303 
 250 18.2 11.7 94.2 65.4 295 245 
 300 20.3 16.4 96.2 81.2 150 127 
 350 20.8 16.1 95.1 77.3 179 154 
   At 40°C     
[P2225][NTf2] 200 21.2 13.2 93.4 70.1 390 283 
 250 20.2 15.9 93.8 77.5 276 213 
 300 22.3 18.6 94.1 83.9 181 135 
 350 23.9 19.6 94.4 81.6 193 148 
[P222(2O1)][NTf2] 200 19.6 12.3 93.1 57.9 464 333 
 250 19.4 11.9 93.4 61.0 337 274 
 300 20.9 14.1 95.1 74.3 208 173 
 350 21.7 14.4 94.0 70.6 236 197 
   At 60°C     
[P2225][NTf2] 200 24.7 13.5 90.9 64.5 553 353 
 250 22.7 14.7 90.2 68.4 432 304 
 300 24.2 18.7 89.6 79.0 260 184 
 350 25.7 19.8 90.8 75.3 324 227 
[P222(2O1)][NTf2] 200 20.3 - 91.5 37.7 708 486 
 250 18.2 - 91.3 44.4 575 410 
 300 21.0 8.8 93.1 57.5 387 299 
 350 21.5 9.1 91.5 49.0 513 378 
   At 80°C     
[P2225][NTf2] 200 28.6 12.8 88.6 60.9 672 384 
 250 23.4 13.3 84.0 67.0 417 289 
 300 26.2 17.4 84.0 73.5 359 246 
 350 25.8 17.0 85.1 70.7 450 284 
[P222(2O1)][NTf2] 200 9.1 - 84.5 5.7 1434 - 
 250 11.3 - 86.7 33.1 800 513 
 300 18.6 6.9 91.2 50.4 486 355 
 350 17.5 - 88.7 36.8 695 471 
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6.4.7 EDLC performance: A comparison 

In order to make relatively easy comparisons between different ILs at varying 

operating temperatures, the best performing AC is selected at 25°C. The selected 

best forming combinations were then investigated at higher temperatures. As 

discussed previously the widest pore AC350 provides the highest GC 

performance with increase in the discharge density along with higher cycle 

efficiencies and lower IR drops when paired with all the utilized ILs, except 

[Pyr14][NTf2] and [S221][NTf2] ILs where AC300 is shown to provide the 

aforementioned characteristics in place of the AC350 mostly due to the cation 

orientation and the size of these ILs. 

 

 
a)                b)  

 
c)                 d)  

Figure 6.21 Specific capacitance variation of all utilized ILs with current density 
at a) 25°C, b) 40°C, c) 60°C and d) 80°C 
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Figure 6.21 compares the best performing ACs paired with each of the ILs at 

varying temperatures. At 25°C operation a clear performance deterioration is 

exhibited with increasing the charge densities for the utilized electrolytes in the 

order of S-ILs > N-ILs > Pyr-ILs > P-ILs, respectively.  

This trend is most anticipated for the S-ILs where highest transport and electronic 

properties are determined for this IL at all temperatures.  

Although there are no common agreement about the credibility of specific 

capacitances through experimental data, but some of the similar experimental 

settings were selected and presented here for comparison purposes.  

In a similar study at normal operation conditions, [S221][NTf2] and [S222][NTf2] 

ILs were utilized with an activated microporous carbon electrode with surface 

area of 2120 m2 g-1. It was observed that [S221][NTf2] IL also results in greater 

specific capacitances than [S222][NTf2] IL at all charging rates. However a 

relatively lower specific capacitances of 22.0 Fg-1 and 9.7 Fg-1 were reported for 

[S221][NTf2] and [S222][NTf2], respectively [186] in comparison to the most 

microporous AC200 utilized in the current study (with much lower surface area of 

670 m2 g-1) paired with the same ILs, i.e. 36.4 Fg-1 and 29.7 Fg-1. This variation in 

attained specific capacitances with literature mainly caused by the choice of 

microporous carbon electrodes providing narrow pathways for ion migration.  

In another study on a different sulfonium based ionic liquid, i.e. [S111][NTf2], with 

a microporous carbon electrode, it was found that despite the relatively high 

melting temperature of 45.5°C, a reasonably high specific capacitance of 140 Fg-1 

was attained at 50°C [205]. The smaller cation size of this electrolyte allows for 

easier ion migration at the microporous medium and therefore greater packing 

density of ions at the electrodes pores surfaces. Hence depending on the operation 

temperature, a careful selection of the pore medium must be considered. 

There are other studies about optimizing the specific capacitance claiming that 

lower pore volumes and higher surface area are only achievable through the use of 

microporosity [65, 77, 79, 206-208]. This holds true for scenarios where low 

current densities of 0.1- 3 Fg-1 were used. It is also worth noting that variation of 

specific capacitances with a range of current densities was not reported. 

Accordingly any possible limitation due to slow mass transfer in micropores 
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would not be apparent. In other words, the small micropores that cause ion 

distortion or distortion may not necessarily allow for charge and discharge at 

higher rates [207].   

 

The non-ether N-based constituents are shown to display higher viscosities and 

lower conductivities compared to the Pyr-ILs while still providing higher 

performance. As discussed before, ammonium based constituents are seen to 

provide higher cathodic stabilities towards reduction than the aromatic Pyr-ILs. 

This is mainly dedicated to the low energy level of LUMO orbital of aromatic 

pyrrolidinium cations making these ILs more vulnerable towards reductions [209-

211]. The susceptibility of these ILs with reduction, reduces the maximum 

operating potential at which the IL remain stable, hence a lower performance is 

observed in comparison to N-ILs.  

A study on [Pyr14][NTf2] IL based supercapacitors, containing composite 

electrodes with >2000 m2 g-1 surface area, reveals a stable GC charge-discharge 

behaviour of over 16,000 cycles with average specific capacitance of 50 and 100 

Fg-1 at the operating temperature of 60°C [212]. However these capacitances are 

reported for a very low charging rate of 10 mA cm-2 for charging between 1.5 V 

and 3.6 V and no information on other charging rates are provided. In another 

study performed by Rennie and colleagues [177] on the same electrolyte but 

combined with a mesoporous carbon electrode containing surface area of 1270 m2 

g-1 and average pore size of 7 nm, a specific capacitance values in the range of 

about 80- 90 Fg-1 of active material was reported for 0.1- 30 Ag-1 discharge 

currents at room temperature [177]. This value is of course about 3x higher than 

the attained values in the current work for the selected IL, i.e. 25 Fg-1, considering 

that the carbon producing this capacitance has also contain an average pore width 

of 7.5 nm. This variation in capacitance can be dedicated to the much lower 

surface area of 790 m2g-1 of this carbon in as well as not utilizing carbon black as 

conductivity enhancer. 

 

The least performance at 25°C operation is observed for P-based ILs with 

marginal variation between the utilized ILs in this category. Although ether-bond 
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incorporation into the [P222(2O1)][NTf2] IL improves the transport and electronic 

properties by almost two fold, but both P-based cations contain relatively large 

cation volumes. In fact the largest calculated cation volumes belongs to P-ILs 

indicating that these cations are perhaps not completely displaced in the given 

provided pore volume, therefore having minimum contribution to charge storage.  

In the same study carried by Rennie and colleagues [177], the same phosphonium 

based liquids, i.e. [P2225][NTf2] and [P222(2O1)][NTf2] ILs, were also used in 

combination with the mesoporous electrodes with surface area of 1270 m2 g-1 and 

average pore size of 7 nm. About 50 F g-1 increase was reported for the specific 

capacitance attained by [P222(2O1)][NTf2] IL, i.e. 82.7 F g-1, in comparison to 

[P2225][NTf2] incorporated cell comprising only 30.5 F g-1. This is indicative of 

the fact that best performing carbon electrode in the current work, i.e. AC350 with 

surface area of 790 m2 g-1 and average pore size of 7.5 nm, is yet too narrow for 

both phosphonium liquids in order to reach the full potential of the ILs in terms of 

specific capacitance. In fact the marginal increase in capacitance between 

[P2225][NTf2] incorporated cells of current work and this literature study is a 

further indication that a carbon electrode with much higher surface area than 1270 

m2 g-1 and possibly higher average pore size of 7 nm must be explored. 

 

As a comparison, there are various conductivities reported in literature for a 

commonly used organic electrolyte of tetraalkyl ammonium salt in propylene 

carbonate (TEABF4 in PC) depending on the molar concentration. For instance 

conductivities of 10.6 mS/cm and 8.3 mS/cm are reported for 0.65M and 0.5M 

solutions, respectively. Comparatively for a 1M solution of this electrolyte a value 

of 13 mS/cm is reported. Propylene carbonate contains a very large dielectric 

constant (ε= 64) and therefore a high value of viscosity leading to detrimental 

effects on ions migration and charge storage especially with mesoporous 

electrodes. When this electrolyte is paired with an activated carbon, a capacitance 

of 29 Fg-1 is attained at Galvanostatic charging at the rate of 5 mA/cm2 [213]. It is 

worth noting that there is no detailed information provided on the carbon 

characteristics or about the normalization method of the capacitance. 
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Regardless of the nature and physiochemical properties of the ILs, it is evident 

that at 25°C operation most combinations allow for charging beyond 8 Ag-1 where 

then a dramatic fall is experienced as the temperature rises.  

In fact with increase in temperature, the orderly decay of performance disappears 

as result of an increase in the system energy. At the same time a marginal increase 

in capacitance is observed for all combinations as a result of improved transport 

and electrical properties. On a molecular level, this observation could also be 

linked to chain untangling at 40°C and results in slightly better performance, 

which then with further temperature increase to 60°C and 80°C resistances are 

building up due to the considerations in selecting the operating potentials of the 

ILs. Accumulation of resistances with temperature reduces the potential range at 

which the IL remains stable. As discussed previously although a relatively 

conservative operating potential was selected at 25°C for use at all temperatures 

with the aim to be applied to all operating temperature runs but this selection is 

most likely causing the decomposition of some of the ILs containing small cations 

fallowed by short circuiting and dramatic capacitance loss at high temperatures, 

e.g. S-ILs.  

The effect of temperature on the double layer properties was reflected by large 

number of experimental [147, 214-219] and simulation works [220-223]. 

However there are no commonly accepted opinion or a general rule about this. 

Among these experimental studies, a positive dependency of capacitance with 

temperature was attained for different electrodes [81, 146, 147, 215, 216, 218, 

219] which was supported but simulation works [221, 222] where the interface of 

an imidazolium based liquid and graphite was modelled at 27- 127°C temperature 

range.  

At the same time, there are other experimental studies reporting a negative 

dependency of capacitance with temperature [214, 223-225] similar to the 

observation in the current study. For instance, Druschler and colleague [214] 

recently reported a substantial decay in capacitance for an extremely pure 

[Pyr14][FAP] electrolyte with Au(111) electrode when temperature rises from 

30°C to 90°C. In another study the temperature dependence of multi-layering at 

the free surface of a phosphonium based liquids (trihexyltetradecylphosphonium 
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bis(nonafluorobutanesulfonyl)imide) was investigated and shown to possess 

negative dependency [224]. However in a further attempt on a different liquid 

(trioctylmethylammonium bis(nonafluorobutanesulfonyl)imide) a small increase 

was observed with temperature indicating that the capacitance dependence on 

temperature is strongly influenced by the molecular structure. The negative 

dependence of capacitance on temperature was also supported by simulation 

studies [223] where a combination of [Pyr14][Tf2N] IL with graphite electrode was 

studied. The negative dependency was explained through melting of the double 

layer at neutral graphite interface at elevated temperatures [225] 
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6.5 Variation of performance with pore characteristics 

6.5.1 Capacitance VS surface area 

According to the traditional capacitor theory described in section 2.1, the obtained 

capacitance of the produced cells should display a linear proportionality with 

increase in the surface area of the carbons if the thickness of the double layer 

remains constant. As described earlier, with increasing the R/C ratio the BET 

surface area increases and according to its linear relationship with capacitance, the 

capacitance is anticipated to follow an increasing trend. However as seen 

previously and illustrated in Figure 6.22, variation of specific capacitance with the 

BET surface area of the utilized ACs does not follow the traditional capacitor 

theory, i.e. the anticipated trend did not emerge. It is worth noting that the 

traditional capacitor theory is used to describe the interactions from the planar 

electrode and the electrolyte. Hence it is explicable when fails as dealing with a 

3D net of porosity that are interconnected.  

Additionally, the traditional capacitor theory assumes that the thickness of the 

double layer is constant which may not hold valid for bimodal pore samples 

where the right size pores for the ions create a smaller double layer thickness in 

comparison to the smaller pores that remain vacant.   

The contradiction here can also be explained through the work of Huang and 

colleagues where a theoretical model is developed to investigate the deviation 

from the traditional theory by realizing the effect of pore curvature. The model 

utilizes a selective experimental data from other investigations involving 

micropore and mesopore carbons and concludes that the traditional model only 

holds for the macroporous carbons with the pore diameter exceeding 50 nm where 

the effect of pore curvature is insignificant.  

They also proposed new models for carbons with microprosity and mesoporosity 

distinctively. However these models assume a unimodal pore distribution and 

cylindrical shape pores, which do not hold valid for the utilized bimodal ACs used 

in this study containing both microprosity and mesoporosity. Hence this accounts 

for the deviation from the anticipated linear relation.  
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Figure 6.22 Variation of specific capacitance with BET surface area 
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6.5.2 Capacitance VS pore size 

Optimization of the pore size distribution is an important consideration to improve 

the EDLC performance as this characteristic of the carbon is directly related to the 

accessible surface for formation of the double layer. Studies on carbon 

microprosity indicate that ILs are generally considered as too viscous to enter into 

these pores whereas other studies indicate that microprosity is important to 

maximize the capacitance. On the other side are studies focused on mesoporosity 

indicating that such pores are important in provision of wider pathways for ion 

transfer into smaller pores, hence reducing the resistance and increasing the 

accessible surface area at the same time by allowing ion diffusion into smaller 

pores. It is also assumed that increasing the pore size would have an increasing 

effect on the performance, as wider pathways are available ion transfer, if surface 

area remains unchanged. 

As shown in section 6.1, produced AC200, AC250, AC300 and AC350 carbons 

exhibiting 43%, 41%, 37% and 35% microporosity. Since these carbons are 

bimodal and no macroporosity behaviour is exhibited from the adsorption and 

desorption profiles, then the remainder must be mesoporosity. Although variation 

of mesoporosity are only 8% apart between the most and least mesoporous 

carbons, i.e. AC200 and AC350, but as observed for most combinations this small 

increase resulted in an improvement in capacitance.  

Figure 6.23 illustrates the variation of capacitance with increasing the pore size 

distribution of the ACs at various operating temperature where clear increase in 

the value of normalized capacitance is observed with AC350 standing the highest. 

However the highest capacitance for [S221][NTf2] and [Pyr14][NTf2] ILs are shown 

to occur when these ILs are combined with AC300 due to the smaller cation size 

of the former IL and better coordination of the latter with this carbon. 

Additionally a decrease in the normalized capacitance value is observed at AC250 

in combination with [S222][NTf2], [N2224][NTf2] and [Pyr14][NTf2] ILs, which is 

mainly caused by the selection of this value at the high charging current of 4.0 

mA. This decay is then disappears through charging at higher current densities.  

Accordingly the earlier assumption about provision of wider ion transfer 

pathways due to presence of greater percentage of mesoporosity from AC200 to 
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AC350 fits well with the findings here. It is worth noting that the BET surface 

area is also increasing in the order of 670, 720, 750 and 790 m2g-1 for AC200, 

AC250, AC300 and AC350 carbons, respectively. This indicates that not only 

wider pathways are available for ion diffusion but also at the same time a greater 

surface for double layer formation is present, hence these properties are 

interlinked.  

In other words AC300 paired with [S221][NTf2] and [Pyr14][NTf2] ILs and AC350 

combined with all other ILs provide the optimum capacitance performance 

indicating that a greater percentage of the surface area and available porosity are 

being utilized for double layer formation. In the case [S221][NTf2] IL, AC250 and 

AC350 exhibit lower performance than the optimum recorded as a result of 

provision of too narrow pore width from the AC250 with lower surface area than 

required for optimum performance, which is logical, and too much void volume 

resulting in excess electrolyte entering the pores of AC350 encouraging pore 

flooding or ion pairing. Pore flooding in turn may result in ion pairing where the 

anion-cation interactions are stronger than interaction of the species with the pore 

wall for double layer formation resulting in presence of greater concentration of 

neutral anion-cation pairs in the pores. As discussed, pore flooding can also lead 

to a situation where the non-adsorbed ions are constantly competing with the 

adsorbed species to participate in the double layer and charge storage. Hence the 

strength of the double layer is reduced. In terms of the overall cell performance, 

both conditions result in reduced performance indicating that there must be an 

optimum carbon with specific characteristics for every IL. A further observation 

of this occurs in AC250-[N1114][NTf2] combination where a major increase in 

performance is obtained in comparison to AC200 paired with the same IL with 

only a 0.8 nm increase in the pore size distribution.  

However for every other investigated ILs in this study, this optimum performance 

occurred at the widest pore AC, i.e. AC350. Hence it is desirable to explore wider 

pore ACs in order to test whether the optimum performance is occurring at 

AC350 or at a wider pore AC than this carbon.  
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Figure 6.23 Variation of normalized capacitance with average pore size 

distribution 
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6.6  Variation of performance with IL characteristics 
Figure 6.24 and Figure 6.25 illustrate the variation of capacitance with the 

viscosity and conductivity, respectively, at 25°C.   

 

 
Figure 6.24 Variation of normalized capacitance with IL viscosity 

 

 
Figure 6.25 Variation of capacitance with IL conductivity 
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From these figures it can be seen that, S-based ILs are the least viscous and most 

conductive liquids among the utilized electrolytes in this study and are producing 

the highest capacitances. Although the effect of reduced viscosity and higher 

conductivity is clearly demonstrated on the performance of the S-ILs but this 

trend cannot be generalized and assumed to have the same effect on other classes 

of electrolytes of the similar viscosity but with different central atoms. For 

example the least viscosity after S-ILs is displayed for ether incorporated 

[P222(2O1)][NTf2] electrolyte at 25°C. However the conductivity of this IL is not 

laying in the same order after S-ILs, but close enough to characterize it as a 

relatively good conducting IL. However when the [P222(2O1)][NTf2] IL used in an 

EDLC configuration it produces a much lower capacitance in comparison to the 

S-ILs considering the operating potentials are relatively similar with 0.1 V 

difference. Theoretically the charge displacement for double layer formation for 

both cases must be similar, hence another factor must influence the reduced 

capacitance of this combination in comparison to S-ILs. As discussed earlier, 

[P222(2O1)][NTf2] IL comprised of a second largest cation constituent among the 

other ILs. This property of the [P222(2O1)][NTf2] IL is most likely blocking the ion 

transfer pathways and pores limiting the cation access to a great percentage of the 

pore volume for double layer formation. As a consequence a significant reduction 

in capacitance is observed. In other words viscosity and conductivity are not the 

sole determinant or influencing factors in achieving high capacitances.  

 

Variation of capacitance with different cation volumes is shown in Figure 6.26. 

According to this plot a clear descending trend is observed for capacitance when 

comparing the ILs comprised of the smallest and largest cation volumes together, 

i.e. S-ILs and P-ILs respectively. These findings for the two extreme cation 

volumes, obeys a study performed by Ania et al. [77] on four different ionic 

liquids containing various cation constituent sizes ranging from 0.8 to 2 nm paired 

with a 80% microporous carbon sample. They confirmed a linear relation between 

the pore size distribution and size of the ions.  

Since all the utilized ILs in the following figure are paired with a best performing 

AC, that is AC300 and AC350, therefore the available pore volume for ion 
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transfer and cation access is fixed. Moreover all utilized ILs in this study 

comprised of the same anion constituent indicating that there is a possibility that 

the same fraction of pores is being utilized for double layer formation with the 

anion. Hence the determinant factor for identifying the accessible pore volume for 

ion transfer must be influenced by the cations dimensions or volumes.  

Additionally [P2225][NTf2] IL display a substantially higher operating potential at 

3.4 V in comparison to [P222(2O1)][NTf2] IL and S-ILs when considering the two 

extreme classes of ILs containing the largest and smallest cations. However due to 

the large volume of this cation the entire pore area is not participating in charge 

storage hindering the output capacitance. However as the volume of the cation is 

decreasing better capacitances are attained but the trend with the cation volume no 

longer exists. Pyr-ILs are unpredictably seen to produce the lowest capacitances at 

the specified discharge density after P-ILs as the associated cation volumes are 

relatively small and display reasonably good transport properties, comparable to 

S-ILs. This is mainly attributed to the strong cation-anion interactions of Pyr-IL 

constituents as a result of stronger charge located on the N-atom hindering the 

output capacitance. 

 

 
Figure 6.26 Variation of capacitance with cation volume 
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6.7 Specific energy and specific power 
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	   	   	   	   	   	   (c)	  

 
      (d) 

Figure 6.27 Ragone plot of average power density and average energy density at 
varying temperatures	  
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Figure 6.27 illustrates the specific energy (Eave) and specific power (Pave) of only 

the cells delivering the highest capacitance at different temperature operations. 

See Appendix 5 for demonstration on calculation approach. 

Regardless of the operating temperature, it can be seen that the maximum specific 

energy and maximum value of specific power of all ILs are determined to be at 

the highest and lowest, respectively, at low discharge currents, which then 

switches gradually as the discharge current is increasing.  

At the operating temperature of 25°C, it can also be seen that the maximum 

energy and power output is derived from the combinations containing 

[N1114][NTf2] and [S221][NTf2] ILs at low and reasonably high discharge currents. 

This is mainly attributed to the relatively good transport properties and small 

cation volumes of these ILs. In fact at this temperature, a clear shift in specific 

energy is demonstrated for S-ILs and N-ILs, distinctively, as the cation volume of 

these classes are decreasing. This trend confirms a higher interaction of ILs 

comprising of small cations with the pores for double layer formation. With 

increasing the temperature to 40°C this trend is still maintained but the attained 

specific energies at low current discharges are tend to marginally decrease 

compared to 25°C operation as these curves are stretched towards the specific 

power axis. The ILs stabilities with increasing the discharge density is slightly 

influenced at increased temperature, hence no appreciable storage occurred at 

these current densities. This influence becomes more significant as the 

temperature increases to 60°C and 80°C 

However as seen for other studied ILs at 25°C operation, the trend of increased 

energy density with reducing the cation size is mainly reversed for Pyr-ILs and P-

ILs at most discharge currents indicating that energy density is also influenced 

greatly by operating potential of the IL where 0.1 V and 0.7 V increase is 

demonstrated for the operating potentials of  [Pyr14][NTf2] and [P2225][NTf2] in 

comparison to [Pyr13][NTf2] and [P222(2O1)][NTf2] constituent.  

Additionally at the operating temperatures of 40°C, 60°C and 80°C the specific 

power of the cells is subject to a decrease in comparison to 25°C operation which 

becomes more significant at higher temperature runs. This drop is attributed to the 
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increased potential drop and reduced discharge time at temperature elevation runs 

where system energy is high and the resistances are accumulating on the cell.  

It is also demonstrated that at high temperature operations, i.e. 60°C and 80°C, the 

best performing [N1114][NTf2] IL containing combination in terms of the energy 

density tends to change places with [P2225][NTf2] combination at higher discharge 

densities. This can be related to the earlier discussion point about the cation 

volume of [P2225][NTf2] IL being too large to access the full surface area of the 

given AC. Interestingly the large volume [N2224][NTf2] IL is also seen to exhibit a 

similar results, however the specific energy density gap between the large cation 

P-ILs still remains due to the much higher operating potential of the non-ether 

constituent.  
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7 Conclusions and Further recommendations 
From the literature studies presented in chapters 1 and 2, the importance of 

divergence from fossil fuels was highlighted with the aim to reduce the impact of 

greenhouse gases on the environment. As an attempt to limit the use of fossil 

fuels, different robust and relible energy storage systems must be emerged to 

balance the supply of enegy with the demand for it. Supercapacitors or EDLCs are 

the system of choice for this study as they bridge the gap between the the 

tranditional capacitors and batteries in terms of the specific power and energy 

densities.  

 

As mentioned in chapter 2, EDLCs can either be classified according to the 

utilized carbons or the electrolytes. The choice of materials here are directly 

linked to the performance characteristics of the produced cells. For instance, 

current commercialized EDLCs are based on aqueous electrolytes where 

relatively high power densities are generated at the expense of the energy density 

that is mainly manifested as a result of low operating potential of this electrolyte 

due to presence of water. Comparatively organic electrolytes and ionic liquids are 

other classes of electrolytes that accompanied by much higher operating potentials 

in comparison to the aqueous electrolytes. Thus they are expected to increase the 

energy density when used in an EDLC configuration. However due to the 

negligible vapour pressure and safer operations at elevated temperatures ionic 

liquids are selected as the electrolyte material for this study. Aditionally the ionic 

liquids exhibit very low melting temperatures due to the asymmetric structure, 

allowing for operation at a wide range of temperatures. However these liquids are 

substantially more viscous in comparison to the other electrolytes, consequently 

accompanied by higher values of equivalent series resistances hindering power 

output. 

The choice of carbon material is equally important with respect to performance 

characteristics. RF xerogels are selected for this study as it has been confirmed 

that by varying the amount of precursors through adjusting the R/C molar ratio 

and controlling the processing conditions, the average pore size and surface area 

of the produced activated carbons can be altered.   
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One of the primary objectives of this study was to investigate the effect of chain 

length and incorporation of linkages into the structure on the physiochemical 

characteristics, operating potentials of the ILs and electrochemical performance of 

the cells. Hence a systematic study of nine ionic liquids from different classes of 

pyrrolidinium, sulphonium, ammonium and phosphonium ILs was performed. 

The alkyl chain length was altered through incorporation of CH2 group/s into the 

side chains of the pyrrolidinium, sulfonium and ammonium ILs. Also the effect of 

presence of linkages on the physiochemical properties and overall performance 

was studied through incorporation of methoxyethyl group in the side chain of 

ammonium and phosphonium ILs. Another objective of this study was to 

investigate the influence of pore size and optimize the performance through 

pairing each selected electrolyte with carbons with different average pore sizes. 

Hence activated carbons at different R/C molar ratios were produced.  

As already mentioned high viscosity of ionic liquids results in higher values of 

equivalent series resistances hindering the output power. Accordingly temperature 

elevation approach at 40°C, 60°C and 80°C was used as a further attempt to 

improve the transport properties of the ILs and overall performance of the cells. 

 

To optimize the capacitance and study the influence of pore characteristics on 

performance, AC xerogels were produced at the R/C molar ratios of 200, 250, 300 

and 350 by maintaining R/F and R/W molar ratios constant. Although this 

selection of R/C ratios is rather a narrow choice, but carbonization and activation 

of precursors has shown a 15% increase in the BET surface area and 28% increase 

in the total pore volume from AC200 to AC350. An 8% increase in the mesopore 

volume is also experienced when comparing AC200 and AC350 together. 

Comparatively these ACs experiencing an 8% reduction of micropore volume as 

the R/C molar ratio increases, since the carbons exhibit a bimodal pore size 

distribution. Correspondingly AC200, AC250, AC300 and AC350 samples are 

43%, 41%, 37% and 35% microporous, respectively, indicating that the remainder 

must be mesoporosity. A 3.2 nm increase in the BJH pore size distributions is also 
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observed as the R/C molar ratios are increasing for AC200 – AC350 in the orders 

of 4.3, 5.1, 6.3 and 7.5 nm, respectively.   

From the adsorption and desorption isotherms profiles, it has been identified the 

pores are slit-shaped or partially wedge-shaped with a narrow neck at one end or 

at both ends if the pore is open.  

 

Results determined that the characteristics of the controlled porosity ACs exhibit a 

reasonably decent platform for attaining optimum capacitance performance when 

paired with different ILs comprising of different side chain lengths and linkages. 

The utilized IL cations in this study are 1-methyl-1-propylpyrrolidinium [Pyr13], 

1-butyl-1-methylpyrrolidinium [Pyr14], diethylmethylsulfonium [S221], triethyl-

sulfonium [S222], butyltrimethylammonium [N1114], butyltriethylammonium 

[N2224], N,N-diethyl-N-methyl-N(2methoxyethyl)ammonium [N122(2O1)], pentyl-

triethylphosphonium [P2225] and (2methoxyethyl)-triethylphosphonium [P222(2O1)] 

paired with bis(trifluoromethane)sulfonimide [NTf2] anion as very high stabilities 

up to 6 V is reported for this anion. Additionally this anion displays reasonably 

good transport and electronic properties due to the presence of a partially 

delocalized charge. The volume of the cations are shown to increase in the order 

of 179, 207, 222, 225, 253, 266, 306, 313 and 359 Å3 for [S221], [S222], [N1114], 

[Pyr13], [Pyr14], [N122(2O1)], [N2224], [P222(2O1)] and [P2225] cations paired with 

[NTf2] anion at the volume of 248 Å3. 

 

The water content measurements confirmed a moisture content reading of less 

than 5 ppm for all studied ILs after drying indicating that only traces amounts of 

moisture is present in the IL samples. Hence possible diminution in capacitance 

performance cannot be linked to the moisture content. 

From the differential scanning calorimetry traces, melting points below 21°C were 

recorded for all utilized ILs designating that liquids should remain in the liquid 

state at the selected operating temperatures for this study, i.e. 25°C, 40°C, 60°C 

and 80°C. However [N1114][NTf2] and [N2224][NTf2] ILs displayed melting 

temperatures of 17.1°C and 20.9°C, respectively, indicating that melting crystals 
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may partially remain in the solution at 25°C operations influencing the 

capacitance performance. 

From the viscosity measurements, [N1114][NTf2] and [N2224][NTf2] ILs are shown 

to display the highest viscosities at 105.6 and 150 mPa.s at 25°C operation 

whereas S-ILs exhibit the lowest viscosities at 40.6 and 33.7 mPa.s at the same 

operating temperature. At 40°C although the viscosity of aforementioned N-ILs 

drops significantly below half the original stated values but still stands the highest 

among other ILs at that operating temperature with S-ILs still standing the lowest. 

In fact this trend is maintained for 60°C and 80°C operations. An Arrhenius-like 

behaviour was displayed for most ILs with a slight curvature for the mentioned N-

ILs, which could be explained through two possibilities of extra hydrogen bond 

formation influencing the cation-anion or even cation-cation interactions or the 

chain tangling. A 1.5x increase in the value of viscosity was also observed as the 

alkyl side chain length is expanding for the [Pyr14][NTf2] and [N2224][NTf2] in 

comparison to the unextended constituents at 25°C. However extended S-IL, i.e.  

[S222][NTf2], is not following this trend when compared against [S221][NTf2] due 

to the shielding effect of an extra incorporated CH2 molecule weakening the 

interactions between the central atom and the anion.   A massive reduction in 

viscosity readings was also recorded for methoxyethyl incorporated [N122(2O1)]-

[NTf2] and [P222(2O1)][NTf2] ILs in comparison to non-ether constituents due to the 

presence of an electronegative region adding extra flexibility into the structure.  

A linear dependency of density with temperature was observed for all studied ILs. 

The variation of density with temperature for different ILs was mainly triggered 

by the density of the central atom and confirmed to be independent of the 

individual species dimensions or volumes as the highest densities were displayed 

for S-ILs that are associated with the smallest cation volumes.  

From the conductivity measurements an inverse proportionality with viscosity is 

claimed when temperature increases. This means that at higher temperatures the 

reduced viscosity of the IL allows for greater degree of ion mobility and increase 

in conductivity. Accordingly the conductivity and viscosity properties are 

interlinked. Also longer chain [Pyr14][NTf2] and [N2224][NTf2] ILs are seen to 

difficult the cation movement and demonstrated to display relatively lower 
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conductivities compared to their unextended [Pyr13] and [N1114] constituents at all 

temperatures. Up to two fold increase in the conductivity values were recorded for 

the methoxyethyl containing [P222(2O1)][NTf2] and [N122(2O1)][NTf2] ILs with 

respect to the corresponding non-ether constituents. 

 

From the electrochemical stability measurements at the cut-off current density of 

40 µA cm-2, following operating potentials were determined: [Pyr13][NTf2] – 2.9 

V, [Pyr14][NTf2] – 3.0 V, [S221][NTf2] – 2.6 V, [S222][NTf2] – 2.5 V, [N1114][NTf2] 

– 3.5 V, [N2224][NTf2] – 3.2 V, [N122(2O1)]- [NTf2] – 3.0 V, [P2225][NTf2] – 3.4 V 

and [P222(2O1)][NTf2] – 2.7 V. A comparison made with a commonly used organic 

electrolyte, 1M solution of TEABF4 in PC – 2.71 V, indicated that provision of 

higher operating potentials from most of the ILs in comparison to this electrolyte 

improves the specific energy performance. No clear consistency was attained 

between the increased alkyl chain length and operating potentials of Pyr-ILs, S-

ILs and N-ILs. However a 0.2 V and 0.7 V reduction in operating potential was 

demonstrated for methoxyethyl incorporated [N122(2O1)][NTf2] and [P222(2O1)]-

[NTf2] ILs, respectively,  in comparison to their non-ether constituents indicating 

that improved transport and electronic properties are achieved at the expense of 

lowered operating potential.  

As mentioned, one of the primary objectives of this study was to assess the 

influence of pore characteristics on the ion migration and capacitance 

performance, thus Galvanostatic cycling was used at different discharge densities. 

The AC with the widest average pore size (AC350) was found to exhibit the 

optimum capacitance performance with increase in the discharge current for all 

studied ILs, with the exception of [S221][NTf2] and [Pyr14][NTf2] ILs where 

AC300 produces the best capacitance performing combinations and accounts as 

the optimum pore size for the mentioned liquids. The reduction in capacitance 

performance for AC350-[S221][NTf2] combination, where the cation constituent is 

smallest among other studied cations at a molecular volume of 179 Å3, is caused 

by pore flooding mechanism as the double layer thickness increases. However 

below this optimum average pore size, the presented porosity from AC250 

considered as too small for ion transfer to take place inside the pores for double 
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layer formation. For the [Pyr14][NTf2] IL although the cationic volume is 

significantly larger than the [S221] constituent at 253 Å3 but a better ionic 

coordination of [Pyr14][NTf2] with AC300 held responsible for the higher 

capacitance performance in comparison to other ACs above and below the 

optimum pore size. Accordingly below and above this optimum average pore size 

for [Pyr14][NTf2] IL, ACs are accounted as too small for double layer formation 

hence diminishing the capacitance performance. 

 

The EIS method was also used to determine the capacitance performance and 

identify the magnitude of involved resistances for all produced combination. 

General findings here is that the highest ionic and equivalent series resistances 

along with the lowest phase angles are attained for combinations with narrowest 

average pore sizes, i.e. AC200 and AC250, at all operating temperatures. On the 

other hand AC350 exhibited the lowest resistances for most combinations with the 

exception of [Pyr14][NTf2] and [S122][NTf2] ILs, due to previously stated reasons, 

where wider pathways are available for ion migration and charge storage. 

However the best performing ACs determined through this method did not exactly 

match those determined from GC method. This was attributed to the selection of 

0.01 Hz at the low frequency response region being recognized as slightly high 

for accessing the entire surface area, hence a lower frequency must be selected for 

future studies. Accordingly no consistent correlations were attained between the 

capacitance performance of the cells determined through the GC and EIS 

methods.  

The best performing combinations determined from the GC method are generally 

associated with relatively low ionic and equivalent series resistances at higher 

phase angles determined from the EIS method. The findings about wide pore 

AC300 and AC350 presenting the best capacitance performance supports the idea 

that there is an optimum pore size for every IL which is seen here for ACs 

containing wider pathways for ion transport for double layer formation. AC350 

displays the highest BET surface area and pore volume of 790 m2 g-1 and 7.5 nm, 

respectively, among the studied ACs here indicating that although this carbon 

produces the best performance capacitance when paired with most ILs but may 
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not be the optimum pore medium for that specific IL. Hence ACs containing 

higher R/C molar ratios must be considered in order to determine the peak 

specific capacitance performance especially for the ILs comprising of larger size 

cations, i.e. [N2224][NTf2], [P222(2O1)][NTf2] and [P2225][NTf2], requiring wider 

pores and pathways for double layer formation at all sites. 

 

Temperature elevation was utilized as an approach to reduce the viscosity of the 

electrolytes and anticipated to improve the performance vastly through provision 

of higher ionic conductivities with increasing the temperature. Although the 

increase in ionic conductivity with temperature was confirmed by a reduction in 

solution resistance (Rs), but it was demonstrated that the Ri and ESR resistances 

were increasing with temperature. The severe increase in ionic resistance and 

variation in series resistances for most combinations with temperature were 

mainly attributed to accumulation of resistances as a result of overcharging the 

cells due to selection of the attained operating potential at 25°C for all operation 

temperatures. This is initially thought to be a sensible and beneficial selection for 

all runs as firstly a conservative operating potential at a reasonably low cut-off 

current was utilized at 25°C and secondly all AC combinations of the same IL at 

all temperatures would charge up to a uniform potential allowing direct 

comparisons between runs. However overcharging at higher temperatures, is 

likely to encouraged IL decomposition and perhaps causes corrosion towards cell 

species. It is also likely that at the high temperature and overcharged conditions 

the polymer binder begins to melt blocking pores or ion diffusion pathways 

reducing the available surface area for charge storage, which then would lead to 

short-circuiting, self-discharge and reduced performance.  

At 25°C a neat capacitance performance deterioration was established with charge 

density in the order of S-ILs > N-ILs > Pyr-ILs > P-ILs which is most anticipated 

for S-ILs and [N1114][NTf2] IL containing cells due to provision of higher 

transport and electronic properties, as discussed. However [N2224][NTf2] and 

[N122(2O1)][NTf2] based cells displayed higher capacitance performance compared 

to the Pyr-ILs which contradicts with the attained physiochemical properties at 

this temperature, which was attributed to the higher operating potential of the 
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mentioned N-ILs. P-ILs on the other side exhibited lowest capacitance 

performance in comparison to the other studied ILs even though [P222(2O1)][NTf2] 

displays the second lowest viscosity after S-ILs and very good electronic 

conductivity. Low capacitance performance of these ILs accredited to the large 

cation volume of P-ILs being unable to access the entire surface of the provided 

pore volume for double layer formation. Hence the effect of methoxyethyl linkage 

for [P222(2O1)][NTf2] IL did not encountered any interesting observation with 

respect to its non-ether constituent.  

A concluding remark can be made here that incorporation of an ether 

functionalization in an IL improves the transport properties while the 

hydrophilicity, polarity and capability of such ILs to bind with hydrogen increases 

at the cost of lower operating potential [201, 226]. However the cation volume 

influences the capacitance in a fixed pore volume as an increase in capacitance 

performance was attained for  [N122(2O1)][NTf2] IL in comparison to its non-ether 

constituent confirming that the cation volume is equally a determining factor for 

attaining optimum capacitances as well as pore size and physiochemical 

properties of the liquids. 

At 40°C operation an increase in capacitance was recorded for all AC-IL 

combinations mainly due to chain untangling at this temperature. Unlike 25°C 

operation, the orderly increase in capacitance variation no longer exists due to the 

build up of resistances. Beyond this point and through further temperature 

elevation to 60°C and 80°C different responses were recorded for different ILs 

classes. However a sharp reduction in capacitance performance was demonstrated 

for smaller size S-ILs whereas a substantial increase was experienced for 

[N1114][NTf2], [N2224][NTf2] and [P2225][NTf2] incorporated cells. 

  

From the specific energy and specific power data, it is demonstrated that at the 

operating temperature of 25°C the small cation [N1114][NTf2] and [S221][NTf2] ILs 

display the highest performance in comparison to their extended constituents at all 

discharge currents. For instance, at the low discharge current of 0.5 mA, a specific 

power value of 740 and 526 W kg-1 are attained for [N1114][NTf2] and [S221][NTf2] 

incorporating cells with little variation of specific energy at 51.17 and 51.31 Wh 
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kg-1, respectively. However as the discharge current increases to 32 mA, specific 

power shoots up to values in the orders of thousands, i.e. 41 and 32 kW kg-1 

respectively, where specific energy of both liquids drops by about 70% to 15 and 

15.5 Wh kg-1. The attained trend for these ILs is irrespective of the operating 

potentials of the liquids. However as seen with larger cation [Pyr14][NTf2] and 

[P2225][NTf2] ILs, as the cation volume increases the operating potential becomes 

more influencing where more charge can be displaced on the surface thus 

improving the energy density. The methoxyethyl incorporation into the chain 

demonstrated different behaviours for  [N122(2O1)][NTf2] and [P222(2O1)][NTf2] ILs 

where a 23% improvement and 29% diminution  in energy density was displayed 

for these ILs, respectively, in comparison to their non-ether constituents at high 

discharge current of 32 mA.  

At elevated temperature runs, a decrease in specific energy and power was 

attained for most combinations indicating that total impedance of the cell leads to 

bigger IR and voltage drops. However [P2225][NTf2] IL is exempted from this 

observation where in fact this IL is seen to change place with the best energy and 

power performing [N1114][NTf2] IL due to the significantly larger volume of the 

cation at higher temperatures providing limited access to the pores, hence lower 

resistances are present therefore the significant reduction in energy and power 

performance did not occur. 
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Future work and further recommendations 
 

• Perform X-ray Diffraction analysis before carbon activation step for phase 

identification of the crystalline material 

• Use spectroscopy techniques before and after activation step to screen the 

development of the porous structure 

• Use spectroscopy techniques in place of thermal gravimetric analysis to 

minimise the chance of electrolytes decomposition and attain a reliable 

and stable operating temperature range 

• Use a control sample or a commonly used organic electrolyte for more 

efficient comparisons between different electrolyte classes 

• Produce a wider range of carbons comprising higher surface areas and 

possibly slightly large average pore diameters especially for liquids 

containing larger cations 

• Produce carbons with higher percentage of mesoporosity 

• Identify suitable operating potentials for various operating temperature 

runs 
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8 Appendices  

8.1 Appendix 1: Maximum power density [10] 
The maximum deliverable power from an EDLC can be determined using an 

equivalent circuit containing a resistor and a capacitor in series arrangement. 

Presence of a resistor signifies the equivalent series resistances in the cell, i.e. 

ESR. In this arrangement the initial potential, V1, is reduced across the circuit by 

the product of discharge current and equivalent series resistance, as shown in 

equation A1.E1. And the corresponding power to this discharge step is given by 

A1.E2. This power is known to be at the maximum when the derivative of power 

with respect to current is zero as demonstrated in A1.E3. 

 

𝑉 = 𝑉! − (𝐼×𝐸𝑆𝑅) 
          A1.E1 
 

𝑃 = 𝐼𝑉! − (𝐼!×𝐸𝑆𝑅) 

          A1.E2 
𝑑𝑃
𝑑𝐼 = 𝑉! − 2𝐼×𝐸𝑆𝑅 = 0 

          A1.E3 

Hence when the cell is at the maximum power state, the discharge current can be 

rearranged as illustrated in A1.E4. Accordingly the potential at maximum power 

is halved in comparison to the initial voltage as shown in A1.E5. The product of 

current and potential at maximum power yields in the value of maximum power 

as shown in A1.E6. 

𝐼 =
𝑉!

2𝐸𝑆𝑅 

          A1.E4 

𝑉 = 𝑉! − 𝐼×𝐸𝑆𝑅 = 𝑉! −
𝑉!

2𝐸𝑆𝑅 ×𝐸𝑆𝑅 =
𝑉!
2  

          A1.E5 

𝑃!"# = 𝑉×𝐼 =
𝑉!

2𝐸𝑆𝑅
𝑉!
2 =

𝑉!!

4𝐸𝑆𝑅 

          A1.E6 
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8.2 Appendix 2: Sample calculation for Cs using GC method 
The specific capacitance, Cs, from the galvanostatic cycling method was 

determined using the discharge data generated from an Arbin instrument at 

various charge and discharge rates. Data from the discharge rate of 0.001A for 

AC300-[S221][NTf2] combination at 25°C is selected and shown in the following 

table for demonstration purposes.  

 
Table 8.1 Discharge data at 0.001 A 

Discharge time 
(td) / s 

Discharge potential 
(Ed) / V 

Discharge current 
(Id) / A 

Internal resistance 
(iR) / Ω 

1.02956388 2.5496614 0.00099989 15.4637194 
2.05912584 2.52991891 0.00099989 15.4637194 

… … … … 
162.580973 1.01203609 0.00099989 15.4637194 
163.610543 1.00436747 0.00099989 15.4637194 

 
As described previously in section 6.4.1, the potential at the beginning of the 

discharge step is used to determine the potential or voltage drop of the cell at that 

specific rate. This was determined using the potential difference between the final 

voltage of the charge step that is the operating potential of the IL, i.e. 2.6 V for 

this electrolyte, and the initial potential at the discharge step. The value of the 

IRdrop was calculated using the difference in operating potential of ionic liquid and 

the initial potential at the discharge step divided by the discharge current. 

While charging the cells at constant current density, the potential difference across 

the plates increases with time in a linear manner as the charges accumulate across 

the interface over a time interval. This is shown through following equations: 

 

𝐶 =
∆𝑞
∆𝐸 

           equation 4.10 

∆𝑞 = 𝐼  𝑑𝑡 

           equation 4.11 

𝐶 =
𝐼
∆𝑉 𝑑𝑡 =

𝐼.∆𝑡
∆𝐸  

           equation 4.12 
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As previously stated, to determine the capacitance at the specified rate, equation 

5.1 was used where I is the discharge current at 0.00099989 A, ΔE is the potential 

difference from where discharge starts to 1 V at 1.54529393 V, t is the 

corresponding discharge time to 1 V at 162.580979 and W is the mass of the 

active material since capacitance is normalized against mass of active materials. 

 

𝐶 =
𝐼.∆𝑡

∆𝐸
𝑊  

             equation 5.1 
 
Mass of the active material was determined using the lowest electrode mass, i.e. 

0.01311 g for the selected combination, minus the current collector mass of 

0.008404 g multiply by 0.85 since a mass ratio of 85:15 of carbon to polymer was 

used. It is worth noting that above capacitance calculation is determined for one 

electrode and must be doubled to account for both present electrodes. 
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8.3 Appendix 3: Sample calculation for Ceis using EIS method 
As previously discussed, utilization of impedance spectroscopy method allows for 

determination of capacitance as well as various resistances present in the cell 

including solution resistance, ionic resistance and equivalent series resistance 

where these evaluations become important for device design and optimization of 

power density.  

Interpretation of the attained resistance data from EIS was carried out through 

fitting the frequency response of 100 kHz to 10 mHz to the equivalent circuit 

model described in detail in section 4.2.4.  

Table 8.2 illustrates a brief representation of EIS output data for AC300-

[S221][NTf2] combination at 25°C where used for capacitance calculations. This 

was done by incorporating the value of imaginary impedance at the lowest 

frequency value of 0.01 Hz using the relationship in equation 4.24. The 

determined capacitance was then normalized against the active mass of the carbon 

as described in Appendix 2. It is also worth noting that the capacitance calculation 

using this method is only for one electrode and must be doubled to account for 

both present electrodes. 

 

Table 8.2 Generated data from EIS 

Frequency (ω) / Hz -Z’real / Ω Z’’imaginary / Ω Phase angle / ° 

100000 4.2329 -0.95097 -12.662 

77426 4.322 -1.2709 -16.386 

… … … … 

0.0129155 68.704 -143.17 -64.365 

0.01 76.26 -178 -66.808 

 

 

𝐶!"# =
1

2𝜋𝜔𝑍′′!"
 

           equation 4.24 
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8.4 Appendix 4: Variation of Cs with rate at different temperatures 
Table 8.3 Variation of capacitance with discharge rate at 25°C 

CC	   AC200	   	  	   AC250	   	  	   AC300	   	  	   AC350	   	  	  
mAcm-‐2	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	  
	  	   	  	   	  	   [Pyr13][Tf2N]	   	  	   	  	   	  	  
0.25	   27.6	   76.1	   28.7	   62.8	   24.5	   51.7	   25.7	   52.9	  
0.5	   24.6	   78.4	   26.2	   63.1	   23.3	   51.2	   24.3	   53.0	  
1	   21.4	   79.8	   23.7	   63.6	   22.0	   51.7	   23.0	   53.3	  
2	   17.8	   79.5	   20.8	   63.7	   20.8	   51.6	   21.4	   53.4	  
4	   13.8	   77.8	   17.1	   62.9	   18.1	   51.5	   19.4	   52.8	  
8	   7.8	   73.7	   11.4	   60.6	   11.3	   50.5	   15.2	   50.7	  
16	   -‐	   -‐	   7.7	   53.5	   10.3	   45.5	   12.7	   46.4	  
32	   -‐	   -‐	   -‐	   -‐	   3.3	   40.4	   14.5	   44.4	  

	  	   	  	   	  	   [Pyr14][Tf2N]	   	  	   	  	   	  	  
0.25	   28.6	   77.9	   28.2	   67.8	   26.5	   52.5	   26.4	   55.6	  
0.5	   25.4	   78.9	   25.4	   69.3	   24.9	   53.5	   24.7	   56.9	  
1	   22.5	   80.0	   22.3	   70.3	   23.4	   53.7	   23.3	   57.2	  
2	   19.4	   80.1	   18.7	   70.5	   21.9	   53.7	   22.1	   57.2	  
4	   15.5	   78.9	   14.3	   69.7	   20.3	   52.9	   19.2	   57.1	  
8	   8.4	   75.2	   8.7	   67.6	   16.1	   50.6	   16.2	   56.1	  
16	   -‐	   -‐	   4.5	   58.6	   12.7	   44.7	   13.4	   50.7	  
32	   -‐	   -‐	   -‐	   -‐	   7.5	   42.3	   8.7	   45.2	  

	  	   	  	   	  	   [S221][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   56.5	   64.4	   58.0	   59.9	   59.3	   14.4	   53.6	   30.8	  
0.5	   51.0	   59.6	   53.7	   61.7	   55.8	   15.1	   49.8	   30.6	  
1	   44.7	   67.2	   50.2	   41.8	   51.5	   15.5	   46.2	   31.0	  
2	   37.3	   60.6	   45.9	   40.2	   46.4	   15.4	   42.9	   31.2	  
4	   29.4	   60.4	   41.3	   40.1	   42.6	   15.6	   38.8	   31.1	  
8	   18.3	   58.6	   32.0	   39.3	   41.7	   15.7	   31.6	   30.7	  
16	   9.5	   50.6	   23.9	   30.6	   36.7	   15.4	   24.3	   26.8	  
32	   -‐	   -‐	   14.5	   22.2	   29.3	   15.5	   16.5	   17.8	  
64	   -‐	   -‐	   -‐	   -‐	   17.3	   16.2	   11.8	   17.2	  

	  	   	  	   	  	   [S222][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   49.3	   65.7	   47.9	   46.3	   48.4	   18.4	   38.6	   17.7	  
0.5	   44.8	   62.2	   43.3	   44.7	   44.6	   18.7	   36.2	   17.5	  
1	   40.1	   51.2	   38.1	   44.2	   40.9	   18.9	   34.0	   17.8	  
2	   34.1	   51.7	   28.0	   126.3	   36.8	   19.1	   31.7	   17.8	  
4	   26.2	   51.5	   21.4	   87.4	   32.2	   19.2	   29.4	   17.9	  
8	   15.5	   50.9	   15.5	   49.3	   24.4	   19.2	   25.2	   17.9	  
16	   8.1	   44.4	   12.2	   34.1	   19.6	   18.1	   21.3	   17.2	  
32	   -‐	   -‐	   8.4	   27.1	   13.8	   17.8	   14.8	   16.6	  
64	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   7.7	   15.5	  

	  	   	  	   	  	   [N1114][Tf2N]	   	  	   	  	   	  	  
0.25	   26.3	   69.7	   35.4	   32.7	   33.5	   63.3	   33.6	   25.6	  
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0.5	   21.6	   72.0	   32.1	   33.4	   30.7	   64.4	   31.1	   25.1	  
1	   17.8	   72.5	   29.5	   33.9	   28.9	   64.2	   29.3	   25.7	  
2	   14.7	   72.8	   27.1	   34.0	   26.6	   63.6	   27.7	   25.9	  
4	   11.4	   71.9	   24.8	   34.0	   26.0	   56.6	   27.3	   25.9	  
8	   3.9	   68.9	   19.9	   33.6	   21.1	   55.3	   25.0	   25.8	  
16	   -‐	   -‐	   15.2	   29.8	   14.9	   49.7	   20.7	   24.8	  
32	   -‐	   -‐	   9.2	   29.4	   11.8	   46.5	   15.9	   24.4	  
64	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   13.1	   23.6	  

	  	   	  	   	  	   [N2224][Tf2N]	   	  	   	  	   	  	  
0.25	   27.5	   60.0	   26.5	   300.6	   29.2	   44.4	   26.8	   36.2	  
0.5	   25.0	   60.5	   24.0	   298.4	   27.4	   45.4	   25.3	   36.4	  
1	   22.8	   61.0	   22.1	   176.0	   25.7	   45.4	   24.1	   36.0	  
2	   20.6	   61.5	   20.1	   135.1	   24.0	   45.7	   22.9	   36.3	  
4	   18.3	   61.0	   17.7	   97.0	   22.1	   45.7	   21.6	   36.1	  
8	   12.3	   59.1	   13.1	   75.4	   17.2	   45.3	   18.5	   35.7	  
16	   6.3	   52.0	   9.2	   59.6	   13.0	   40.8	   15.1	   32.8	  
32	   -‐	   -‐	   -‐	   -‐	   8.0	   39.8	   10.2	   32.0	  

	  	   	  	   	  	   [N122(2O1)][Tf2N]	   	  	   	  	   	  	  
0.25	   27.3	   71.0	   31.3	   44.1	   29.5	   39.2	   28.0	   32.9	  
0.5	   24.0	   73.8	   28.5	   45.7	   27.7	   40.5	   26.6	   34.2	  
1	   20.8	   75.5	   25.5	   46.1	   26.5	   41.3	   25.6	   34.4	  
2	   17.5	   76.3	   22.1	   46.4	   25.0	   41.6	   24.6	   34.8	  
4	   14.5	   76.0	   18.5	   46.4	   23.3	   41.7	   23.3	   34.9	  
8	   11.3	   73.6	   11.7	   45.9	   18.3	   41.3	   19.8	   34.4	  
16	   -‐	   -‐	   8.0	   40.7	   13.0	   38.2	   17.5	   31.9	  
32	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   9.4	   30.9	  

	  	   	  	   	  	   [P2225][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   21.2	   59.1	   19.4	   63.4	   21.8	   40.1	   21.4	   33.3	  
0.5	   18.6	   59.5	   18.0	   63.0	   20.5	   41.2	   20.4	   33.6	  
1	   16.4	   60.2	   16.7	   63.3	   19.5	   41.1	   19.4	   33.8	  
2	   14.2	   60.1	   15.5	   63.3	   18.6	   41.2	   18.2	   33.9	  
4	   12.2	   59.5	   13.9	   62.2	   17.6	   40.9	   16.9	   33.9	  
8	   6.9	   56.8	   9.8	   58.6	   15.2	   39.6	   13.2	   33.5	  
16	   3.2	   49.2	   6.1	   50.0	   12.9	   35.2	   8.8	   30.8	  
32	   -‐	   -‐	   -‐	   -‐	   8.6	   33.7	   6.3	   39.1	  

	  	   	  	   	  	   [P222(2O1)][Tf2N]	   	  	   	  	   	  	  
0.25	   19.8	   100.8	   19.6	   75.3	   21.3	   43.3	   22.0	   53.5	  
0.5	   18.0	   101.3	   18.2	   76.0	   20.3	   43.9	   20.8	   53.1	  
1	   16.5	   101.4	   16.7	   76.2	   19.2	   44.3	   19.9	   53.4	  
2	   14.2	   100.8	   14.7	   75.5	   17.9	   44.3	   18.0	   53.3	  
4	   11.6	   97.1	   11.7	   74.9	   16.4	   44.0	   16.1	   53.0	  
8	   4.1	   89.7	   -‐	   -‐	   12.3	   43.1	   14.0	   51.2	  
16	   -‐	   -‐	   -‐	   -‐	   10.0	   39.2	   6.4	   46.3	  
32	   -‐	   -‐	   -‐	   -‐	   6.8	   38.1	   -‐	   -‐	  
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Table 8.4 Variation of capacitance with discharge rate at 40°C 

CC	   AC200	   	  	   AC250	   	  	   AC300	   	  	   AC350	   	  	  
mAcm-‐2	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	  
	  	   	  	   	  	   [Pyr13][Tf2N]	   	  	   	  	   	  	  
0.25	   31.6	   88.0	   32.4	   83.9	   27.0	   52.5	   28.3	   75.0	  
0.5	   27.1	   92.3	   28.7	   93.5	   24.8	   53.2	   26.0	   76.8	  
1	   22.3	   94.0	   25.0	   84.9	   22.6	   53.8	   23.8	   77.6	  
2	   16.9	   94.2	   20.6	   84.2	   19.7	   53.9	   20.8	   77.5	  
4	   12.6	   92.5	   15.5	   84.7	   18.5	   53.3	   17.5	   75.7	  
8	   5.6	   88.0	   9.3	   78.2	   12.5	   51.1	   11.1	   70.9	  
16	   -‐	   -‐	   5.4	   66.4	   15.0	   44.7	   -‐	   -‐	  

	   	   	  
[Pyr14][Tf2N]	  

	   	   	  0.25	   33.4	   88.2	   31.9	   78.0	   29.6	   79.3	   29.0	   55.9	  
0.5	   28.9	   93.4	   27.4	   83.5	   26.9	   75.3	   26.3	   58.4	  
1	   24.6	   96.2	   22.8	   81.0	   24.4	   75.9	   23.8	   59.1	  
2	   20.3	   96.8	   17.5	   79.6	   21.6	   75.7	   21.4	   59.4	  
4	   15.8	   95.1	   12.2	   79.7	   18.1	   74.6	   17.3	   58.8	  
8	   7.3	   90.0	   7.1	   76.0	   12.3	   72.4	   12.8	   56.6	  
16	   -‐	   -‐	   -‐	   -‐	   8.2	   61.1	   -‐	   -‐	  

	   	   	  
[S221][Tf2N]	  

	   	   	   	  0.25	   59.6	   97.2	   57.7	   42.9	   62.1	   33.0	   56.9	   22.9	  
0.5	   51.5	   99.8	   47.7	   43.3	   57.7	   34.4	   51.7	   24.7	  
1	   41.9	   100.9	   36.1	   44.0	   53.4	   34.7	   45.1	   24.9	  
2	   31.0	   100.3	   25.5	   44.2	   48.9	   35.2	   37.2	   25.0	  
4	   22.1	   97.0	   19.1	   44.3	   43.8	   35.1	   33.6	   25.0	  
8	   8.9	   90.0	   12.7	   43.6	   34.8	   34.3	   33.2	   24.6	  
16	   -‐	   -‐	   8.2	   39.5	   26.8	   31.3	   18.2	   22.9	  
32	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   11.3	   22.3	  

	   	   	  
[S222][Tf2N]	  

	   	   	   	  0.25	   53.2	   72.1	   50.5	   50.8	   52.2	   66.0	   43.5	   23.9	  
0.5	   46.4	   75.0	   41.8	   51.2	   45.9	   66.6	   39.0	   24.2	  
1	   35.2	   76.1	   31.8	   51.9	   38.7	   66.7	   34.9	   25.1	  
2	   25.8	   76.3	   22.8	   52.0	   29.8	   66.3	   30.4	   24.9	  
4	   17.5	   74.2	   17.1	   52.0	   21.9	   65.3	   25.1	   25.0	  
8	   9.1	   70.0	   11.1	   51.5	   12.8	   62.6	   18.2	   24.8	  
16	   -‐	   -‐	   8.2	   42.4	   10.2	   55.1	   13.0	   22.7	  

	   	   	  
[N1114][Tf2N]	  

	   	   	  0.25	   33.6	   109.3	   40.9	   44.0	   38.0	   71.3	   38.2	   40.6	  
0.5	   27.1	   112.8	   35.4	   46.3	   33.6	   75.2	   34.2	   41.4	  
1	   22.2	   113.7	   30.9	   47.1	   30.5	   76.8	   31.1	   43.8	  
2	   17.2	   112.2	   26.1	   47.4	   27.5	   77.0	   29.2	   44.4	  
4	   11.8	   108.2	   24.8	   47.3	   23.7	   76.1	   26.9	   44.2	  
8	   -‐	   -‐	   14.4	   46.2	   18.9	   72.1	   21.9	   43.4	  
16	   -‐	   -‐	   9.5	   40.6	   13.7	   61.6	   18.2	   39.9	  
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32	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   11.6	   38.8	  

	   	   	  
[N2224][Tf2N]	  

	   	   	  0.25	   32.5	   95.3	   31.5	   60.8	   32.7	   49.3	   29.7	   41.5	  
0.5	   28.8	   97.8	   28.0	   62.7	   29.7	   50.2	   27.3	   42.2	  
1	   25.4	   99.3	   25.1	   63.1	   27.1	   50.7	   25.3	   42.6	  
2	   21.7	   99.8	   21.5	   63.0	   24.4	   50.9	   23.4	   42.4	  
4	   18.1	   98.0	   18.5	   61.9	   20.5	   50.7	   21.3	   42.1	  
8	   9.9	   92.1	   12.2	   59.1	   13.1	   49.4	   15.9	   46.3	  
16	   -‐	   -‐	   9.5	   49.4	   10.0	   43.0	   13.5	   35.9	  
32	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   10.2	   35.9	  

	   	   	  
[N122(2O1)][Tf2N]	  

	   	   	  0.25	   32.5	   130.5	   34.5	   100.7	   32.6	   96.6	   30.9	   82.2	  
0.5	   28.4	   133.1	   28.6	   100.2	   29.1	   101.1	   28.3	   84.0	  
1	   24.6	   134.6	   21.7	   103.2	   25.7	   102.9	   25.9	   85.1	  
2	   20.7	   133.4	   14.5	   107.2	   21.7	   102.8	   23.3	   85.5	  
4	   16.6	   127.0	   10.4	   105.3	   18.3	   99.6	   20.5	   83.7	  
8	   -‐	   -‐	   8.4	   98.3	   12.7	   92.1	   14.3	   78.8	  
16	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   11.0	   66.7	  

	   	   	  
[P2225][Tf2N]	  

	   	   	  0.25	   24.7	   58.6	   22.1	   59.7	   23.9	   42.4	   25.8	   50.2	  
0.5	   21.2	   60.8	   20.2	   61.2	   22.3	   43.9	   23.9	   50.6	  
1	   18.6	   61.6	   18.7	   62.5	   21.0	   44.1	   22.4	   50.6	  
2	   16.1	   61.6	   17.2	   63.1	   19.8	   44.1	   21.1	   50.4	  
4	   13.2	   60.7	   15.9	   62.6	   18.6	   43.3	   19.6	   49.6	  
8	   8.3	   58.2	   11.8	   59.7	   15.3	   41.9	   16.1	   47.2	  
16	   3.4	   49.0	   7.9	   49.8	   13.1	   36.0	   13.0	   39.7	  
32	   -‐	   -‐	   -‐	   -‐	   8.7	   33.7	   -‐	   -‐	  
64	   -‐	   -‐	   -‐	   -‐	   5.4	   28.7	   -‐	   -‐	  

	   	   	  
[P222(2O1)][Tf2N]	  

	   	   	  0.25	   22.1	   112.0	   21.4	   87.1	   22.7	   60.1	   23.4	   71.7	  
0.5	   19.6	   114.0	   19.4	   88.3	   20.9	   61.2	   21.7	   71.5	  
1	   17.3	   114.3	   17.3	   89.1	   19.2	   61.5	   19.8	   72.5	  
2	   16.4	   113.6	   14.6	   88.5	   17.0	   61.7	   17.5	   71.9	  
4	   12.3	   109.5	   11.9	   86.4	   14.1	   60.7	   14.4	   70.7	  
8	   -‐	   -‐	   5.8	   81.1	   9.3	   58.0	   9.4	   66.7	  
16	   -‐	   -‐	   -‐	   -‐	   6.5	   50.8	   5.7	   58.5	  
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Table 8.5 Variation of capacitance with discharge rate at 60°C 

CC	   AC200	   	  	   AC250	   	  	   AC300	   	  	   AC350	   	  	  
mAcm-‐2	   CS	  [Fg-‐1]	   iR	  [Ω]	   CS	  [Fg-‐1]	   iR	  [Ω]	   CS	  [Fg-‐1]	   iR[Ω]	   CS	  [Fg-‐1]	   iR[Ω]	  
	  	   	  	   	  	   [Pyr13][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   33.1	   113.0	   35.2	   107.4	   29.7	   97.5	   31.6	   118.3	  
0.5	   24.2	   118.0	   27.5	   113.8	   24.5	   104.0	   26.2	   126.4	  
1	   16.2	   119.6	   19.2	   114.6	   18.7	   106.2	   20.4	   128.2	  
2	   11.1	   119.2	   13.0	   113.6	   12.5	   105.7	   14.5	   127.4	  
4	   -‐	   -‐	   9.5	   110.7	   9.5	   103.9	   10.4	   124.3	  
8	   -‐	   -‐	   5.1	   103.4	   -‐	   -‐	   -‐	   -‐	  

	  	   	  	   	  	   [Pyr14][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   35.1	   144.8	   32.9	   99.9	   33.2	   99.0	   31.5	   159.0	  
0.5	   25.7	   150.9	   23.6	   106.8	   28.3	   106.7	   25.6	   167.2	  
1	   16.4	   151.1	   15.3	   108.3	   23.2	   108.1	   19.4	   168.0	  
2	   9.3	   149.3	   10.8	   107.5	   17.7	   107.8	   13.1	   166.1	  
4	   -‐	   -‐	   8.1	   104.5	   12.4	   105.7	   9.4	   152.0	  
8	   -‐	   -‐	   4.4	   98.5	   6.2	   100.1	   -‐	   -‐	  

	  	   	  	   	  	   [S221][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   45.8	   109.2	   45.6	   58.4	   47.5	   57.4	   45.1	   65.0	  
0.5	   34.8	   113.3	   37.2	   60.6	   40.5	   60.2	   35.2	   65.9	  
1	   24.3	   115.1	   31.4	   61.9	   32.5	   64.1	   27.5	   66.3	  
2	   15.3	   113.9	   24.7	   61.8	   32.9	   60.9	   26.5	   66.1	  
4	   -‐	   -‐	   -‐	   -‐	   21.5	   60.0	   -‐	   65.3	  
8	   -‐	   -‐	   -‐	   -‐	   14.7	   57.2	   -‐	   -‐	  
16	   -‐	   -‐	   -‐	   -‐	   7.6	   47.2	   -‐	   -‐	  

	  	   	  	   	  	   [S222][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   42.7	   94.5	   39.4	   67.8	   43.7	   104.6	   41.3	   47.2	  
0.5	   30.4	   100.3	   26.2	   70.1	   32.3	   107.6	   32.8	   48.2	  
1	   20.9	   101.9	   17.6	   70.6	   22.5	   122.2	   25.4	   48.6	  
2	   14.2	   102.4	   12.7	   70.7	   14.8	   131.2	   18.1	   48.8	  
4	   10.5	   100.7	   -‐	   -‐	   -‐	   -‐	   14.3	   48.2	  

	  	   	  	   	  	   [N1114][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   48.7	   93.4	   44.7	   68.6	   41.5	   112.5	   41.4	   73.3	  
0.5	   38.6	   96.7	   37.7	   74.2	   36.0	   119.2	   36.4	   76.5	  
1	   29.4	   95.2	   31.5	   74.6	   30.5	   120.5	   31.9	   77.2	  
2	   19.6	   93.7	   27.7	   74.0	   24.3	   119.1	   27.6	   77.3	  
4	   12.4	   91.8	   15.1	   72.5	   20.8	   116.1	   15.0	   76.2	  
8	   4.7	   87.1	   9.8	   69.2	   10.6	   108.8	   -‐	   -‐	  
16	   -‐	   -‐	   6.4	   58.5	   -‐	   -‐	   -‐	   -‐	  

	  	   	  	   	  	   [N2224][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   37.9	   119.1	   35.3	   75.4	   36.7	   73.3	   32.2	   63.2	  
0.5	   32.2	   136.8	   29.6	   80.6	   31.8	   77.3	   28.0	   66.9	  
1	   26.2	   140.6	   24.2	   81.2	   27.6	   78.4	   23.8	   67.9	  
2	   18.4	   140.1	   19.4	   80.0	   22.0	   78.4	   19.9	   67.9	  
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4	   11.7	   135.3	   14.4	   77.4	   17.2	   77.0	   17.1	   66.7	  
8	   -‐	   -‐	   8.3	   73.3	   13.2	   73.6	   11.7	   63.1	  
16	   -‐	   -‐	   4.7	   60.9	   8.9	   66.6	   7.5	   51.9	  

	  	   	  	   	  	   [N122(2O1)][Tf2N]	   	  	   	  	   	  	  
0.25	   37.3	   113.9	   31.5	   127.7	   35.4	   132.8	   35.1	   112.2	  
0.5	   30.5	   122.4	   17.6	   134.4	   28.7	   138.6	   30.3	   121.9	  
1	   24.3	   124.7	   10.0	   135.0	   22.9	   138.8	   26.0	   124.7	  
2	   17.8	   124.2	   6.8	   134.2	   16.7	   137.3	   19.9	   125.2	  
4	   -‐	   -‐	   -‐	   -‐	   12.5	   133.2	   15.4	   121.5	  
8	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   8.0	   114.8	  

	  	   	  	   	  	   [P2225][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   29.8	   78.1	   25.7	   81.5	   26.4	   59.2	   28.6	   69.9	  
0.5	   24.7	   83.9	   22.7	   86.0	   24.2	   60.3	   25.7	   71.3	  
1	   20.6	   83.8	   20.1	   87.0	   22.4	   60.8	   23.3	   71.4	  
2	   16.9	   82.2	   17.3	   86.6	   20.6	   60.8	   20.6	   70.7	  
4	   13.5	   78.8	   14.7	   85.1	   18.7	   59.3	   19.8	   69.0	  
8	   6.7	   74.6	   8.6	   79.8	   14.2	   55.1	   13.4	   64.8	  
16	   -‐	   -‐	   4.1	   64.1	   11.0	   45.0	   10.2	   49.8	  

	  	   	  	   	  	   [P222(2O1)][Tf2N]	   	  	   	  	   	  	  
0.25	   24.3	   128.7	   22.4	   116.1	   24.1	   99.3	   24.8	   118.7	  
0.5	   20.3	   131.9	   18.2	   118.6	   21.0	   102.7	   21.5	   123.7	  
1	   16.2	   131.7	   13.5	   118.9	   17.3	   103.3	   17.5	   124.7	  
2	   11.8	   130.4	   9.7	   117.0	   13.0	   102.8	   12.6	   123.6	  
4	   -‐	   -‐	   -‐	   -‐	   8.8	   100.2	   9.1	   119.6	  
8	   -‐	   -‐	   -‐	   -‐	   4.7	   94.0	   -‐	   -‐	  
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Table 8.6 Variation of capacitance with discharge rate at 80°C 

CC	   AC200	   	  	   AC250	   	  	   AC300	   	  	   AC350	   	  	  
mAcm-‐2	   CS	  [Fg-‐1]	   iR	  [Ω]	   CS	  [Fg-‐1]	   iR	  [Ω]	   CS	  [Fg-‐1]	   iR	  [Ω]	   CS	  [Fg-‐1]	   iR	  [Ω]	  
	  	   	  	   	  	   [Pyr13][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   21.4	   125.1	   27.4	   121.2	   30.6	   106.4	   32.2	   132.3	  
0.5	   13.3	   128.0	   16.5	   124.8	   21.7	   114.0	   22.6	   137.3	  
1	   9.3	   129.0	   11.2	   125.0	   13.6	   115.0	   15.0	   137.9	  
2	   6.8	   129.0	   7.8	   123.6	   9.4	   115.2	   9.9	   137.1	  
4	   -‐	   -‐	   -‐	   -‐	   7.5	   114.1	   -‐	   -‐	  

	  	   	  	   	  	   [Pyr14][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   16.5	   165.5	   22.6	   123.0	   33.7	   121.6	   31.0	   136.8	  
0.5	   7.8	   166.0	   13.9	   125.3	   27.0	   125.4	   22.7	   141.2	  
1	   3.1	   165.1	   9.8	   126.0	   20.2	   125.5	   16.0	   141.6	  
2	   -‐	   -‐	   7.6	   116.0	   14.1	   123.0	   10.4	   140.8	  
4	   -‐	   -‐	   6.2	   115.9	   8.8	   119.6	   -‐	   -‐	  

	  	   	  	   	  	   [S221][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   10.8	   179.6	   12.2	   426.5	   16.6	   175.5	   18.6	   161.2	  
0.5	   4.1	   177.5	   8.7	   211.8	   5.6	   194.2	   8.6	   167.8	  
1	   -‐	   -‐	   13.0	   32.9	   -‐	   -‐	   5.3	   166.0	  
2	   -‐	   -‐	   8.2	   31.8	   -‐	   -‐	   -‐	   -‐	  

	  	   	  	   	  	   [S222][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   7.3	   -‐	   12.9	   -‐	   11.2	   120.1	   -‐	   -‐	  
0.5	   5.1	   551.0	   8.7	   627.6	   4.6	   24.9	   -‐	   -‐	  
1	   3.5	   375.6	   6.8	   359.3	   3.9	   27.2	   -‐	   -‐	  
2	   -‐	   -‐	   5.9	   233.4	   -‐	   -‐	   -‐	   -‐	  

	  	   	  	   	  	   [N1114][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   45.4	   171.1	   38.0	   137.8	   28.6	   442.7	   40.1	   115.5	  
0.5	   31.6	   176.8	   24.6	   145.2	   23.6	   1436	   32.3	   129.0	  
1	   19.2	   167.0	   18.4	   144.4	   20.7	   420.5	   24.2	   130.6	  
2	   9.4	   155.2	   17.6	   140.6	   13.8	   252.6	   16.6	   128.0	  
4	   -‐	   -‐	   7.5	   135.0	   -‐	   -‐	   12.5	   123.4	  
8	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   6.3	   114.8	  

	  	   	  	   	  	   [N2224][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   32.3	   155.7	   32.6	   100.0	   32.5	   115.5	   31.6	   78.8	  
0.5	   22.8	   163.9	   25.2	   100.9	   23.4	   118.3	   26.1	   80.9	  
1	   15.1	   164.2	   18.6	   102.1	   15.8	   118.2	   20.2	   81.0	  
2	   8.6	   160.8	   13.9	   99.4	   9.9	   116.7	   16.3	   80.6	  
4	   -‐	   -‐	   9.3	   97.0	   6.8	   114.6	   12.4	   79.4	  
8	   -‐	   -‐	   4.0	   93.1	   -‐	   -‐	   7.9	   76.1	  
16	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   4.1	   62.1	  

	  	   	  	   	  	   [N122(2O1)][Tf2N]	   	  	   	  	   	  	  
0.25	   25.7	   139.1	   19.5	   143.6	   30.8	   149.4	   35.0	   133.4	  
0.5	   13.9	   143.1	   11.0	   145.5	   20.2	   155.5	   25.9	   138.5	  
1	   7.2	   143.0	   7.2	   145.1	   13.3	   154.6	   17.5	   138.6	  
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2	   -‐	   -‐	   5.3	   143.1	   9.1	   152.9	   11.9	   137.3	  
	  	   	  	   	  	   [P2225][Tf2N]	   	  	   	  	   	  	   	  	  
0.25	   34.6	   105.4	   27.2	   79.6	   28.8	   71.1	   28.8	   75.0	  
0.5	   28.6	   103.4	   23.4	   78.7	   26.2	   77.1	   25.8	   72.9	  
1	   22.3	   99.7	   19.9	   78.1	   23.3	   79.5	   23.0	   72.9	  
2	   17.1	   94.0	   16.4	   77.4	   20.0	   80.6	   20.2	   72.9	  
4	   12.8	   87.1	   13.3	   76.1	   17.4	   79.6	   17.0	   72.1	  
8	   5.7	   82.4	   8.5	   73.1	   12.3	   75.3	   11.2	   68.6	  
16	   -‐	   -‐	   5.4	   58.6	   8.4	   60.3	   6.9	   51.5	  
32	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   3.0	   46.0	  

	  	   	  	   	  	   [P222(2O1)][Tf2N]	   	  	   	  	   	  	  
0.25	   18.5	   144.1	   18.2	   121.3	   23.9	   104.0	   23.9	   126.2	  
0.5	   9.1	   145.0	   11.3	   124.2	   18.6	   108.4	   17.5	   130.2	  
1	   4.5	   143.3	   7.0	   124.2	   13.2	   109.5	   11.5	   130.1	  
2	   -‐	   -‐	   5.2	   123.1	   9.0	   109.0	   8.3	   128.7	  
4	   -‐	   -‐	   -‐	   -‐	   6.9	   107.0	   -‐	   -‐	  
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8.5 Appendix 5: Sample calculations for energy and power density 
The average specific energy and power densities are derived from the GC runs 

performed at different discharge currents, Id, and calculated from the following 

equations: 

 

𝐸!"# = 𝐼! .
𝑉!
3.6𝑚 .𝑑𝑡! 

           A5.E1 

 

𝑃!"# =
𝐸!"# . 3600

𝑡!
 

           A5.E2 

Where m is the mass of active materials in both electrodes in units of grams, Vd is 

the potential at which the discharge begins, i.e. the effect of IR drop is considered, 

and td is the discharge time in seconds. According to equation A5.E1, the quantity 

of the electrical energy carried in 1 second by the applied current of 1 ampere is 

known as 1 coulomb. It is also known that 1 joule corresponds to the required 

work to move an electric charge of 1 coulomb through an electric potential 

difference field of 1 V and 1 watt is equivalent to the flow of 1 joule per second. 

3.6 is representing the conversion factor of discharge time in seconds to hours as 

well as the mass of active materials of both electrodes in grams to kilogram. 

Hence the unit of average specific energy is Wh kg-1. 

It is worth noting that this method of analysis was selected as the traditional 

equations for power and energy densities, defined in chapter 2, are measures of 

the maximum volumetric values and not an actual/real measure of these 

characteristics where the losses are occurring. 
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